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Effective Light Management in Thin Silicon

Wafers

Zhi-Peng Ling

Abstract Crystalline silicon (c-Si)-based photovoltaics have dominated the global

market share over the past decade. To progress toward utility-scale adoption, cost

reduction plans are necessary, in which one option is to reduce the silicon material

used. This comes at a cost of lower photo-absorption and generation, particularly

for near-infrared photons due to their much higher absorption depth as compared to

short-wavelength photons. In this chapter, the different methods to enhance light

trapping for near-infrared photons are mentioned, and in particular the methodol-

ogy on the proper design of a one-dimensional conductive distributed Bragg

reflector (DBR) scheme is introduced. Both experimental and simulation results

in this chapter consistently demonstrate the feasibility of integrating a conductive

DBR scheme at the rear of a heterojunction silicon wafer solar cell (a type of c-Si-

based photovoltaics technology) for enhanced photo-generation at the target long-

wavelength regions (i.e., 900 � 200 nm). The methodology presented here can be

easily extended to other target wavelengths of interest and also not limited to solar

cells applications alone.

1 Introduction

Crystalline silicon-based photovoltaics [1] have dominated the global market share

(~90%) over the past decade, arising from the reductions in module pricing and

manufacturing costs. However, to be attractive enough for utility-scale adoption,

plans for further cost reduction are necessary [2]. Reducing the silicon material

used is an attractive proposition, as the crystalline silicon wafer was found to

contribute about 20–25% of the total cost of crystalline panels. However, thinner

silicon wafers present new challenges in terms of processing, and lower photo-

absorption of incoming photons, due to a significantly higher absorption depth
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required for long-wavelength photons [3] as compared to short-wavelength photons

(see Fig. 1). From the wavelength-dependent absorption coefficient characteristics

of Si wafers at 300 K, the absorption depth (L) which is inversely correlated to the

absorption coefficient implies a larger absorption depth for long-wavelength pho-

tons as compared to short-wavelength photons. For illustration purposes, Fig. 1

shows that L � 160 μm at λ ¼ 1000 nm and L � 0.1 μm at λ ¼ 400 nm. Hence, it is

clear that thinner silicon wafers are not able to absorb long-wavelength photons

effectively, which leads to reduced photo-generation and a lower short-circuit

current density (JSC). Consequently, the key challenge with thinner wafers is to

enhance the optical path length by trapping long-wavelength photons within the

absorber for a duration as long as possible in order to increase the photo-generation

rate.

2 Different Methods for Light Trapping

Light-trapping schemes can be implemented at both the front and rear surfaces of

the solar cell. Several approaches had been adopted, which include randomly

roughened surfaces [4], periodic gratings [5–8], nano-element arrays [9–11],

plasmonic structures [12–16], antireflective coatings [17, 18], and distributed

Bragg reflectors (DBR), among others. Among these different options, the most

well-known and industrially adopted light-trapping scheme is the coupling of

random pyramid textured front surfaces with a suitable single-layer or double-

layer antireflective coating such as silicon nitride or silicon nitride/aluminum

oxide stack. In contrast to a planar front surface, a textured front surface can
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significantly increase the optical path length of an incoming photon by up to

50 times when a silicon absorber is utilized based on theoretical studies

[19]. This is a result of light being coupled obliquely into the silicon absorber,

allowing the incoming photons to travel a much further distance than the actual

device thickness. By further adopting a suitable antireflection coating material with

the optimal refractive indices and thickness, the front-surface reflection can be

further reduced, leading to enhanced photo-generation in the bulk silicon absorber.

Light trapping for the rear surface can also be established by techniques such as

one-dimensional and two-dimensional periodic gratings. Periodic gratings had been

theoretically studied and experimentally demonstrated [20–25] to enhance the

photo-generation due to a higher degree of scattering and reflection. However, a

careful optimization of the periodicity and the height of the gratings is required,

which increases process complexity and costs.

On the other hand, utilizing a simple one-dimensional distributed Bragg reflector

for rear-surface light trapping appears to be an attractive option as well. Previous

studies had included using at least one insulating or moderately conducting layer

such as combinations of Si/Si3N4 or Si/SiO2 stacks [26, 27], porous silicon [28, 29],

TiO2, [30–32] or conductive materials like ITO [33–35]. Considering the ease and

merits of integrating a DBR scheme at the rear of a thin silicon wafer for light

trapping, the subsequent sections focus on the proper design of a DBR-based light-

trapping scheme.

3 Design Methodology of a Distributed Bragg Reflector

Similar to a semiconductor with a defined bandgap within which no electronic

states can exist, an analogous situation is observed for photons in a distributed

Bragg reflector (equivalently a one-dimensional photonic crystal [36]) as seen in

Fig. 2. If films with a periodically varying dielectric function (or index of refrac-

tion) are stacked together, the reflections and refractions of light from the various

interfaces can create photonic bandgaps, which will forbid photon propagation in

certain directions for a certain (designed) photon wavelength λ0 within a certain

bandwidth Δλ0.
To realize the DBR, periodic stacks of two layers (DBR unit blocks) with

different refractive indices n1 and n2 are chosen, whereby n1 > n2. For the DBR

unit block, the thickness of the individual layers d1 and d2 is typically chosen to

satisfy a quarter-wavelength stack at the target peak reflectance wavelength λ0 [36]
as:

d ¼ λ0
4n

, ð1Þ

where d is a function of the target peak reflectance wavelength λ0 and the refractive
index n of that layer at that wavelength. The objective of using a quarter-

Effective Light Management in Thin Silicon Wafers 3



wavelength stack is to achieve quarter-wavelength optical thickness for the indi-

vidual layers, so that for a DBR with multiple stacks of periodic DBR unit blocks,

only wavelengths within the designed peak reflectivity regions interfere construc-

tively, while the rest interfere destructively to give lower or zero reflectance. The

overall optical reflectance at the target wavelength and its bandwidth is thus highly

enhanced, so that the designed distributed Bragg reflector acts as a mirror.

It is also of relevance to find out the wavelength range (bandwidth) around the

target peak reflectance wavelength for which high optical reflectance is expected.

From experimental and theoretical analysis, the bandwidth can be approximated via

the gap–midgap ratio Δλ0/λ0 [36]:

Δλ0
λ0

¼ 4

π
sin �1 n1 � n2j j

n1 þ n2

� �
, ð2Þ

where Δλ0 denotes the bandwidth at the target peak reflectance wavelength λ0. The
bandwidth Δλ0 defines the photonic gap between the first two bands of a quarter-

wavelength stack, analogous to a bandgap in a semiconductor material. If we define

a refractive index contrast R such that R ¼ n1/n2, the above equation can be

rewritten as:

Δλ0
λ0

¼ 4

π
sin �1 R� 1j j

Rþ 1

� �
,R ¼ n1

n2
: ð3Þ

With an increasing refractive index contrast, the gap–midgap ratio Δλ0/
λ0 increases as evident in Fig. 3, indicating a wider reflection bandwidth Δλ0 for
the DBR unit block.

The optical reflectance of a DBR can be expressed as [38]:

r ¼ n0 n2ð Þ2N � ns n1ð Þ2N
n0 n2ð Þ2N þ ns n1ð Þ2N , ð4Þ

where n0, n1, n2, and ns are the refractive indices of the ambient, of Bragg material

1, of Bragg material 2, and of the substrate, respectively, and N is the number of

Fig. 2 Schematic of a one-dimensional photonic crystal (“distributed Bragg reflector,” DBR). The

DBR consists of several DBR unit blocks. Each DBR unit block consists of alternating layers of

two materials with different dielectric constants, with a period a (From Ref. [37])
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DBR unit blocks making up the DBR. From Fig. 4, we can observe two phenomena:

(1) the optical reflectance at the peak reflectance wavelength increases with the

number of DBR unit blocks, and (2) by using materials with higher refractive index

contrast, it is possible to approach the maximum optical reflectance with a reduced

number of DBR unit blocks. As an example, Fig. 4 shows that a hypothetical DBR
with a refractive index contrast of 1.5 would require 8 DBR unit blocks to approach

unity reflection, whereas a DBR with a refractive index contrast of 3.5 would only

need three DBR unit blocks. Thus, when considering DBRs, it is logical to utilize

materials with a high refractive index contrast in order to reduce the number of

DBR unit blocks required, as well as to benefit from a wider reflection bandwidth.

It is to be noted that the above calculations have been based on the refractive

index n of the different materials and do not involve the extinction coefficients k.
Generally, the calculations suffice for dielectric materials possessing a wide

bandgap, as their extinction coefficients are either zero or very low at the targeted

long-wavelength regions (~1000 nm). Some examples include silicon dioxide,

silicon nitride, aluminum oxide, or titanium dioxide.

However, if conductive materials were utilized, the constituent films generally

have a non-zero extinction coefficient or equivalently the presence of parasitic

absorption in targeted wavelength regions. Hence, the design has to take into

consideration (i) the wavelength dependence of the complex refractive indices as

well as (ii) the absorption induced by the various layers. Accordingly, the gap–

midgap ratio Δλ0/λ0 used to determine the reflection bandwidth in Eq. 2 should be

more accurately stated as shown in Eq. 5 instead:
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Δλ0
λ0

¼ 4

π
sin �1 ~n 1 � ~n 2j j

~n 1 þ ~n 2

� �
, ð5Þ

where ~n 1 and ~n 2 are the complex refractive indices for the first and second

conductive layer and can be further expanded as ~n 1 ¼ n1 þ ik1 and ~n 2 ¼ n2 þ i
k2, respectively. The refractive index and extinction coefficient of the constituent

layer are indicated as n and k, respectively. Multiplying both the top and bottom

terms with the complex conjugate of the denominator and after some simplifica-

tions, Eq. 6 can be obtained. It can be easily verified that Eq. 6 reduces to Eq. 2 if the

selected materials do not exhibit absorption, by setting k1 and k2 equal to zero.

Δλ0
λ0

¼ 4

π
sin �1 n21 � n22 þ k21 � k22 þ 2i n2k1 � n1k2ð Þ

n1 þ n2ð Þ2 þ k1 þ k2ð Þ2
 !

: ð6Þ

Conveniently, the arcsine function can be expressed as a Taylor series expan-

sion. For the condition |x|� 1, one obtains:

sin �1x ¼
X1
n¼0

2nð Þ!
22n n!ð Þ2 2nþ 1ð Þ x

2nþ1 ¼ xþ x3

6
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þ . . . : ð7Þ
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Fig. 4 Calculated peak reflectance of a DBR at the peak reflectance wavelength λ0 with respect to
the number of DBR unit blocks used, assuming air as ambient (n0 ¼ 1) and glass as substrate (ns ¼
1.51) and using R ¼ n1/n2. Two hypothetical scenarios are shown: (i) DBR unit blocks with a

refractive index contrast R ¼ 1.5 and (ii) a refractive index contrast R ¼ 3.5
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It is sufficient to use the summation of the first four terms, as the contributions

from higher-order terms to the final evaluated results are minimal. In addition, since

the evaluated function in Eq. 7 is still a complex number, it is more appropriate to

express it using the Euler’s formula:

Δλ0
λ0

¼ aþ ibð Þ ¼ reiθ, ð8Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
and θ ¼ arctan(b/a).

To illustrate the influence of parasitic absorption on the optical reflectance at the

target wavelength range, the transfer matrix calculation [39] can be utilized, using

the optical constants from two different conductive materials (e.g., n-doped micro-

crystalline silicon and aluminum-doped zinc oxide as seen in Fig. 5 and elaborated

in subsequent sections), and compared for two scenarios: (i) with absorption

(non-zero extinction coefficients) and (ii) without absorption (assuming zero

extinction coefficients). For the same targeted peak reflectivity wavelength range

of 900 � 200 nm, and utilizing an air/five DBR unit blocks/air configuration, the

reflectance spectra harmonics and bandwidth match for both the ideal case

(no absorption) and the practical case (with film absorption). However, for the

practical case, the parasitic absorption by the conductive DBR stacks leads to a

clear drop (~10%) in the calculated optical reflectance within the targeted wave-

length range, which cannot be neglected.
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Fig. 5 Comparison of the calculated reflectance and absorbance of an air/five DBR unit blocks/air

structure for two scenarios: (i) no absorption from the conductive thin films (zero extinction

coefficient) and (ii) with absorption. The harmonics of the reflectance spectra matches for both

scenarios, while the lower peak reflectance at the target wavelength of 900 nm for the practical

case can be attributed mainly to absorption in the conductive thin films
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Despite the inherent parasitic absorption losses exhibited by conductive thin-

film materials, the key motivations for using a conductive DBR scheme include

(1) a reduced contact resistance and (2) a direct metal contact as compared to the

dielectric or hybrid (dielectric/conducting) DBR stacks which demand additional

procedures (such as combination of photolithography, reactive ion etching, or laser

ablation) to create metal contacts to the substrate. Careful optimization of these

additional steps is necessary to avoid damaging the substrate surface, which would

result in higher recombination rates and lower cell efficiency.

4 Experimental, Characterization, and Simulation Methods

For the selected choice of conductive materials, it is important to be able to extract

important information pertaining to the selected material, such as the complex

refractive indices, film thickness, and sheet resistance. In addition, prior to the

integration of both conductive materials, the independent optimization of each

conductive material is often necessary.

In this chapter, to realize the conductive DBR stacks, two different heavily

doped semiconductor films: n-type hydrogenated microcrystalline silicon, μc-Si:H
(n), and n-type (aluminum) zinc oxide, ZnO:Al, were utilized. The first is widely

used in thin-film silicon solar cells, while the latter is a transparent conductive oxide

(TCO) material with applications in the solar and display industries. For character-

ization purposes, individual films were deposited onto planar glass substrates. The

μc-Si:H(n) films were deposited in a conventional RF (13.56 MHz) parallel-plate

direct plasma-enhanced chemical vapor deposition reactor, while the ZnO:Al films

were deposited by RF magnetron sputtering, using a ceramic ZnO:Al2O3 target with

2% Al2O3 by weight [37]. Table 1 summarizes the most important deposition

parameters of the two investigated films. For initial characterization, the thickness

of the n-type silicon film was chosen to vary from 20 to 80 nm, in 20 nm steps,

whereas the ZnO:Al film was chosen to vary from 80 to 140 nm, in 20 nm steps.

The transmission and reflection characteristics of each sample (film/glass) were

obtained using a UV-VIS-IR spectrophotometer (PerkinElmer, Lambda 950). The

measurements were performed from the film side. The raw optical data were fitted

using a commercial software (Coating designer, v3.44 [40]), giving the optical

constants of each film. In addition, the thickness and sheet resistance of each film

were measured by stylus profilometry (Bruker, Dektak 150) and a four-point probe

(Napson Corporation, Cresbox), respectively.

Next, using the optical constants of the two conductive thin films, the wave-

length-dependent gap–midgap ratio Δλ0/λ0 was calculated in order to select the

optimum peak reflectance wavelength λ0 with its bandwidth Δλ0, with a focus on

the near-IR photons (~1000 nm) for which light trapping needs to be optimized for

c-Si solar cells. The theoretically proposed Bragg quarter-wavelength stacks were

then realized on planar glass substrates, whereby various numbers (up to 10) of

DBR unit blocks were deposited. The measured reflectance of the resulting
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conductive DBRs was then compared with numerically calculated values, using

FreeSnell [39], a commercial software which adopts the transfer matrix method

[41]. Furthermore, all experiments were repeated on aluminum-coated glass sub-

strates, in order to study the influence of a rear metal contact (which is typically

present at the rear side of silicon solar cells).

Finally, the suitability of incorporating the developed conductive DBR at the

rear of a heterojunction silicon wafer solar cell (a type of c-Si photovoltaic

technology) was numerically evaluated. The influences of the enhanced internal

interface reflectance and the enhanced conductance of the DBRs on the current–

voltage characteristics of the solar cell are discussed.

5 Optical Constants of the Conductive Thin Films

The fitted optical constants of the 60 nm thick n-doped μc-Si:H and 80 nm thick

ZnO:Al films are shown in Fig. 6. It is observed from Fig. 6 that the developed

n-doped silicon film is indeed of a microcrystalline nature, with its optical constants

lying between pure amorphous silicon and crystalline silicon [42]. The film struc-

ture of the n-doped silicon film is thickness dependent, whereby the film is mainly

amorphous at low thickness (20 nm) and becomes more crystalline with increasing

thickness, and the optical constants change accordingly. On the other hand, it is

observed that the optical constants of the ZnO:Al films are relatively insensitive to

the film thickness (in the 80–140 nm range).

6 Thickness Optimization for Conductive DBR Thin Films

Since the gap–midgap ratio of a conductive distributed Bragg reflector varies with

the wavelength-dependent complex refractive indices, it is more appropriate

to show the upper and lower peak reflectance limits, λ0 þ Δλ0
2

and λ0 � Δλ0
2
, as a

function of the peak reflectance wavelength λ0 (see Fig. 7).

To obtain Fig. 7, the complex refractive indices (n, k) of the μc-Si:H(n) and ZnO:
Al thin films were deduced from Fig. 6 (from 400 to 1150 nm, using 50-nm

Table 1 Overview of process

parameters for the μc-Si:H
(n) and the ZnO:Al thin-film

layers

μc-Si:H(n) ZnO:Al

Pressure (mTorr) 1900 3

Substrate temperature (�C) 210 100

H2 flow (sccm) 150 –

SiH4 flow (sccm) 5 –

PH3 flow (2% in H2) (sccm) 2 –

Ar flow (sccm) – 23

RF power density (W) 85 200

Effective Light Management in Thin Silicon Wafers 9



intervals), and the upper/lower peak reflectance limits were calculated using Eq. 5.

Considering the bandgap (~1.12 eV) of the crystalline silicon absorber, the upper

peak reflectance should be chosen at ~1100 nm. This is shown as dashed line in

Fig. 7. Thus, a central peak reflectance wavelength at ~900 nm is deduced, with a

corresponding lower peak reflectance limit of ~700 nm. In other words, in order to

enhance the internal reflection of long-wavelength photons up to 1100 nm within

the silicon solar cell absorber, the thickness of the μc-Si:H(n) and ZnO:Al films

should be chosen to satisfy a quarter-wavelength stack, aiming for a target peak

reflectance wavelength at ~900 nm. According to this design rule, a high optical

reflectance for the 900 � 200 nm wavelength range is expected, and a

corresponding gap–midgap ratio Δλ0/λ0 of ~0.45 is determined. Based on the

above specifications, the optimized layer thickness for the μc-Si:H(n) and ZnO:Al
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films to be used in a conductive DBR at the rear of a c-Si-based solar cell will be

69 nm and 142 nm, respectively (see Table 2).

7 Conductive DBR Performance on Different Substrates

Prior to device integration, the performance of the developed conductive DBRs can

be evaluated on different substrates and compared with simulation results to

provide more insights.
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Fig. 7 Calculated upper and lower peak reflectance limits as a function of the peak reflectance

wavelength based on the wavelength-dependent refractive indices of μc-Si:H(n) and ZnO:Al

Table 2 Calculated thickness for the μc-Si:H(n) and ZnO:Al films to achieve a peak reflectance at

900 nm

μc-Si:H(n) ZnO:Al

Peak wavelength (nm) 900 900

Refractive index n 3.28 1.58

Calculated thickness required (nm) 69 142

Effective Light Management in Thin Silicon Wafers 11



7.1 Conductive DBR on Glass Substrates

Using the optimized layer thickness (Table 2), characterization was performed

firstly on planar glass substrates using various numbers of DBR unit blocks. Figure 8

shows a cross-sectional scanning electron microscopy (SEM) image of one of the

fabricated DBRs on glass, while Fig. 9 shows the measured reflectance of air/DBR/

Fig. 8 Cross-sectional SEM image of a fabricated distributed Bragg reflector consisting of

142 nm thick ZnO:Al and 69 nm thick μc-Si:H(n) films, deposited on a glass substrate. The

white dashed lines define the individual DBR unit blocks
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glass samples with five different numbers of DBR unit blocks, illuminated from the

film side. It can be observed that the optical reflectance in the targeted wavelength

regions increases with the number of DBR unit blocks. For three DBR unit blocks,

the peak reflectance is about 97%. For ten DBR unit blocks, it increases further to

99% at the design wavelength. These very high numbers confirm the feasibility of

using these two thin-film materials for forming a high-performance distributed

Bragg reflector.

Figure 10 shows a comparison of the experimental and simulated reflectance

results, for the case of one and three DBR unit blocks. In general the simulations
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of optimized thickness for

μc-Si:H(n) and ZnO:Al
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agree quite well with the measured data, although some deviations in the peak

reflectance values were observed. These were very likely due to slight thickness

variations in the fabricated samples.

Besides improving the optical reflectance at the target wavelength range with

increasing number of DBR unit blocks, the sheet resistance also decreases, i.e.,

from 40 Ω/□ using only one DBR unit block to 8 Ω/□ using five DBR unit blocks

(see Fig. 11). This is beneficial when applied as a rear contact system of a silicon-

based solar cell. Five DBR unit blocks are already sufficient to achieve very high

optical and electrical performance. These results compare favorably with the

various conductive DBR schemes reported in Refs. [32–35, 45], where the peak

reflectivity wavelength of their reported conductive DBR stacks ranges from 426 to

550 nm, with peak reflectivity ranging from 73 to 90% and sheet resistance in the

range of 35 to 50 Ω/□ for a 4-stack to 8-stack configurations.

7.2 Conductive DBR on Metal Substrates

Given the presence of a rear metal contact in the typical silicon wafer solar cells, the

measured and simulated optical reflectance of the developed conductive DBR on a

metal-coated substrate was also evaluated. Simulation studies on air/DBR/Al sam-

ples in Fig. 12 predicted significantly higher optical reflectance using only one DBR

unit block, if an Al-coated substrate is used instead of a glass substrate (i.e., ~93%

optical reflectance in comparison to ~57% at the same target peak wavelength),

benefiting from the inherent high reflectivity of the metal coating. Metal-based back

surface reflectors had been reported; however, their high extinction coefficient in

the long-wavelength region [46] makes them unsuitable for high-efficiency solar

cell applications. In comparison, the extinction coefficients of our doped films are

significantly lower in the target wavelength range, and hence a significant absorp-

tion of long-wavelength photons can be avoided. Increasing the number of DBR
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unit blocks does not increase the peak reflectance (see Fig. 12). It only leads to a

reduced reflection bandwidth, which is undesired. Hence, it appears adequate to use

only one DBR unit block if a full-area rear metal contact is adopted. It is further

noted that the predicted lower reflectance in the short-wavelength region (<
700 nm) is of no relevance, as most of these photons would have been absorbed

within the first 10 μm from the front silicon surface.

7.3 Conductive DBR Integration at Device Level

Given the promising performance from independent measurements on glass and

metal substrates, it is of interest to evaluate the final device performance when the

developed conductive DBR is integrated at the device level. Using a calibrated

three-dimensional solar cell simulation model running on Sentaurus TCAD, the

influence of the conductive DBR on device performance is predicted when applied

at the rear of a heterojunction silicon wafer solar cell (a type of c-Si-based

photovoltaic technology). A detailed description of the calibrated simulation

input parameters is presented in Refs. [47, 48].

Figure 13 shows a schematic of the investigated heterojunction silicon wafer

solar cell structure with a planar rear surface using either (a) standard thickness for

the a-Si:H(n) BSF (20 nm) and ZnO:Al thin films (80 nm) or (b) optimized DBR

layer thickness for μc-Si:H(n) BSF (69 nm) and ZnO:Al (142 nm). The influence of

a rear DBR on the optical as well as electrical solar cell performance was investi-

gated and compared to the reference solar cell not using a DBR as sketched in

Fig. 13a.
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For this device structure, the rear interface reflectance can be calculated using a

slightly modified version of the transfer matrix program from Burkhard et al.

[49, 50]. Based on a c-Si(n)/a-Si:H(i)/DBR(μc-Si(n)/TCO)/air configuration (see

dotted region in Fig. 13b), this program can calculate the internal optical reflectance

at the c-Si rear interface, as well as the parasitic absorbance and total transmittance

of the individual layers, for incident photons in the 300–1200 nm range.

7.3.1 Reflectance, Absorptance, and Transmittance

Figure 14 showed that by increasing the number of DBR unit blocks, a significant

drop in transmitted light (i.e., unabsorbed photons) is observed, while the interface

reflectance increased markedly and resembles that of our conductive DBR on glass

and Al-coated substrates. Hence, higher optical generation rate near the rear of the

Fig. 13 Schematic of a

modified heterojunction

silicon wafer solar cell

structure with a planar

rear surface using either

(a) standard thickness of

20 nm and 80 nm for the

a-Si:H(n) BSF and ZnO:Al

thin films or (b) optimized

layer thickness of 69 nm

and 142 nm for μc-Si:H
(n) BSF and ZnO:Al in

order to achieve high

internal optical reflectance

at a peak wavelength of

900 nm
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c-Si(n) substrate arising from the improved interface reflectance is expected. On the

contrary, the combined absorbance by the conductive DBR also increased with the

number of DBR unit blocks, since the extinction coefficients of both conductive

materials are non-zero. Hence, the resulting optical generation rate at the rear

surface is a trade-off between increasing rear optical reflectance and increasing

parasitic absorbance with more DBR unit blocks. It is worthy to note that a single

DBR unit block alone cannot enhance the optical generation rate at the rear, as

evident from the low interface reflectance in the target wavelength range

(700–1100 nm) (see Fig. 14a). A minimum of two DBR unit blocks is needed.

This is due to the fact that a Bragg reflector requires several periodic DBR unit

blocks in order to achieve an overall high optical reflectance. Furthermore, the

incident light will interact with the intrinsic a-Si:H buffer layer present at the

interface. It is again noted that the parasitic absorbance for high-energy photons

(i.e., with wavelength < 800 nm) is irrelevant for the device performance, as most

of these photons will not reach the rear of the solar cell.

7.3.2 Optical Generation/Photo-Generation Current Density

Finally, the complete heterojunction silicon wafer solar cell structure as sketched in

Fig. 13b is simulated using Sentaurus TCAD for varying numbers (up to 5) of DBR

unit blocks. Three-dimensional optical and electrical simulations have been

performed. The resulting optical generation rates above the non-contacted regions

of Fig. 13 already demonstrate the feasibility of using multiple DBR unit blocks at

the rear of the solar cell (see Fig. 15).

The optical generation rate (or equivalently the collectable photocurrent) is

increasing if multiple DBR unit blocks are used. As already discussed, using only

one DBR unit block is insufficient. In that case the optical generation profile is

lower than the standard configuration (i.e., using no DBR and applying the standard

thickness of the μc-Si:H(n) and ZnO:Al layers). For the heterojunction silicon wafer
solar cell architecture using five DBR unit blocks on a thick silicon wafer (220 μm),

the improved internal rear reflectance leads to an enhanced optical generation rate,

which corresponds to an enhanced integrated photo-generation current density of

42 mA cm�2 (see Fig. 15b). A noticeable optical enhancement starts from 50 μm
onward, which demonstrates the feasibility of this concept using ultrathin wafers as

well. It is to be noted that the short-circuit current density of the solar cell is

generally lower than its photo-generation current density due to recombination

losses in the bulk or at surfaces or interfaces.

7.3.3 Current–Voltage Characteristics

Figure 16 and Table 3 sum up the results obtained from the 3D electrical simula-

tions performed with Sentaurus TCAD. Some key observations are:
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(a) Using five DBR unit blocks, an efficiency improvement of 1.6% absolute can be

achieved. The simulated device has a significantly higher short-circuit current

density as compared to the standard configuration (i.e., a Jsc increase of 1.7 mA/

cm2). Furthermore, a significantly lower series resistance is observed in agree-

ment with the findings outlined earlier. This leads to an overall one-sun solar

cell efficiency approaching 23.5% (which is to be compared to the simulated

standard cell efficiency of 21.9%).

(b) If only one DBR unit block is used, a lower short-circuit current density

(36.7 mA/cm2) as compared to the standard configuration (36.9 mA/cm2) is

predicted (as discussed above). However, due to the lower series resistance

using thicker layers, a higher fill factor exceeding 81% is obtained, and the

simulated cell efficiency (~ 22.2%) still exceeds the standard case.

(c) Generally, the open-circuit voltage using the conductive DBR is slightly lower

compared to the standard configuration. This can be attributed to the increased

absorption and higher recombination rates associated with higher carrier

densities.
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Given the potential cost savings if thinner wafers are used, we compare the

device performance using either a thick substrate (220 μm) or a thin substrate

(50 μm) and utilizing either the standard a-Si:H(n)/ZnO:Al thickness or applying

five DBR unit blocks [μc-Si:H(n)/ZnO:Al] at the c-Si rear surface (see Table 3 and

Fig. 17). In comparison, a lower short-circuit current density of ~33.8 mA/cm2 is

predicted for a thin substrate using five DBR unit blocks, which is nevertheless a

relative improvement of ~3.5% as compared to the standard case (no rear DBR,

standard a-Si:H(n)/ZnO:Al thickness). In addition, the thin substrate shows a higher

open-circuit voltage than the thick substrate, in accordance with experimental
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Fig. 16 Simulated J–V characteristics of heterojunction silicon wafer solar cells as sketched in

Fig. 13, using variable numbers of DBR unit blocks. The insets show a zoom in at the short-circuit

current density and near the maximum power point regions

Table 3 Simulated solar cell performance of the heterojunction silicon wafer solar cells as

sketched in Fig. 13

Substrate

thickness (μm) Efficiency (%) Jsc (mA/cm2) Voc (mV) FF (%)

Standard 220 21.86 36.89 744.5 79.61

1 DBR unit block 220 22.25 36.73 742.6 81.58

2 DBR unit block 220 22.97 37.86 743.4 81.63

3 DBR unit block 220 23.39 38.50 743.3 81.72

5 DBR unit block 220 23.46 38.60 743.6 81.73

Standard 50 20.67 32.60 761.9 83.22

5 DBR unit block 50 21.46 33.75 761.7 83.50
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findings by Panasonic [51]. The increase in open-circuit voltage with decreasing

wafer thickness can be attributed to a reduced bulk recombination given that the

surface passivation is already so good that surface recombination is no longer a

dominant recombination channel. Given that the photogenerated excess carriers

have to travel a shorter distance to reach the contacts, the fill factor also improves.

Correspondingly, the simulation predicts that it should be possible to attain a

one-sun cell efficiency of ~21.5% for silicon substrates as thin as 50 μm (using

the in-house processed heterojunction layers). Further improvement to the

heterojunction layers can allow even higher cell efficiencies to be reached.

The simulation results clearly demonstrate the feasibility of using conductive

DBR stacks of periodically stacked μc-Si:H(n) and ZnO:Al films at the rear of a

heterojunction silicon wafer solar cell, thereby increasing the efficiency by 7.3% or

3.8% (relative), using thick or thin wafers, respectively.

7.4 Comparison with State-of-the-Art Concepts

It is relevant to compare the predicted performance using the developed conductive

DBR stacks to dielectric DBR stacks or hybrid (dielectric/conducting) DBR stacks

which have been reported in literature. For example, Zeng et al. [26] have reported

the application of a hybrid DBR stack consisting of SiO2/Si films on a thick

(675 μm) crystalline silicon substrate to provide a relative cell efficiency gain of
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Fig. 17 Comparison of the simulated J–V characteristics of the heterojunction Si solar cell in
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~8% as compared to the standard cell. This compares favorably with our simulated

relative cell efficiency gain of 7.3% for a 220 μm thick substrate, despite the

inherent parasitic absorption losses exhibited by the conductive thin-film materials.

Pure dielectric stacks are expected to perform even better for light trapping in the

near-IR wavelength regions since parasitic absorption losses are entirely absent;

however additional procedures are required to create metal contacts to the substrate,

which do increase process complexity. Using conductive DBR stacks instead pre-

sents a balance between reduced number of processing steps and delivering suffi-

ciently high rear optical reflectance for light-trapping purposes.

8 Conclusions

In this chapter, the importance of light trapping for solar cells utilizing thin silicon

wafers is emphasized, in which the suitable placement of a conductive distributed

Bragg reflector at the rear of the silicon absorber presents itself to be an attractive

solution. The design considerations and the feasibility of a conductive distributed

Bragg reflector (DBR) for solar cell applications were further elaborated from both

the perspective of numerical calculations and experimental results. When the

designed conductive DBR was applied at the rear of a 220 μm thick heterojunction

silicon wafer solar cell, an efficiency increases up to 7.3% (relative), i.e., from

21.9% to 23.5% (absolute) is predicted, using five DBR unit blocks. When a much

thinner silicon wafer is considered (50 μm), a relative increase in cell efficiencies by

3.8%, reaching ~21.5% had been predicted. The improvement in cell performance

stems from the enhanced internal optical reflectance of long-wavelength photons

and the reduced contact resistance.

While the experimental results in this chapter had been based on suitably

designed periodic stacks of μc-Si:H(n) and ZnO:Al films (DBR unit blocks) for

near-infrared wavelength photons, the reader should benefit from the design meth-

odology outlined in this chapter and be able to apply these approaches to any type of

conductive films and for any target wavelength regions of interest.
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Optoelectronic Characteristics of Passivated
and Non-passivated Silicon Quantum Dot

A. Laref

Abstract In this chapter, our recent research about the impact of hydrogen pas-

sivations and size on the electronic and optical features of silicon quantum dots will

be reviewed. A theoretical modeling will be presented for silicon quantum dot with

spherical topologies and treating their corresponding physical properties. This

recent study was conducted by means of first principle calculations to explore the

energy band gap versus the radius of Si quantum dots for passivated and

non-passivated surface. The optimization of the structures of quantum dots was

performed for both passivated and unpassivated quantum dots with various sizes.

The interesting features for the electronic characteristic, such as the energy band

gaps are higher in the case of hydrogenated surface than the unpassivated case.

Accordingly, both quantum confinement and surface passivation provide informa-

tion concerning the electronic and optical characters of Si quantum dots. The

passivation impact on the surface dangling bonds with hydrogen atoms as well as

the contribution of surface states on the gap energy are also presented. The

hydrogen passivation influence increases the energy gap than that of pure silicon

quantum dots. The significant character of the confinement and surface passivation

on the optical properties are reviewed. The previous experimental determinations

have shown that the optical properties of these dots were significantly affected by

the quantum confinement effects. Overall, the hydrogen saturation surface controls

principally the ground-state geometry, the energy gap, and optical absorption of Si

quantum dots with the change of radius size. It was inferred in our previous study

that the insertion of hydrogen could lead to the alteration of the electronic structure

of silicon quantum dots. The saturated surface by hydrogen atoms has also a main

contribution on the spatial distribution of the highest occupied and lowest unoccu-

pied molecular orbitals. The hydrogen effect on optical absorption spectra and the

static dielectric constant are also reviewed. Exclusively, the absorption threshold
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relationship of Si nanoparticles on the radius and hydrogenation surmise a decrease

in the quantum confinement effect. The absorption spectra illustrated that the

absorption properties are intimately accompanied with the surface saturation as

well the radius of the dots. This theoretical finding could assist the comprehension

of the microscopic mechanism which is spectacular for the devices performance

and the potential application in nanotechnologies. This could highlight the signif-

icant optical parameters of silicon quantum dots for the purpose to comprehend the

optical properties in the photoluminescence process of finite-size dots. The recent

work about the optical absorption showed that the nanostructured Si could possess a

very high luminescence in the visible regime as reported in the experimental

inspection.

1 Introduction

Solid-state semiconducting nanostructures represent a very active realm of

research. Exclusively, quantum dots yield confinement of charge carriers (holes,

electrons, and excitons) in the entire three spatial dimensions that arise in discrete

energy, localized wave functions, and further fascinating physical and advanced

device characteristics [1]. The challenge is to create functional nanomaterials

possessing a confined size distribution and ultimately to elucidate the relationship

between shape, size, geometry, properties, and interfaced with the substrate. The

preparation, synthesis, and growth of nanomaterials on substrate with manageable

dimensions, shapes, and orientation are nontrivial. The most crucial task is to

contemplate a convenient and reproducible technique for sizeable scale synthesis,

besides to a compatible and simple integration into traditional microelectronic

processing techniques. Frequently, the physical aspects of nanomaterials are ruled

via the manipulation of particle size, granting the design of the growth process with

the prerequisites and appealing applications of the ultimate nanodevices. Interest-

ingly, these nanomaterials own outstanding properties that are not present in their

bulk counterparts. Intriguingly, semiconductor quantum dots (QDs) have aroused

paramount interest due to their novel technological applications that are realizable

in the physics of zero-dimensional structures. It is indispensable to examine the

physical aspects of these prodigious nanomaterials, the so-called semiconductor

QDs [2–4]. These promising systems possess extraordinary electronic and optical

characteristics that are tunable artificially.

The immense attempts have been centralized to tailor the material dimension at

nanometer scale and thereby to achieve desirable properties that can be produced by

varying the shape. For instance, elemental silicon (Si) owns very distinct properties

versus the change of size. Meanwhile silicon in its bulk form is the prevailing

system that produces the electronic devices; it possesses poor optical features for

optoelectronic devices, which can be significantly changed at nanoscale dimen-

sions. For instance, the band gap in silicon would be blue-shifted from the infrared

to the optical region versus the size. One of the first revealing effects detected in
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porous silicon illustrated notable visible (red) photoluminescence (PL) at room

temperature [5–10]. This striking behavior assisted intensive research attempts into

the examination of the optical properties of Si nanocrystals that have been inves-

tigated extensively at frequencies approaching the fundamental energy gap [11–

14]. Then, both shape and dot size are mandatory for the modulation of the optical

gap of these QDs. In this perspective, silicon quantum dots have recognized a great

curiosity owing to the intriguing underlying physical aspects and the propitious

applications in advanced nano-electronic and optoelectronic devices, such as solar

cells [6, 15, 16]. The search of optical active devices based on silicon, namely,

lasers has received a stimulating mission. The pure bulk silicon owns an indirect

optical gap which is inappropriate material for active optical applications, whereas

enormous low-dimensional silicon nanostructures are seemingly favorable for

diverse technological applications. A substantial change is anticipated in the elec-

tronic and optical aspects of size-reduced Si nanostructures [6, 17, 18] because their

bulk form is a semiconductor with an indirect band gap of 1.1 eV. It is inevitably

recognized that the emission and absorption in silicon occurs in the visible light

with the reduction of the size to nanometer scale beneath its exciton Bohr radius

(5 nm). Then, the direct-gap semiconductor nanostructures pledge a luminous

future. The usage of silicon in photonics has been also significantly triggered by

the pragmatic aim such as the inexpensive price and the undemanding manufactur-

ability of the material [19–21].

Since the mechanism of visible PL in Si was first detected by L. T. Canham [2]

earlier in the 1990s, many researchers have brought experimental and theoretical

works toward Si luminescence [22–25]. Importantly, the substantial enhancement

of photoluminescence (PL) in porous silicon could be elucidated by the simple

quantum confinement effects [26–29]. Eventually, this may drive to high-

performance photoluminescent Si nanostructures. A substantial prospective for

next-generation lighting has been manifested in Si quantum dots by engineering

their band gaps, quantum efficiency (QE), high photoluminescence (PL), and

intense color clarity [27]. The alleviation of the devices’ size and boosting the

performance would prevail the device mechanism, such as the nano-miniaturization

by enhancing the optical characteristics of Si QDs. Over the last few decades, PL

features of silicon nanomaterials, like emission and absorption levels, carrier

dynamics, and spectral characteristics have been extensively scrutinized on ensem-

ble of silicon nanomaterials [28, 29]. According to the previous research, PL

internal quantum efficiency of single Si QDs was acquired around 10% at room

temperature, for oxide-passivated nanocrystals [30]. However, the tunable size of

the nanocrystal leads essentially to the viable shift of the band gap to the optimal

energy gap (i.e., 1.5 eV) for supreme efficiency of single-junction solar cells, or for

stacking cells with dissimilar band gap and then, joining various spectral response

can establish tandem cells. In this respect, Si QDs have exhibited substantial PL in

the visible red span of the solar spectrum, and external quantum efficiencies about

60% have been delineated in literature [15, 16]. This substantial PL can be

employed in the photoluminescence downshifting to enhance the efficiency.

Irrespective with the bulk Si counterpart, the relaxation of excited carriers is
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declined in quantum dots because of the enlarging of the distance between the

energy states. It would be feasible to enhance the open-circuit voltage of the solar

cells, and this could practically happen by the extraction of the carriers through the

dot before the relaxation to the extremity of the band gap. The successful extraction

of the multiple excitons through the dot may conduct to a boosted current of the

solar cell. On the other hand, the recombination radiative of the multiple excitons in

the QD conducts to the enhancement of the PL quantum efficiency. Other features,

such as hot-carrier cells, are greatly favorable to boost the high thermodynamic

efficiency limit (~85%), and however the hot-carrier solar cell has not been

produced thus far. The characteristics of Si QDs concentrated exclusively on the

properties pertinent for the usage in solar cells, like the band gap increase, PL

characteristics, electrical transport, etc. In this respect, an extensive amount of

scrutiny was performed in this arena since the detection of substantial PL from Si

porous [24–30].

On the other hand, based on both underlying understanding and realistic appli-

cation of Si QDs, a keen scrutiny in their optical properties is compulsory. Hence, it

has been found via experimental measurements that the optical properties of Si

quantum dots can drastically influenced by quantum confinement effects. Using

theoretical techniques, researchers can predict also precise optical gaps in Si

quantum dots [24, 25]. In this respect, the energy gap (Eg) of Si dots was deter-

mined to drastically rely upon the diameter and surface passivation. Substantial

experimental and theoretical works were evidenced to display the quantum con-

finement effects on PL via quantum-confined excitons [30]. Several traditional

experimental tools employed to investigate the bulk materials and bulk surfaces

cannot be directly applicable to Si nanocrystals. Furthermore, theoretical and

computational modeling represents a challenging task because many nanostructures

are not stable due to their size, exhibiting an inherently quantum mechanical

phenomenon. Providing a sizeable surface area of Si nanoparticles, in order to

tune their nanostructures for particular applications, it is imperative to comprehend

and rule the effect of surface properties on their optical gap and in overall their

physical properties. The comprehension of the impact of surface reconstruction and

passivation on the ground-state properties of Si nanodots represents a key prereq-

uisite, not exclusively to design the technological applications of single dots but to

manage the deposition of nanoparticles on aggregation and surfaces of multi-dots

into new structures. Subsequently, the examination of visible photoluminescence in

porous silicon and in silicon nanostructures [26, 27] demands a realistic control of

the optical response of Si nanosized structures versus the size. This has conducted

to one of the most exciting features of the contemporary silicon-based

nanotechnologies [28].

According to the previous experimental and theoretical determinations, it has

been found that hydrogen-terminated surface can mainly affect the electronic and

optical aspects of silicon nanocrystals [26–28]. In these systems, nearly most of

silicon atoms are lying on or in the vicinity of the surface and are presumably

influenced by the surface or passivation, which can lead to a drastic change in their

electronic structures. Although several models have been proposed to reveal the PL
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phenomenon in porous silicon (exposed to air), till now its emergence is still under

debate. The experimental results have not clarified yet the observation of surface

effects from the bulk state. Thereby, it was not possible to register the size

relationship between the PL energies and radiative lifetimes in passivated silicon

nanocrystals, and the luminescence aspects would be connected to the surface

terminations with H atoms in Si QDs. The previous experimental works have

found a difficulty with Si QDs possessing ultrasmall 1–2 nm-diameters [27, 28],

albeit density functional theory (DFT) simulations are promising for supporting or

predicting the electronic structure of these nanomaterials. Numerous problems, like

hydrogen-covered Si QDs and size correlation on the absorption spectra are still

under debates. Therefore, to evidently distinguish the effect of surface terminated

by hydrogen atoms on the electronic and optical properties of host silicon QDs, our

recent research based on theoretical examination toward these nanostructures with

diameter up to 1.1 nm will be presented. The effect of morphological properties will

be presented, by involving size and shape of hydrogenated and unsaturated silicon

QDs on the electronic and optical properties versus diameter of dot. Accordingly,

the previous simulations were employed by means of first-principles methodology

within the framework of pseudopotential scheme [31]. The effect of hydrogen-

passivated silicon surface will be essentially investigated by the elimination of

dangling bonds. To clarify theoretically the size impact on the electronic structure

of Si QDs terminated by H atoms and the mechanism of the observed red shifts in

PL, the modeling of Si nanostructures topologies with small and moderate size of

medium quantum dots will be addressed [32]. The dot size dependence and

hydrogen-passivated surface impacts on the energy gap and absorption spectra of

Si dots will be handled.

In this chapter, the recent work concerning the effect of quantum confinement on

the energy gap will be reviewed in both terminated and non-terminated silicon

quantum dots versus the change of size [32]. A short review of Si nanostructures

will be reported in the next section. Additionally, the photoluminescence measure-

ments of silicon nanostructures will be illustrated briefly. The important quantum

confinement and its effects on the energy gap of nanostructures will be discussed

after that. To control the electronic, bonding character, and optical properties that

are relying on the dot size and surface termination by hydrogen on Si QDs, the

recent results, such as the density of states, optical absorption spectra, and static

dielectric constant versus the dot size will be presented [32].This is based on the

estimation of the structure and stability for various hydrogenated and unsaturated Si

quantum dots, which are compared with the data of the relevant literatures. To

understand what is happening at microscopic level of the bonding of unsaturated

and H-saturated Si QDs, the distribution of the highest occupied molecular orbitals

(HOMO) and the lowest unoccupied molecular orbitals (LUMO) will be desali-

nated after that. Thus, to elucidate this mechanism, it is pertinent to examine how

the correlation between hydrogen and size dot influences the quantum confinement

on energy gap and optical absorption spectra in these nanomaterials. The computed

optical absorption spectra of hydrogenated and unsaturated Si quantum dots are

based on the dielectric function jointly together with dipole matrix elements of
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HOMO–LUMO states. For hydrogenated and unsaturated Si QDs, the static dielec-

tric constant was also calculated with different size of dots. At the end, this chapter

will be finalized by a summary and conclusion. This will highlight the significance

of the previous results [32] respecting the optical parameters of silicon quantum

dots to comprehend the optical properties in the luminescence process.

2 Previous Review on Si Quantum Dots

Over the last years, the fabrication of silicon nanocrystals have had an enormous

advance for the light-emitting devices, while sharper nanocrystal size distributions

have been acquired [1–4]. A prominent purpose was about the revelation of a

significant photoluminescence through the porous silicon, comprising a very simple

and productive strategic for maintaining high-performance photoluminescent sili-

con structures [5]. After the realization of visible PL in Si, enormous investigations

were conducted both theoretically and experimentally [8–12]. Employing the linear

combination of atomic orbital scheme, the computed electronic structures of spher-

ical Si crystallites having diameter up to 4.3 nm have been pointed out earlier in

1992 by Proot et al. [33]. Accordingly, the change in the optical band gap versus the

cluster size was found to verify the experimental determinations [34]. An augmen-

tation in the radiative efficiency of Si–PL was evaluated previously [33] because of

the confinement yielding a spread of the wave functions in the reciprocal space.

Lately, based on first-principles DFT, Delley et al. [35] examined the visible

luminescence in Si nanoclusters varying up to 3 nm. Their results implied that the

scaling of the band gap has a linear behavior with the cluster diameter. They also

realized that the dipole transitions through the gap in Si nanoclusters are symmetry

permitted, conversely to the dipole-forbidden transitions in a bulk Si lattice.

Furthermore, the near-gap electronic structures of Si nanoclusters with the size up

to 3.7 nm were analyzed hitherto [36, 37] by employing plane-wave

pseudopotential framework. Hence, this theoretical finding was in consensus with

both experiments and all electron calculations [38].

Albeit the aforementioned theoretical works [39–41] consistently illustrated that

the gap in a Si nanocluster can be manipulated with the change of size; semiem-

pirical modifications have to be implemented to the gap in comparison with

experimental optical gaps. For instance, the value of 0.6 eV has been involved to

theoretical gaps in the reference [40]. This is due to the electron self-energy and the

screened electron-hole Coulomb attraction which are not exactly considered in the

calculations, involving those determined with DFT scheme. With the above

methods, researchers have computed exact optical gaps in Si clusters, and the

gaps illustrate significant size dependence. Based on quantum confinement effects,

the optical gap in Si cluster of 2.0 nm was approximately 2.6 eV, and the gap of the

1.5 nm cluster was nearby 3.5 eV. It has been stated that together with the quantum

confinement, the optical gaps of Si clusters are exhibited to drastically alter across

surface passivation. For instance, in a spherical Si cluster comprising 35 Si atoms,
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the DFT predicted an energy gap around 3.4 eV for Si35H36 (36 hydrogen atoms

saturated surface dangling bonds). Their work indicated that hydrogen and other

single-bonded atoms exhibit same gaps. Eventually, except the quantum confine-

ment and surface passivation, researchers examined other factors that may in

addition alter the energy gap [42]. Those key factors incorporate doping or defects.

Since then, the optical properties of silicon nanocrystals have been explored

substantially both experimentally and theoretically, but yet the correct atomic

structures and their correspondence to the optical properties are unforeseeable

[40–45]. Particularly, the cause of the photoluminescence in nano-silicon is still

not clear and is under controversy.

In the other side, various phenomena have been suggested; the most feasible

illustrates the quantum confinement effect, various defects in the surface like

hydrogen or oxygen defects or dangling bonds, as well as suboxide formation.

Then, the energy band gap could be opened up because of quantum confinement

effect in the nanocrystallites and relaxation of the selection rules for radiative

transmissions. This could lead to the emergence of photoluminescence in the visible

regime for crystallites size beneath ~5 nm. A crucial characteristic for porous

silicon is how the excitations are located in nanoscale dimensions. If the techno-

logical request can be clarified, silicon nanomaterial would be a good optical

material. A keen comprehension about the optical aspects of matter is demanded

to capitalize satisfactorily such mechanism. In this attitude, a sound comprehension

of the electronic and optical properties of silicon nanocrystals is necessary. The

quantum size effects show novel mechanisms in silicon, like optical absorption. All

the key ingredients that turn Si quantum dots into prosperous for optoelectronic

applications will be discussed in the next coming sections.

3 Photoluminescence Measurements

Luminescence from a semiconductor excited with photons (photoluminescence) or

by electric current (electroluminescence) is a robust tool in the investigation of its

properties. This technique can supply information on the optical band gap, carrier

relaxation, viable defect configurations, and numerous of other properties. Enor-

mous previous studies have been performed on light emission through Si QDs since

they are likely to be the luminescence centers in porous Si (Psi) that had been

detected in the visible PL and electroluminescence at room temperature. As it was

stated in Ref. [46], it is so hard to exactly control the size and purity of the sample

where the results of various experiments could differ from each other to some

extent. The size dependence on the energy gap of Si nanostructures has been

examined substantially [47–50] since the observation of room temperature visible

photoluminescence in silicon nanocrystals [49] and porous silicon [47]. The quan-

tum size impact, inducing in a blue shift of the energy gap versus the reduction of

size, was extensively surmised to be prominent for the optical features of porous

silicon (PSi) [47, 48]. The energy gap was observed to rise significantly with the
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reduction of size. Very recently, many efforts have been directed to generate quasi-

direct-gap semiconductor nanostructures and a valuable research attempts are

concentrated on nanometer size crystallites or quantum dots fabricated from silicon

or germanium [47, 48]. Significant PL from silicon nanostructures created by

electrochemical anodization, frequently named porous silicon, has aroused much

interest from basic physics perspective, specifically of the potential application in

optical devices.

It has been outlined that the most of the observed experimental results for PL

peak energies vary versus the diameter of the Si QDs, as depicted in Fig. 1. Note

that the differences occur for the dependency on size, as reported by various authors

[47, 48]. The entire PL peaks of Si QDs embedded in glass matrices or SiO2-capped

Si QDs drop into the shaded zone of the diagram, although the experimental data for

the oxygen-free samples (for similar value of the diameter) drop up this shaded

zone. For this reason, it is evidently noticed that the interface case has a major

contribution in the luminescence across Si QDs. Furthermore, an analogous con-

clusion has been acquired in Ref. [51] in comparison with the PL of PSi samples at

various atmospheres, as displayed in Fig. 2. Firstly, the freshly etched samples

(oxygen-free PSi) were examined at various porosities (equal to various sizes of Si

QDs) and emitting across the visible spectrum. After that, the exposure of oxygen-

free PSi samples to air was attained, and their PL energies were measured addi-

tionally. It is obviously detected that after the exposure of samples to air, a red shift

of the PL is assigned, which is as big as 1 eV for blue luminescent samples

comprising QDs lesser than 2 nm (see Fig. 2). Also, it has been reported that a

PL red shift occurred as soon as the transfer of oxygen-free PSi samples has been

Fig. 1 Summary of experimental data on peak PL energy versus Si QD size [46]
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obtained from Ar to a pure oxygen atmosphere, although no red shift was observed

at all if the samples were remained in pure hydrogen atmosphere or in vacuum.

Furthermore, an upper limit of the emission energy (2.1 eV) was acquired inde-

pendently of size. In conclusion, the surface passivation has a crucial role, partic-

ularly the chemistry of oxygen at the surface can create an obvious alteration for the

PL of Si QDs and an upper limit of energy gap. On the whole, in spite of some

inevitable dissimilarities, the experimental results exhibit that for ultrapure Si QDs

as their sizes reduce, a significant blue shift in the peak PL energy occurs which is

owed to the augmentation of band gap. Therefore, if the Si QD is not pure enough,

much more complex results will be acquired because of the effect of impurity

contamination and complicated interface case.

4 Important Quantum Features for Nanoscale Si Dots

One strategy to ameliorate the optical properties of indirect semiconductors could

be based on the decrease of their dimensionality, for instance, by the formation of

nanocrystals (NCs). The quantum confinement effects are developed and might

change the electronic structure if the size of a structure is approximated to the size

of Bohr radius of an exciton in a material [7]. The most significant modifications

correspond to the opening of the band gap. Then, the production of wider exciton

energies happened in smaller NCs which possess wider band gap [8]. From exper-

imental point of view, this can be noticed like a switch of luminescence to shorter

wavelengths [9, 10]. Overall, three main recombination pavements represented by

Fig. 2 Room temperature PL spectra from PSi samples with different porosities kept under Ar

atmosphere (a) and after exposure to air (b) [47]
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direct band-to-band transition, a transition including a phonon, and, ultimately,

from a defect state (which is mostly a non-radiative procedure) of excited carriers to

recombine in bulk Si. The first procedure relies upon the excess energy dissipation:

a radiative recombination, in which the transfer of energy happened with the

propagating wave and Auger recombination. Therefore, the absorption of energy

is developed through another preexcited free carrier. The bulk silicon owns an

intrinsic indirect band gap property, as referred in Ref. [13]. The direct band-to-

band transition is of exceedingly low probability and considered as “forbidden”

because of indirect band structure of Si [13]. The location of the valence-band

maximum and conduction-band minimum is not positioned at similar momentum

wave vector k. The assistance of carrier band gap transitions is based on phonon

absorption or emission [14]. For nanoscale silicon dots, firstly, the electron and hole

wave functions have an augmentation in the spatial localization and an augmenta-

tion of their spread in momentum space with the dot. Thus, an enhancement in their

overlap probability will occur in the Brillouin zone. Secondly, nanodots possess a

very insignificant number of atoms. However, imperfections, like point defects and

dislocations which produce non-radiative recombination are implausible to occur.

The carriers’ confined nanocrystals induce the efficiency of luminescent recombi-

nation to substantially ameliorate effectively since the suppression of non-radiative

recombination pathways is present, and the radiative recombination rate is

increased. At room temperature, the excitonic luminescence in silicon nanocrystals

can simply be detected in the near-infrared Raman (nearby 700–800 nm) which is

hundreds of times brighter than the roughly 1100-nm bulk intrinsic luminescence at

cryogenic temperatures.

The visible photoluminescence which has been detected in silicon

nanostructures at room temperature has significantly aroused extensive attention

in these specific nanoclusters and in small semiconductor particles [52, 53]. The

most stimulating prospect of this discovery is connected to the light-emitting

devices based on this effect, and it could emerge likely within the well-attainable

silicon technology for optoelectronic applications [54, 55]. The well-recognized

band structures of these nano-silicon structures are compulsory for the comprehen-

sion of this effect. In the last decade, valuable attempts have been devoted to

analyses whether silicon can change inherently a direct semiconductor in the case

of nanocrystalline clusters (or porous). It has been attained that quantum confine-

ment can alter the energy gap in which the visible luminescence is generated as

experimentally detected [54, 55]. Furthermore, the band gap in silicon is signifi-

cantly small to get interacted efficiently with the visible spectrum. With the

adjustment of the gap in silicon, then it could be employed for either electronic or

optical application. Exploration of mechanism, as the Stokes shift (difference

between absorption and emission energies), the radiative lifetimes, the nonlinear

optical properties, the PL emission energy as a function of nanocrystals size, the

quantum-confined Stark effect (QCSE), and so on can provide basic contribution to

the comprehension of tunable optical response of such systems.

In the case of free-standing Si-NCs, significant luminescence is detected, the

color relying upon the size of the Si-NCs, and the gap energy is grown with the
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decrease of their size. A variety of procedures have been attempted during the last

few years for light generation and amplification in silicon. The most valuable one is

founded on silicon nanocrystals (Si NCs) with the purpose to take advantage of the

diminished dimensionality of the nanocrystalline structure (1–5 nm in size), while

the band folding, quantum confinement, and surface effects have a significant

contribution [55]. In fact, it has been procured that the Si NC band gap enhances

versus the reduction of size and a photoluminescence (PL) external efficiency in

excess of 23% is attained [56]. Si NCs-based LED with high efficiency have been

acquired in Si NC active layers [52] and establishing separate injection of electrons

and holes [56]. Furthermore, optical gain under optical pumping has been previ-

ously manifested in a wide diversity of experimental conditions [53–57].

5 Structure of Silicon Quantum Dots

The typical size of Si QDs lesser than ten nanometers is approximately near the

exciton Bohr radius of bulk silicon. In the other side, silicon quantum dots show

strong quantum confinement which induces a broaden band gap, and the electronic

states may develop discrete levels because of the extreme small dimensions.

Overall, at ideal conditions, it was accounted that the interior of the dot possesses

the structure of crystalline silicon, whereas the surface of the dot is saturated with

particular atoms relying upon the surrounding environment of the dot, like hydro-

gen, oxygen, and so on.

5.1 Ideal Structure

Enormous experimental investigations have been performed on the electronic and

optical properties of Si QDs. Therefore, various elements have major role in

rendering the explanation of measurements an arduous task. For example, samples

illustrate a considerable dispersion in the QD size that is hard to be established.

Furthermore, Si-NCs have been synthesized using various techniques that usually

illustrate distinctive properties in shape, size, and the interface structure [58]. For

the justifications indicated above, most of the experimental investigations provide

diverse results. Hence, theoretical model calculations for some ideal structures have

been accounted very imperative to explore the properties of Si QDs. Overall,

saturated-surface silicon nanoclusters are the ideal theoretical structure for us to

study Si QDs [56–58].
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6 Physical Properties of Unpassivated and Passivated Si
Quantum Dots

The previous calculations were carried out by means of pseudopotential ab initio

simulations [31] to explore the effect of hydrogen atoms terminating the surface of

silicon QDs (the size change ~0.2–1.1 nm) and the unsaturated Si QDs. DFT

methodology has a crucial beginning point in our recent study and can be useful

for more complex materials by extracting pertinent microscopic information. In the

previous study, ab initio calculations were performed by employing pwscf package

[31], in which the basis set is a plane-wave pseudopotential framework. The

structural calculations are carried out by applying DFT [59] with the conventional

generalized gradient approximation (GGA). Specifically, PBE exchange and cor-

relation functional [60] was used and a plane-wave approach with the super cell

technique. For the exchange-correlation energy, the ultrasoft Vanderbilt

pseudopotentials with semicore corrections [61] were employed for both Si and H

atoms. The plane-wave kinetic energy cut-off is chosen to be 45 Ry for guarantying

the convergence for the total energy to be less than 10�5 Ry/cell. All the atoms are

thoroughly relaxed until the Hellmann–Feynman force acting on each atom is

smaller than 10�4 Ry/a.u. The dots are then relaxed to minimize the total energy

employing the conjugate gradient algorithm [31].

6.1 Size Effect

Beginning from a central Si atom, the construction of Si nanocrystals is done by a

consecutive shells of Si atoms. Si QDs with bigger diameters were not taken into

account in the previous work [32] because of the limitation of computational

resources. For unpassivated Si QDs and Si QDs terminated with H atoms, the

nanoclusters with spherical shapes are described by a wide periodic repeated

supercell (20~a.u.). By considering these configurations, the interactions between

the dot and its replica are not taken into account. The modeling of spherical dots is

done by the generation of atomic positions at the bulk interatomic distances up to

the limited diameter. The H-terminated Si QDs own tetrahedral clusters that can be

relaxed with an average of Si-Si and Si-H bond lengths of 2.36 Å and 1.45 Å,
respectively. Then, by minimizing the total energy of each configuration, the stable

configurations of all dots with given size can be determined. A ball and stick models

for silicon quantum dots at different diameters are displayed in Fig. 3. The struc-

tures with hydrogen termination are also depicted in Fig. 4 [32].

For example, the modeling of Si QDs is established by commencing from

tetrahedral, Si-atom centered, hydrogen-saturated clusters, such as Si28H32, as

illustrated in Fig. 4. Since DFT was fundamentally employed at systematic

ground-state calculations, the aspects of excited states (relative to the optical gap)

are not exactly predicted. However, DFT theory underestimates the energy gap
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irrespective with the experimental results. Fortunately, the underestimation of the

energy gap via DFT might be ameliorated using GGA-1/2 approximation, and the

detailed calculations are provided elsewhere in Ref. [61]. In fact, all GGA-1/2

calculations are performed with GGA-relaxed structural parameters. Here, the

GGA-1/2 method is founded on the half occupation (transition state) by involving

hole self-energy in the Schrodinger equation. The GGA-1/2 technique can treat the

elimination of the spurious electrostatic electron self-energy in the electronic

structure calculations of material. Its technique can proceed a variational principle

without using any fitting parameter. For this purpose, after carrying out DFT

geometry optimizations and calculating the gap between the HOMO and LUMO,

the electronic structures of the considered systems can be simulated with the energy

gap corrections based on GGA-1/2 [61]. The HOMO–LUMO gaps are intimately

connected to the size of the QDs and the localization of electronic states close to the

gaps. By this way, adequate trends for the HOMO–LUMO gap can be procured

versus the dot size besides to the hydrogen-terminated and unsaturated Si QDs.

To examine the electronic and optical properties of Si QDs in terms of surface

termination, it is important to clarify their underlying physics by the elimination of

Fig. 3 Snapshots of various unsaturated Si quantum dots. Yellow dots are Si atoms. The size of

these quantum dots is also given. (a) Si5, (b) Si8, and (c) Si28 [32]

Fig. 4 Snapshots of various passivated Si quantum dots by hydrogen atoms. Yellow dots are Si

atoms and white H atoms. In all cases, the surface dangling bonds are saturated with hydrogen

atoms. The size of these QDs is also given. (a) SiH4, (b) Si5H12, (c) Si8H18, and (d) Si28H32 [32]
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the dangling bonds from the surface. Thereafter, to stabilize the system at different

dots, the contribution of hydrogenated Si QDs is important. The saturated and

unsaturated Si quantum dots are taken into account at different sizes and are

compared to their corresponding band gap results. The states near the band gap

will be presented next, since the termination of all dangling bonds at the surface is

pertinent, or else, the band gap could be modified by the dangling bond states. Then,

the localization of surface states will be removed from the energy region close to

Fermi level when passivating the dangling bonds.

6.2 Electronic Properties of Unpassivated and Passivated Si
Quantum Dots

The electronic structure results of different atomic configurations of Si QDs will be

reviewed with the size variation between 4 and 60 atoms, as depicted in Figs. 3 and 4

[32]. To examine the quantum size effects and the effect of hydrogen-terminated

surface on the energy gap, the recent results of the computed density of states

(DOS) for the optimized Si QDs at various dot diameters will be presented. The

DOS of unpassivated and passivated Si QDs are exhibited in Figs. 5 and 6 [32],

where the diameters are altered between 0.2 and 1.1 nm. Apparently, the hydroge-

nated Si QDs possess larger energy gap than the unsaturated Si dots. These

nanocrystals illustrate molecular characteristics with manifold peaks, and their

components are increased more due to the surface termination from the Si-H

bonding. The fluctuations are more considerable for smaller dots. The terminated

Si28H32 quantum dot illustrates a band gap around 4.2 eV, in which the dangling

bonds are saturated by 32 hydrogen atoms at surface. This is a good anticipation for

the dots with this size span. Clearly, the energy gap of pristine dot emerges through

the surface states, and the results are in consensus with the previous available

theoretical reports [62, 63].

For unpassivated Si8 dot, two main peaks are observed at two boundaries of gap.

The first peak is only centered downward the highest valence states, and the second

one is located upward the band gap. Because of the surface termination with

hydrogen in Si8H18 QD, the two major peaks of pure dot disappeared. In this

situation, the energy gap is enlarged due to the termination of the dangling bonds

by hydrogen atoms. Hence, some changes in the inner states arise through Si-H

bonding. Note that the occurrence of hydrogen pulls up principally the conduction

states with the addition of new peaks, and its influence also changes the character of

the valence states. It is notable that the optical response spectra will be modified in

silicon terminated with hydrogen irrespective with the unsaturated dot. In the case

of the dot having larger size, the system favors fourfold sp3-like coordination

surrounding the inert region, although the surface of the dot is over-coordinated

through the core atoms. The DOS of Si QDs having small diameters are sparser than

those with wider diameters, as displayed in Fig. 6. With the augmentation of dot
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diameter, this behavior is the characteristic of the highest symmetry of Si QDs

associated to the high degeneracy of the electronic states. The resulting DOS of Si

QDs having larger diameters illustrate larger peaks and tend to be nearly like bulk

system, whereas for smaller dots, the DOS have sharp peaks resembling molecular

structures. Hence, it is anticipated that the optical spectra possess peaks (features) in

smaller dots which are related to the separated electronic transitions than the

narrower spectra with larger dots.

The termination of surface dangling bonds with hydrogen atoms besides to the

impact of dot diameter on the energy gaps is also examined (see Fig. 7) [32]. The

alteration of energy gap of different dot sizes for unsaturated and hydrogen-

terminated surface is displayed in Fig. 7. The energy gap is found to increase

with the reduction of the number of atoms in the dot. This behavior corroborates

the stronger confinement for the smaller sizes [61–63]. Overall, the energy gaps of

Si nanostructures saturated by H atoms and unsaturated QDs are reduced with the

variation of number of atoms in the dot. For unsaturated dots, the energy gap was

found to diminish (from 6.2 to 3.3 eV) as the dot size is augmented which is an

Fig. 5 Density of states for various pure Si quantum dots as a function of dot size compared to Si

bulk [32]
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obvious evidence of the drastic confinement for the smaller diameters. The impact

of surface termination by hydrogen atoms might conduct to an augmentation in the

energy gap at the interval 0.4–1.2 eV for the concerned nanostructures. Thus, the

bigger energy gap with the hydrogenation of surface corresponds to the localized

electron cloud induced from the sp3 hybridization of Si-dangling bond with H atom.

These recent results corroborate the previous theoretical reports [64, 65]. In the

hydrogenation situation, the larger value of energy gap is attributed to the strong

Si-H bonding which arises from the confinement impact approximately at the

surface region. For saturated surface of all dots with hydrogen atoms, the filled

and empty electronic states are varied, and the resulting value of the energy gap is

changed. As apparent, for smaller dots, the degeneracy of energy states is also

considerable. Therefore, the termination of the surface dangling bonds with

Fig. 6 Density of states for

various hydrogenated Si

quantum dots as a function

of dot size [32]
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hydrogen has an influence of enlarging the energy gap and lifting the degeneracy of

energy states. For wider dots, the mixed sp2- and sp3-hybridized states are localized

at the surface and core zone, respectively. Hence, the electrons are considerable,

and the energy spectra are more feasibly non-degenerated. In contrast, the unsatu-

rated Si QDs may get smaller energy gap due to the quantum size effects. Then,

both the surface passivation and quantum confinement effects supply the electronic

properties of Si quantum dots.

6.3 Bonding Character in Unpassivated and Passivated Si
Quantum Dots

To get more insight into the absorption spectra, we present now the recent work

concerning the spatial distribution of both HOMO and LUMO states for unsaturated

and hydrogenated Si dots at various sizes. The computed three-dimensional spatial

distribution for the bonding–antibonding states versus the dot size are illustrated in

Figs. 8 and 9 [32]. For bigger sizes, it is well noticed that the distribution of HOMO

states is essentially located over the core part of the dot, although the LUMO states

are concentrated on the surface. In saturated dots, it is apparent that the surface of

LUMO states is contributed differently from the unsaturated Si dots (as noticed in

Figs. 8 and 9). For the larger sizes, the behavior of the localized HOMO and LUMO

states is dissimilar from the smaller sizes which clearly reflect the impact of the

structural configuration. For unpassivated Si QDs, it is clearly seen in Fig. 8 that the
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localization of both HOMO and LUMO orbitals is surrounding silicon, and their

overlap is augmented for smaller dots. In larger QDs, the HOMO density is more

significant on the interior Si atoms, although the density is less considerable on the

surface of the dot (as noticed in Fig. 8). In this situation, the density of LUMO has

less support in the interior of the central tetrahedral cavity. This behavior is

anticipated because the bonding and the antibonding states own dissimilar

symmetry.

In saturated Si QDs, it is visible that the bonding of hydrogen is tight with silicon

atoms even though its valance is one. In the case of Si5H12, the electron spatial

distribution topology of HOMO and LUMO illustrates that the HOMO possesses a

bonding character (as displayed in Fig. 8), because the electron cloud is mainly

located in the intermediate parts that are shared with Si atoms. In contrast, the

LUMO owns an antibonding behavior, i.e., the charge density is essentially dis-

tributed nearby the atoms. For large size QDs, LUMO acquires a level of bonding

behavior additionally to its antibonding character (as referred in Figs. 8 and 9). It is

remarkable from the DOS that the HOMO and LUMO states illustrate the occur-

rence of the bonding interaction of 1 s orbital of hydrogen atoms in conjunction

Fig. 8 Isosurface plots of HOMO and LUMO for Si5, Si8, and Si28 QDs. HOMO and LUMO

spatial distribution plots for Si5, Si8, and Si28 QDs at the same numerical value in the same species.

The structures show strong bonding characters in HOMO. Antibonding feature of LUMO is

dominated in Si5, while the LUMO of Si28 includes a certain mixture between the bonding and

antibonding characters. (a) Si5-HOMO, (b) Si8-HOMO, (c) Si28-HOMO, (d) Si5-LUMO, (e) Si8-
LUMO, and (f) Si28-LUMO [32]
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with the LUMO of Si-H (as seen in Fig. 7). The HOMO of hydrogen-saturated atom

illustrates a section of high density in the interior of the QD as expected for 1 s kind

quantum size wave functions. It was surmised from the isosurface plots of HOMO

and LUMO hydrogenated Si QDs, the upper gap is attributed to the localized

electron cloud at surface which originates through the sp3 hybridization of

Si-dangling bond with hydrogen. The localization of dangling bond states occurs

between the HOMO state and the lower edge of the energy gap. In the case of the

LUMO of the unsaturated Si QDs having smaller diameter, the participation of the

density is less remarkable inside Si atoms, although the density is more significant

in the hydrogen terminated with silicon. Also, the density is more pronounced

inside with the increment of the size. Additionally, it is inferred that the inner region

of these dots owns a bulk-like tetrahedral structure for larger size. However, the

majority remnant dangling bonds are removed, and the hydrogen atoms are termi-

nated at the surface. This can lead to a widening of energy gap. The localization of

both HOMO and LUMO orbitals on hydrogen atoms displays a remarkable energy

which can be discerned by hydrogen bonds, at least for smaller sizes. Overall, the

occurrence of the strong electronegativity difference between Si and the terminated

atoms in QDs conducts to the tendency of the concentration of the HOMO

(by preserving its delocalization) on the weakened surface Si–Si bonds. Thus, the

surface states possess different participation for both HOMO and LUMO states.

Fig. 9 Isosurface plots of HOMO and LUMO for SiH4, Si5H12, Si8H18, and Si28H32 QDs. HOMO

and LUMO spatial distribution plots for SiH4, Si5H12, Si8H18, and Si28H32 QDs at the same

numerical value in the same species. The structures show strong bonding characters in HOMO.

Antibonding feature of LUMO is dominated in SiH4 and Si5H12, while the LUMO of Si8H18 and

Si28H32 includes a certain mixture between the bonding and antibonding characters. (a) HOMO-

SiH4, (b) HOMO-Si5H12, (c) HOMO-Si8H18, (d) HOMO-Si28H32, (e) LUMO-SiH4, (f) LUMO-

Si5H12, (g) LUMO-Si8H18, and (h) LUMO-Si28H32 [32]
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Also, the LUMO states illustrate a more localization for the electrons around the

hydrogen atom. This behavior is expected due to the occurrence of a small charge

transfer from silicon atoms to hydrogen [62, 63].This could be reflected by the

slightly excessive electronegativity of H atom irrespective with Si atom. In fact, H

atom favors to bond with silicon atom having more number of electrons. In the case

of silicon QDs, it can be at the price of giving up the sp3 hybridization. So, the sp3

nature of diamond-like bulk might be absent in these small dots. The hydrogen

terminated with Si QDs conduct to the diminishing of surface dangling bonds, and

the bonding in these structures is tightened with the surrounding atoms of the host

and by the termination of the dangling bonds. Indeed, the interaction between Si

and H has polar covalent bonding [64]. Hydrogen-terminated QDs can roughly

proceed the simple quantum size model in the spatial distribution of HOMO and

LUMO and the size relationship with the band gap. This is a notable elucidation for

the interaction between hydrogen and silicon not only to terminate the dangling

bonds but also to modify electronic structure of QDs.

6.4 Optical Properties of Unpassivated and Passivated
Si Quantum Dots

Now, the recent results about the optical absorption spectra of both unsaturated and

saturated Si QDs as a function of the variation of dot diameter will be reviewed

[32]. Note that the impact of both quantum confinement and hydrogen termination

on the optical spectra profiles is also elucidated. In the beginning, the imaginary

dielectric function is obtained. The dielectric function depends on the electronic

band structure of a crystal, and its investigation by optical spectroscopy is a

powerful tool for the determination of the overall band behavior of a solid. It has

two parts, real and imaginary:

ε ωð Þ ¼ ε1 ωð Þ þ iε2 ωð Þ: ð1Þ
It describes the material response to the photon spectrum. Other optical proper-

ties can be derived through the dielectric function. The imaginary part of the

dielectric function ε2(ω) denotes the optical absorption in the crystal, which can

be obtained from the momentum matrix elements between the filled and the vacant

wave functions. It designates the change of inter-band transitions in a

semiconductor.

ε2(ω) is the imaginary part of the dielectric function which is calculated by the

following equation:

Im εjj ωð Þ� � ¼ e2h2

πm2ω2

X
v, c

ψcjbej :Pjψv

�� ��2δ Ec � Ev � hωð Þ, ð2Þ
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where bej represents the unitary vector onward the direction of the external electro-

magnetic field of energy hω. ψv and ψc designate the vacant and occupied level

eigenfunctions of the system, respectively, and Ev and Ec represent their accompa-

nied energies. e and m are the charge and mass of the bare electron, and p denotes

the momentum operator. Utilizing the spectra of real and imaginary parts of

dielectric functions, it is feasible to compute the spectra of remaining optical

components like the refractive index, reflectivity, absorption coefficient, and so

forth.

The real part ε1(ω) can be calculated from the imaginary part ε2(ω) by using

Kramers–Kronig relation:

ε1 ωð Þ ¼ 1þ 2

π
P

Z 1

0

ε2 ω‘
� �

ω‘

ω‘2 � ω2
d�ω : ð3Þ

The electron transitions up to 15 eV are involved, to ensure that the real part of

dielectric function is reasonable up to 12 eV, and the static dielectric constant is

computed as zero-photon energy.

The absorption coefficient, α, is a property to characterize a material which

designates the amount of light absorbed through it. Accordingly, note that the

inverse of the absorption coefficient α�1 represents the average path to be traveling

over a photon before its absorption. For photon energy less than the energy gap, the

creation of electron-hole pairs will not appear. Then, the material is transparent and

α is insignificant. For photon energy more than the energy gap, the absorption is

substantial. Afterward the optical absorption spectra are computed, although the

summation is over the filled and empty states. From the dielectric function, the

absorption coefficient is given by:

α ωð Þ ¼
ffiffiffi
2

p
ω ε21 ωð Þ þ ε22 ωð Þ� 	1=2 � ε1 ωð Þ
h i1=2

: ð4Þ

The optical absorption of bulk Si is also portrayed in order to compare with both

unpassivated and passivated Si QDs. The search of optical excitations in hydrogen-

saturated Si QDs is essential to clarify the absorption and emission of visible light in

porous silicon [11–13]. The impact of size increment of silicon QDs on the optical

spectra is discussed. Hence, the size effect on passivated and unpassivated Si QDs is

substantially affected in the optical absorption spectra.

The optical absorption spectra of unpassivated Si QDs and Si QDs passivated by

H atoms, respectively, are plotted in Figs. 10 and 11 [32]. The absorption energy is

related to the peak location of the optical absorption as a function of photon energy

curve with the change of dot sizes in Si QDs (refer to Figs. 10 and 11). The

structures in absorption spectra are discerned by the transitions from filled to

empty levels. Apparently, the optical absorption gaps for smaller dots can be

noticed directly via the energy of the first dipole-permitted transition based on

their absorption spectra. Therefore, the peaks are merged for larger dots, and the

absorption spectra turn undoubtedly into quasi-continuous and have a tendency to
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be almost like bulk profile (refer to Figs. 10 and 11). Additional shoulders emerged

into peaks below 6 eV are obtained for larger sizes, and they are mostly affected by

quantum confinement effects. So, the number of these states is increased as a

function of the dot diameter. The difference between smaller and larger dots is

mostly associated to the intensities that are visible in the regime of the first main

absorption peak of Si together with the corresponding shoulder at the underneath-

energy part (as shown in Fig. 10). As apparent, the quantum size effects illustrate a

significant effect on the results of absorption spectra. In the unpassivated QDs, the

shoulder at downward-energy region close to the HOMO–LUMO gap shifts mostly

in the direction of smaller energies versus the increase of QD size, and the LUMO is

nearby the onset of absorption. Notably, only insignificant difference occurs

between the spectra of two dots with five and eight atoms. The behavior of

absorption energies is monotonous between 6.4 and 3.8 eV, with the increase of

the size of the QD from 0.2 to 1.1 nm due to the reduction of quantum confinement

effects. In the case of smaller dots, the peak locations are evidently blue-shifted

against to their bulk positions. The downward-energy edges of the absorption

spectra are red-shifted with the increase of QD size. A large number of

low-intensity transitions occur in the proximity of the absorption edge. The absorp-

tion gap is diminished slowly as the dot diameter grows, and the discrete spectra for

Fig. 10 Plots of absorption spectra for various pure Si quantum dots as a function of dot size in

comparison with the bulk spectrum [32]
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small QDs are emerged into quasi-continuous spectra. The optical absorption of Si

bulk illustrates electronic transitions beginning around 1.6 eV, with two major

peaks at 3.3 and 4.2 eV, respectively. These transitions verify well those detected

experimentally at 3.4 and 4.5 eV, respectively [13]. For larger diameter, almost

same peak is remarkable at 4.5 eV in the optical absorption, inferring that the peak

for the QDs with bigger diameter is bulk like.

In saturated Si QDs, the higher occupied states emerge from the hybridized Si

and H states, whereas the lower vacant states are essentially governed by Si states,

as shown in Fig. 10. For the dot with larger diameter, a sharp peak is detected

nearby 5.6 eV (refer to Fig. 10). An edge peak is more visible on the left side of the

major peak for the smaller dots, and this behavior does not occur in the bulk Si

Fig. 11 Plots of absorption spectra for various hydrogenated Si quantum dots as a function of dot

size [32]
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(in Figs. 10 and 11), which is an important feature for Si nanostructures. This peak

is located around 7.75 and 6.2 eV for SiH4 and Si5H12 nanostructures, respectively.

The optical absorption curves as a function of photon energy indicate an existence

of significant absorption nearby the downward energy, showing a marked peak.

This important characteristic surmises that a drastic absorption of photons at the

underneath-energy regime for Si nanostructures, and this situation is in sharp

contrast with bulk Si. Aside from the occurrence of this peak at downward energy,

also other interesting features related to its shift toward downward energy for the

surface saturated QDs and moderate decrease in the intensity with the increment of

QD size. This is in consensus with the experimental realization for the absence of

any absorption of photons in bulk Si with energy lower than 3.8 eV, and this is in

gratifying agreement with the previous theoretical reports [65–67]. The computed

optical gaps for Si5H12, Si8H18, and Si28H32 nanostructures occur around 6.2 eV,

5.4 eV, and 5.0 eV, respectively. The recent results illustrated that the surface

effects induced by the single-bonded passivants contribute to the optical transitions.

It is evident that with the increase of dot size, both the energy gap and optical gap

are diminished, and the energy gap would be nearby the value of bulk Si with bigger

dot size. This particular tendency of the energy variation validates the quantum size

impact. Moreover, for all concerned quantum dots, the absorption energy is more

significant than the energy gap and the intensity of photon absorption is essentially

connected to the DOS close to the HOMO–LUMO energy. Notably, the silicon

terminated with hydrogen is associated to the change of electron degeneracy which

is significantly reflected in the optical response of the dots. Therefore, the rest of

spectra for larger dots will preserve a similar shape but not the magnitude of

intensity. For smaller dots, the absorption spectra exhibit a mixture of many

peaks and mimic isolated atoms. In bigger Si QDs, the overlapped electronic

wave functions lift the degeneracy of the energetic states emerging in the associ-

ating of energy states in a narrow energy regime. This will produce an enlarged

absorption spectrum for bigger nanostructures. A blue shift of the optical absorption

spectrum occurs with the decrease in the dot diameter of Si QDs. For larger dots, the

main feature in the absorption spectra is positioned nearby 6.7 eV and an incon-

siderable characteristic starts to emerge around 9 eV. For smaller QDs, the absorp-

tion spectrum varies substantially with supplementary of hydrogen atoms, although

for bigger QDs, this modification is almost negligible. The occurrence of these

important features evidently discriminates the nanostructures. Then, additional

hydrogen atoms saturated in Si dots will induce new transitions which are absent

in the unsaturated nanostructures. This evidence is attributed to the major change

produced by the atomic configuration and the electronic structure. Remarkably, the

surface termination hydrogen atoms illustrated that the intensity of optical absorp-

tion is more marked than the one of the unsaturated Si dots at underneath energies.

This would develop an increase in the optical absorption at lesser excitations.

Indeed, hydrogen presents a principal contribution for obtaining the optical prop-

erties of Si QDs. As the size of the dot is extended, the band gap is diminished, and

the hydrogen peaks slowly overlap with the valence and conduction states.
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In nanostructures with bigger radius, hydrogen which is employed as a simple

passivant has an inconsiderable role in their optical properties.

Recently, enormous reports have been focused on the exploration of Si

nanostructures screening properties [68–70] that represent prominent information

for the calculation of electron-hole interaction energy. The computed real part of

the dielectric function enables us to find the electronic dielectric constant of Si

nanostructures. Then, we computed the static dielectric constants for unsaturated

and saturated Si QDs. The recent new results concerning the static dielectric

constant εs as a function of dots diameter are illustrated in Fig. 12, and a clear

increase appears with the growing of dot size [32]. This behavior is more or less

considerable for passivated surface than the unpassivated one and is close to the

bulk value with the increase of the dot diameter. The computed value of the static

dielectric constant for larger dots has a tendency to be in the vicinity of the bulk

value (ε(0) ¼ 11.16). This value is slightly higher than the experimental one

[69]. The recent results concerning the dielectric constant infer that the smaller

dots majorly support the luminescence than the bigger dots, which validated the

previous theoretical studies [69, 70]. Our recent theoretical report is anticipated to

support the elucidation of the discrepancies between the absorption and lumines-

cence energies as well as the remarkable contribution of quantum confinement and

the surface states concerning a better microscopic discerning of the visible lumi-

nescence in Si nanostructures.
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7 Conclusion

In order to examine the quantum size and surface impacts on the energy gap and

optical absorption, our recent works concerning the electronic structure and optical

properties of Si quantum dots versus the variation of sizes were reviewed. A fruitful

comparison between all properties has illustrated a different behavior between

small and large quantum dots. In Si QDs, the energy gap is diminished as the

number of atoms in the dot is incremented due to the drastic quantum confinement.

Interesting results about the HOMO–LUMO gap, density of states, absorption

spectra, and static dielectric constants versus the dot size and surface passivation

were presented. The variation in the density of states and absorption spectra are

more pronounced for hydrogenated Si QDs with bigger dots. The energy gap grows

in the dot terminated by H atoms. The computed DOS for bigger dots emerge

majorly as its bulk counterpart, although the smaller dots have analogous behavior

as the atomic-like structures. With more hydrogen, the degeneracies are lifted in the

DOS spectra, and this could lead to the increment in the energy gaps. It is expected

that the HOMO and LUMO states are shifted versus the diminution in the size of Si

QDs because of the quantum confinement. The intriguing characteristics for all

quantum dots related to the wave functions show the location of HOMO states at the

core of QD, albeit the LUMO states govern the surface. Our recent study illustrated

that the addition of hydrogen in the surface eliminates the surface states by the

augmentation of the energy gap and the confinement effects that are in gratifying

agreement with the previous experimental determinations. Nevertheless, the phe-

nomena at the fundamental of the photoluminescence have not been utterly under-

stood. In fact, it is inferred that the surface saturation and the quantum confinement

effect may have a crucial role on the optical properties and electronic structure of

silicon QDs. Our recent results showed that the hydrogenated and unpassivated Si

QDs own different optical response with salient dependence on the dot size. The

absorption spectra results illustrated that the absorption properties are intimately

related to the surface passivation and dot size. The saturated surface states have

spectacular consequences as far as the photoluminescence of finite-size dots are

incorporated. The previous theoretical determinations are mostly in consensus with

the available experimental and theoretical reports of the optical spectra of Si QDs.

However, based on the computed energy gap, absorption spectra, and static dielec-

tric constant, we surmise that Si QDs are convenient for illustrating a high lumi-

nescence in the visible regime as detected experimentally.
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Absorption by Particulate Silicon Layer:

Theoretical Treatment to Enhance Efficiency

of Solar Cells

Alexander A. Miskevich and Valery A. Loiko

Abstract Absorption of light by single by crystalline silicon spherical particle and

2D and 3D layers from such particles is theoretically investigated in the wavelength

range from 0.28 to 1.12 μm. The range of particle diameters from 0.05 to 1000 μm is

covered. Absorption coefficient of monolayer of small- and wavelength-sized

particles is calculated in the quasicrystalline approximation of the theory of mul-

tiple scattering of waves. For monolayer of large particles, the single scattering

approximation is used. Absorption by multilayer is examined under the transfer

matrix method. The spectral and integral over the sun spectrum absorption coeffi-

cients are studied. The results are compared with the data for homogeneous plane-

parallel silicon plates of the equivalent volume of material (equivalent plates). The

monolayer and multilayer consisting of silicon particles with sizes significantly

smaller than the wavelength absorb lesser than the equivalent silicon plates. The

absorption coefficient of the monolayer of large particles is smaller than the one of

equivalent plate. Absorption by three- and more monolayer systems of such parti-

cles is larger than the one of the equivalent plates. Absorption by monolayer of

wavelength-sized particles can be significantly larger than the one of the equivalent

plate. It is caused by strong resonance scattering by individual silicon particles and

strong multiple scattering in particle arrays. The narrow wavelength intervals (up to

10 nm) of the resonance peak spectral absorption coefficient of monolayer can be

more than 100 times larger than the one of the equivalent plate. In the wavelength

range from 0.8 μm to 1.12 μm, integral absorption coefficient of monolayer can be

more than 20 times higher than the one of the plate. Enhancement of light absorp-

tion due to tuning of the multilayer parameters is considered. The sketch of the solar

cell based on gradient particulate structure of active layer is presented.
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1 Introduction

In the last decades, photovoltaic (solar) cells are the object of intensive theoretical

and experimental investigations. That is caused by increasing importance of

“green,” renewable, and nonfossil energy sources. However, relatively low effi-

ciency of solar cells is one of the restrictive factors for wide usage of such

sources [1].

The significant problem in the enhancement of the solar cell (SC) performance is

optimization of its structure to trap more amount of the incident light. To attain this

end, the plasmonic and diffractive nanostructures, down-converting particles,

surface texturing, nanohole patterning, etc. are widely studied [1–18]. In this

investigation, we examine the possibility to enhance light absorption by a particu-

late active layer.

Currently the most used material for solar cell production is silicon. Because it is

an indirect gap semiconductor, the probability of an electron transition from

valence to conduction band due to photon absorption is small [1, 2]. If we deal

with a homogeneous active layer of SC, we need to increase the layer thickness to

increase light absorption. That can reduce the efficiency of solar cell due to the

diffusion length of the minority carrier [16–18] limitation. Only carriers produced

in the space-charge (depletion) region and adjacent areas, which are determined by

the diffusion length of the minority carriers, are separated by the electric field of the

p–n junction and, thus, contribute in photoelectromotive-force (photo-emf) gener-

ation [1, 11–17].

The amount and efficiency of light absorption can be enhanced using the

particulate structure of an active layer. Such a layer consists of plane-parallel

monolayers of silicon particles with diameter of the diffusion length order. That

enables one to decrease reflection and simultaneously increase light absorption in

comparison with the homogeneous plane-parallel silicon plate [19, 20]. Silicon

particles of such sizes and the layers of these particles can be fabricated by chemical

[21, 22], lithographic [23] methods, plasma synthesis [24], laser ablation in air or

liquids [25, 26], laser-induced pyrolysis [27], and the recently proposed method

based on the laser-induced transfer of molten droplets [28, 29].

In crystalline silicon (c-Si), the light absorption in the long-wavelength part of

visible and near-infrared spectral regions is small, while in the ultraviolet region

and at the short-wavelength part of visible spectrum it is large (Fig. 1). An

important problem for c-Si solar cells is to enhance light absorption in the wave-

length range of small imaginary part κ (absorption index) of the complex refractive

index m ¼ n + iκ of semiconductor. Absorption by the particulate structure can be

increased in conditions of the pronounced multiple scattering of waves. Such

conditions occur when the particle sizes and distances between them are compara-

ble with wavelengths of the incident light. Therefore, as one can expect, the systems

of submicron- and micrometer-sized particles should satisfy the mentioned condi-

tions. Moreover, individual submicron spherical silicon particles exhibit strong

peaks of scattering efficiency in the spectral range of interest due to optical
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resonances (also known as Mie resonances) [30–37]. This can be an important

factor of overall absorption enhancement.

In the present chapter, we theoretically examine absorption by the single spher-

ical crystalline silicon particle and by the layers consisting of large, wavelength-

sized and small silicon particles. We use the single scattering approximation (SSA)

[38–40] for monolayers of large particles [19] and the quasicrystalline approxima-

tion (QCA) [41–43] of the theory of multiple scattering of waves for monolayers of

wavelength-sized and small ones [20]. For multilayers consisting of particulate

monolayers, we utilize the transfer matrix method (TMM) [44–46]. The wide range

of particle diameters which correspond to the diffusion lengths of the minority

carriers is studied. The wavelength range from 0.28 to 1.12 μm is covered. The

lower and upper bounds of the range are determined by the power of solar spectral

irradiance [47] which we have chosen and by the c-Si bandgap, respectively.

Figure 1 shows spectra of real n and imaginary κ parts of the complex refractive

index m ¼ n + iκ of crystalline silicon [48] and the terrestrial solar spectral

irradiance “Global tilt” ASTM G173–03 [47].

2 Characteristics of Single Scattering

2.1 Absorption by a Single Silicon Particle

To describe scattering and absorption by a single particle, the dimensionless

parameters are used: scattering (Qsc) and absorption (Qabs) efficiency factors

[31, 39, 49–63]. They characterize removal of radiation from the parallel beam of

radiation illuminating a particle due to scattering and absorption, respectively.

Their sum yields the extinction efficiency factor Qext:
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Qext ¼ Qsc þ Qabs ð1Þ
It characterizes total extinction (attenuation) of the parallel beam resulting from

the effects of scattering and absorption. The factors depend on the size, shape,

internal structure of particle, roughness of their surface, particle orientation, and the

polarization state of the incident radiation. Generally the efficiency factors are

determined via elements of the amplitude scattering matrix [31, 49, 50]. The

value ofQabs according to (1) is the difference between the extinction and scattering

efficiency factors:

Qabs ¼ Qext � Qsc ð2Þ
We consider only systems with homogeneous spherical particles for which these

factors are determined only by the first element of the scattering matrix called

scattering function and

Qext ¼
2

x2
Re
X
j

ð2jþ 1Þðaj þ bjÞ ð3Þ

Qsc ¼
2

x2

X
j

2jþ 1ð Þ aj
�� ��2 þ bj

�� ��2� �
ð4Þ

Here, x ¼ πD/λ is the size parameter of particle with diameter D, λ is the

wavelength of the incident light, and aj and bj are the Mie coefficients. They depend

on diameter and complex refractive index of particle [39, 40].

The spectra of efficiency factors of spherical c-Si particle calculated by Eqs. (3),

(4), and (2) are shown in Fig. 2. Data for complex refractive index are taken

from [48] (Fig. 1). Linear interpolation is used for the wavelength intervals,

where the values of n or κ are not presented in [48]. As can be seen, small particle

(D ¼ 0.05 μm) possesses noticeable extinction and absorption only in the wave-

length range of large absorption index (λ � ~0.4 μm) of c-Si. When particle

diameters are comparable with the wavelength (D ¼ 0.1, 0.2, 0.5 μm), the sharp

peaks on the absorption efficiency factor spectra occur in the range of middle and

small absorption indices of material (λ > ~0.4 μm). They are caused by strong

scattering efficiency of particle with high refractive index (nc-Si > 3.5 (Fig. 1)) due

to optical resonances [30–37, 39, 49, 58]. Note that refractive indices of dielectrics

are typically within one to two [48, 64]. For large particle diameters (D¼ 2, 50, 200

μm), the spectra are more uniform. As a whole, the absorption efficiency factor

increases for small and decreases for large absorption indices with particle size

increasing.

Spectral dependences of the Qabs/Qext ratio for spherical c-Si particle are shown

in Fig. 3. This ratio determines the probability of photon absorption and character-

izes contribution of absorption to the extinction. One can see that, as a whole, the

dependences have character similar to the absorption efficiency factor Qabs (see

Fig. 2).
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The map and surface plot ofQabs(λ,D) are shown in Fig. 4. The data allow one to

find particle diameters with most efficient absorption in the considered range of

wavelengths.
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spherical c-Si particle at different diameters D

Fig. 3 Dependences of Qabs/Qext of spherical c-Si particle on the wavelength at different diam-

eters D
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2.2 Absorption by Ensemble of Silicon Particles

Let Nmonodisperse spherical particles with diameter D1 are distributed in a volume

V and the single scattering of light is implemented, i.e. reillumination by particles

does not occur. It means that the amount of scattered and absorbed radiation is

proportional to the volume size. In this case, absorption index of the particulate

medium, kabs, is determined as follows:

kabs ¼ N
πD2

1

4
Qabs ð5Þ

If we hold the volume Vp of the material concluded in all particles as a constant

(Vp ¼ const) and change the size of particles, we find that absorption index of the

medium consisting of particles with diameter D2, which differs from the initial one

(D1), is

kabsðx2Þ ¼ Nx31
λ2

4π

Qabsðx2Þ
x2

ð6Þ

Here x1 ¼ πD1/λ and x2 ¼ πD2/λ are the size parameters of particles with

diameter D1 and D2, respectively, and λ is the wavelength of the incident wave.

Equation (6) shows that at Vp ¼ const absorption coefficient of medium depends on

the ratio Qabs/x.
The map and surface plot of the function Qabs(λ, D)/x are shown in Fig. 5.

Using these data, one finds conditions to provide maximum absorption by an

ensemble at constant volume of the material. In appearance, they are similar to the

ones for Qabs(λ, D) (see Fig. 4), but maxima of the dependences occur at different

particle sizes.

Fig. 4 The map (left) and surface plot (right) of Qabs(λ, D) for spherical c-Si particles
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2.3 Integral Efficiency Factors

Let f(λ) be a function which describes a spectral characteristic of an object. Then the
value of hfi which is integrated over the illumination spectrum of the source is

hf i ¼

Ðλ2
λ1

f ðλÞwðλÞdλ

Ðλ2
λ1

wðλÞdλ
ð7Þ

where λ is the wavelength of incident light, w(λ) is the power of the illumination

spectrum of the source, and wavelengths λ1 and λ2 specify the considered spectral

range.

Consider the integrated (over the solar spectral illumination) absorption hQabsi,
scattering hQsci, and extinction hQexti efficiency factors (we will refer these quan-

tities as the “integral efficiency factors”) of a particle. The dependences of these

quantities on the particle diameter are shown in Fig. 6. They are calculated by

Eq. (7), where f stands forQabs,Qsc, andQext, respectively, and w(λ) is the terrestrial
solar spectral irradiance “Global tilt” ASTM G173–03 [47] (see Fig. 1). Two

spectral ranges are studied. The first one (0.28 μm � λ � 1.12 μm) encloses all

spectral range indicated in Fig. 1. The second one (0.8 μm � λ � 1.12 μm) is

narrower and encloses wavelengths where absorption index of c-Si is small. For the

range of 0.28 μm � λ � 1.12 μm, the value of hQabsi initially monotonically grows

with particle size and then saturates at diameter close to 0.1 μm. More complex

oscillating dependence is observed for the spectral range of 0.8 μm �λ � 1.12 μm.

In Fig. 6, the dependences of the hQabsi/hQexti ratio, which determines the

relative contribution of absorption to the extinction, are depicted as well. One can

see that the ratio approaches unity for small particles, i.e., the extinction efficiency

Fig. 5 The map (left) and surface plot (right) of the Qabs(λ, D)/x ratio for spherical c-Si particles
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factor of these particles is determined mainly by absorption. With particle size

increase, the value of hQabsi/hQexti at first decreases monotonically and then

oscillates. The more pronounced oscillations occur when the wavelength range of

small absorption index of c-Si is considered (Fig. 6b). The oscillations attenuate

with diameter increasing.

The results obtained in this section are used in the following sections at consid-

eration of absorption by the particulate structures of c-Si.

3 Layers Composed of Large Particles: Single Scattering

Approximation

3.1 Spectral Absorption, Transmission, and Reflection
Coefficients of Particulate Monolayer: Basic Equations

Consider a monolayer of large monodisperse spherical particles of crystalline

silicon. Let us write equations to calculate absorption, coherent (directional) and

incoherent (diffuse) transmission, and reflection coefficients of such a layer in the

single scattering approximation (SSA) [19, 38–40, 65].

Absorption coefficient Aml of a monolayer of particles in this approximation is

Aml ¼ ηQabs ð8Þ
Here η is the monolayer surface filling factor (the ratio of the area of particle

projections onto the monolayer plane to the layer area where they are distributed),

and absorption efficiency factor Qabs of a single particle is calculated by Eq. (2).

Equations for the coherent transmission Tc and coherent reflection Rc coeffi-

cients of monolayer of spherical particles in the SSA can be written as follows

[19, 40]:

0.0 0.2 0.4 0.6 0.8 1.0
1E-5

1E-4

1E-3

0.01

0.1

1

10

〈Q
ext

〉

〈Q
sc

〉

〈Q
abs

〉

〈Q
abs

〉/〈Q
ext

〉

〈Q
ext

〉

〈Q
sc

〉

〈Q
abs

〉

〈Q
abs

〉/〈Q
ext

〉

0.28 mm<l<1.12 mm
0.8 mm<l<1.12 mm

〈Q〉
〈Q〉

D, μm D, μm

(a)

0.0 0.2 0.4 0.6 0.8 1.0
1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

10
(b)

Fig. 6 Dependences of integral absorption hQabsi, scattering hQsci, and extinction hQexti effi-

ciency factors of spherical c-Si particle and the hQabsi/hQexti ratio on particle diameter for 0.28

μm � λ � 1.12 μm (a) and 0.8 μm � λ � 1.12 μm (b) wavelength ranges
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Tc ¼ tcj j2 ¼ 1� η

x2

X
j

ð2jþ 1Þðaj þ bjÞ
�����

�����
2

ð9Þ

Rc ¼ rcj j2 ¼ � η

x2

X
j

ð�1Þjð2jþ 1Þðaj � bjÞ
�����

�����
2

ð10Þ

where tc and rc are the amplitude coherent transmission and reflection coefficients

and aj and bj are the Mie coefficients.

To calculate incoherent transmission Tinc and reflection Rinc coefficients (they

characterize the parts of light diffusely scattered in forward and backward hemi-

spheres, respectively) of a monolayer, we write the following equations:

Tinc ¼ ð1� Tc � Rc � AmlÞFfs ð11Þ
Rinc ¼ ð1� Tc � Rc � AmlÞFbs ð12Þ

Here functions Ffs and Fbs determine parts of light scattered in the forward and

backward hemispheres, respectively:

Ffs ¼

Ðπ=2
0

iðθÞsin θdθ
Ðπ
0

iðθÞsin θdθ
ð13Þ

Fbs ¼

Ðπ
π=2

iðθÞsin θdθ
Ðπ
0

iðθÞsin θdθ
ð14Þ

where i(θ) ¼ [i1(θ) þ i2(θ)]/2, θ is the polar scattering angle (angle between wave

vectors of incident and scattered waves), and i1(θ) and i2(θ) are the dimensionless

Mie intensities [39]:

i1ðθÞ ¼
X
j

ð2jþ 1Þ
jðjþ 1Þ ajτj cos θð Þ þ bjπj cos θð Þ� ������

�����
2

ð15Þ

i2ðθÞ ¼
X
j

ð2jþ 1Þ
jðjþ 1Þ ajπj cos θð Þ þ bjτj cos θð Þ� ������

�����
2

ð16Þ

Angular functions πj(cosθ) and τj (cosθ) are

πjðcos θÞ ¼
P
ð1Þ
j ðcos θÞ
sin θ

ð17Þ
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τjðcos θÞ ¼
dP

ð1Þ
j ðcos θÞ
dθ

ð18Þ

where Pj
(1)(cosθ) are the associated Legendre functions.

3.2 Absorption by Homogeneous Plane-Parallel Plate:
Basic Equations

Absorption coefficient Apl of the homogeneous plane-parallel plate is calculated by

the equation:

Apl ¼ 1� Tpl � Rpl ð19Þ
where Tpl and Rpl are transmission and reflection coefficients of the plate.

In the case of thin plate and normal illumination, taking into account the

multiple-beam interference, the transmission Tpl and reflection Rpl coefficients are

determined by the relations:

Tpl ¼ tpl
�� ��2 ¼ t01t12e

ikh

1� r12r10e2ikh

����
����
2

ð20Þ

Rpl ¼ rpl
�� ��2 ¼ r01 þ t01t10r12e

2ikh

1� r12r10e2ikh

����
����
2

ð21Þ

Here tpl and rpl are the amplitude transmission and reflection coefficients of the

plate; t01, t10 and r01, r10 are the amplitude transmission and reflection coefficients

for a wave incoming (subscript “01”) and outgoing (subscript “10”) the plate

through the top interface; t12 and r12 are the amplitude transmission and reflection

coefficients for a wave outgoing the plate (subscript “12”) through the bottom

interface; h is the plate thickness; k ¼ 2πm/λ, m ¼ n + iκ is the complex refractive

index of the plate material; and λ is the wavelength of the incident light.

In the case of thick plate, taking into account multiple reflections between the

interfaces, we write equations for the Tpl and Rpl as follows:

Tpl ¼ ð1� R1Þð1� R2Þe�αh

1� R1R2e�2αh
ð22Þ

Rpl ¼ R1 þ R2ð1� R1Þ2e�2αh

1� R1R2e�2αh
ð23Þ

HereR1 andR2 are the energy reflection coefficients of the top and bottom interfaces of

the plate with thickness h, α ¼ 4πκ/λ, κ is the absorption index (imaginary part of the

complex refractive index) of the plate, and λ is the wavelength of the incident light.
The tij, rij, R1, and R2 coefficients are calculated by the Fresnel formulae [66].
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3.3 Spectral Absorption by a Monolayer of Silicon Particles:
Comparison with the Equivalent Plane-Parallel Plate

We compare the absorption by the particulate monolayer and plane-parallel homo-

geneous layer under condition of the equality of the silicon volume per unit surface

area in both systems. Such homogeneous layer is called in our consideration as an

“equivalent plate.” Its thickness h is associated with the particle diameter D and the

monolayer filling factor η by the relationship

h ¼ 2

3
ηD ð24Þ

In Fig. 7, spectra of calculated absorption coefficient Aml of monolayer of c-Si

particles and absorption coefficient Apl of the homogeneous plane-parallel equiva-

lent plate are presented. Surface filling factor of monolayers η ¼ 0.6. Absorption

coefficient of the thin plate (see Fig. 7a) is calculated by Eq. (19) taking into

account the multiple-beam interference (Eqs. (20) and (21)). The coefficient of

the thick plate (see Fig. 7b) is calculated taking into account the multiple reflections

(Eqs. (22) and (23)). In Fig. 7a, the Mie resonances (sharp peaks) are observed in

the spectra of monolayers of “small” particles, and the interference structure

(oscillations) is observed for the thin plates at small absorption index of material.

For “large” particles and the thick homogeneous plane-parallel plates, these fea-

tures disappear (Fig. 7b).

As follows from the results displayed in Fig. 7, in the spectral range of large

absorption index of silicon (λ� 0.4 μm (see Fig. 1)), the plane-parallel homogeneous

plate absorbs more light than a monolayer of particles. This is caused by absorption
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Fig. 7 The spectra of absorption coefficient Aml of the monolayer of monodisperse c-Si particles

and absorption coefficient Apl of a homogeneous plane-parallel plate of the same material.

(a) Black solid line, Aml, D ¼ 1 μm; black dotted line, Apl of the equivalent plate, h ¼ 0.4 μm;

red solid line, Aml,D¼ 5 μm; red dashed line, Apl of the equivalent plate, h¼ 2 μm. (b) Black solid

line, Aml, D ¼ 50 μm; black dotted line, Apl of the equivalent plate, h ¼ 20 μm; red solid line, Aml,

D ¼ 200 μm; red dashed line, Apl of the equivalent plate, h ¼ 80 μm. Filling factor η ¼ 0.6 for all

monolayers
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of the incoming into the plate radiation in a very thin surface layer. A similar

situation occurs for a monolayer of particles. In the region of strong absorption of

the material, the light is absorbed by a thin surface layer of the particles. However,

the filling factor of the monolayer is much less than the “filling factor of the

homogeneous plate,” which is equal to 1. Therefore, in this region the absorption

coefficient of a homogeneous plate exceeds the one of the monolayer for all

considered particle sizes. For the moderate and small values of the absorption

index of silicon (wavelength range λ > 0.4 μm), the absorption coefficient of a

monolayer can exceed the one of the homogeneous plate. This is due to the fact that

radiation propagates through a homogeneous silicon layer without significant

absorption. Absorption by a monolayer of particles is determined by scattering

and absorption of individual particles and their concentration. As follows from the

results presented in Fig. 7, the Aml > Apl in a wider spectral range for monolayers of

smaller considered particles, i.e., the absorption efficiency of such monolayers, is

higher.

Let us consider some results for coherent (directly transmitted and specularly

reflected) and incoherent (diffusely scattered in the forward and backward hemi-

spheres) components of radiation. Figure 8 shows spectral dependences of the

coherent Tc and incoherent Tinc transmission coefficients of monolayers and Tc + Tinc
sums. Figure 9 shows spectral dependences of the coherent Rc and incoherent Rinc

reflection coefficients of monolayers and Rc + Rinc sums. The transmission and

reflection spectra of monolayer of “small” particles have large oscillations [see the

spectra for D ¼ 1 μm in Figs. 8a and 9a]. They decrease with particle sizes

increasing. Growing the particle sizes leads to increasing the Tc and Tinc in the

spectral range of large absorption index and decreasing the Rc and Rinc in the

spectral range of small absorption index of silicon.

As follows from the calculation results, the major part of radiation incident on a

monolayer of particles is scattered in the forward hemisphere. Consequently, it does

not contribute to generation of the photo-emf. Therefore, to increase absorption per

unit surface area of the particulate layer, it is reasonable to use a multilayered

system.
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Fig. 8 Spectral dependences of the coherent Tc and incoherent Tinc transmission coefficients and

their sum Tc + Tinc of monolayer. Filling factor η¼ 0.6. Diameter of particles D¼ 1 μm, D¼ 5 μm
(a), D ¼ 50 μm, D ¼ 200 μm (b)
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3.4 Spectral Absorption by a Particulate Multilayer
and an Equivalent Plane-Parallel Plate

Consider a multilayer as a stack of identical plane-parallel monolayers of silicon

particles. Such a system is schematically shown in Fig. 10.

Let us simulate absorption by the structure and compare it with the results for a

homogeneous plane-parallel plate with the equivalent material volume per unit

area. Absorption coefficient of multilayer consisting of Nml plane-parallel mono-

layers is calculated by the equation

ANml
¼ 1� TNml

� RNml
ð25Þ

where TNml
¼ ðTc þ TincÞNml

and RNml
¼ ðRc þ RincÞNml

are the energy coefficients

of the total transmission and reflection of the system consisting of Nml monolayers.

We determine coefficients TNml
and RNml

(at Nml > 1) in the framework of the

transfer matrix method (TMM) [44–46], which takes into account multiple reflec-

tion between the interfaces. In this method, the monolayers are considered as

“interfaces,” which are characterized by their transmission and reflection coeffi-

cients, and the spaces between the monolayer planes (planes where the particle

centers are located) as “layers” (see Fig. 10) [19, 20, 67–69].

Suppose that spacings between monolayers (i.e., thicknesses of “layers”) signif-

icantly exceed the coherence length of the radiation. In this case, phase relation-

ships between the waves scattered by monolayers can be neglected, and the energy

coefficients TNml
and RNml

are calculated as follows [44, 46]:

TNml
¼ 1

Tint
11

ð26Þ

RNml
¼ Tint

21

Tint
11

ð27Þ
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Fig. 9 Spectral dependences of the coherent Rc and incoherent Rinc reflection coefficients and

their sum Rc + Rinc of monolayer. Filling factor η¼ 0.6. Diameter of particlesD¼ 1 μm,D¼ 5 μm
(a), D ¼ 50 μm, D ¼ 200 μm (b)
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where Tij
int are elements of the intensity transfer matrix Tint of the multilayer. For a

system of N interfaces (monolayers), the intensity transfer matrix T int
0,N can be

written as [44]

Tint
0,N ¼ Tint

11 Tint
12

Tint
21 Tint

22

" #
¼

1

T0,N

�RN, 0

T0,N

R0,N

T0,N

T0,NTN, 0 � R0,NRN, 0

T0,N

2
664

3
775 ð28Þ

Here T0,N and R0,N (TN,0 and RN,0) are the energy total transmission and reflection

coefficients of the multilayer for the forward (backward) propagating light.

The transfer matrix of a multilayer is calculated by the sequential multiplying of

the interface transfer matrices Tj
int with the layer propagation matrices Pj

int:

Tint
0,N ¼

YN�1

j¼1

Tint
j Pint

j

 !
Tint
N ð29Þ

where

Incident 
wave

sN-1

tN,N-1t3,2t2,1t1,0
r1,0 r2,1 r3,2 rN,N-1

r1,2

t0,1
r0,1
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r2,3
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rN-1,N

Tс

s3

L0,
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L1,
m1

L2,
m2

LN-1,
mN-1

……

LN,
mN

IfNIf2If1 If3

s1 s2

Rс

L3,
m3

Fig. 10 Schematic representation of multilayer consisting of plane-parallel particulate mono-

layers (side view, monolayer planes are indicated by dashed lines).mi and si are complex refractive

index and thickness of the i-th layer Li, respectively; Ifi are numbers of interfaces (monolayers); ti,j
and ri,j (tj,i and rj,i) are amplitude coherent transmission and reflection coefficients of monolayers

for the waves propagated forward (backward); Tс and Rс are coherent transmission and reflection

coefficients of multilayer
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T int
j ¼

1

Tj�1, j

�Rj�1, j

Tj�1, j

Rj�1, j

Tj�1, j

Tj�1, jTj, j�1 � Rj�1, jRj, j�1

Tj�1, j

2
6664

3
7775 ð30Þ

is the transfer matrix of j-th interface,

P int
j ¼

exp �ikjsj
� ��� ��2 0

0 exp ikjsj
� ��� ��2

2
4

3
5 ð31Þ

is the propagation matrix of j-th layer, Tj-1,j and Rj-1,j (Tj,j-1 and Rj,j-1) are the energy

total transmission and reflection coefficients of j-th interface for the forward

(backward) propagating wave, wave number kj ¼ 2πmj/λ, mj and sj are the complex

refractive index and thickness of j-th layer, and λ is the wavelength of incident light.
For the system in homogeneous nonabsorbing medium (air), the Pj

int is unity

matrix and Tj�1,j¼ Tj,j�1�Tj, Rj�1,j¼ Rj,j�1�Rj. In this case, Eqs. (28) and (30) can

be written as

Tint
0,N ¼

1

T0,N

�RN, 0

T0,N

R0,N

T0,N

T2
0,N � R2

0,N

T0,N

2
6664

3
7775 ð32Þ

Tint
j ¼

1

Tj

�Rj

Tj

Rj

Tj

T2
j � R2

j

Tj

2
6664

3
7775 ð33Þ

Here Tj and Rj are the energy total transmission and reflection coefficients of j-th
monolayer. Remind that they are calculated in this section in the single scattering

approximation (SSA).

Data for spectral absorption coefficients of one monolayer ( ANml ¼ 1) and

multilayers consisting of two (ANml ¼ 2) and three (ANml ¼ 3) identical monolayers

of silicon particles are shown in Fig. 11. Absorption coefficients Apl of the equiv-

alent plane-parallel plates are presented here as well. Note that thicknesses h of the

plane-parallel plate indicated in the figure legends correspond to volume of material

per unit area for one, two, and three monolayers of particles, respectively. The

thickness of a plane-parallel plate equivalent to a single monolayer and to multi-

layer composed of N identical monolayers is determined, respectively, by Eq. (24)

and

h ¼ 2

3
ηDN ð34Þ
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The absorption coefficients are calculated using Eqs. (19), (20), and (21) for a

thin plate (Fig. 11a, b); Eqs. (19), (22), and (23) for a thick plate (Fig. 11c, d); and

Eqs. (25), (26), (27), (28), (29), (30), (31), (32), and (33) for the system of

monolayers.

As follows from the results presented in Fig. 11, absorption coefficient of the

three-monolayer system as a whole exceeds the one of the equivalent plane-parallel

plate. In the range of large absorption index of silicon, the two- and more monolayer

system absorbs more light than the equivalent plate. As in the case of single

monolayer, increasing of particle size results in significant increasing of the absorp-

tion coefficient of the layered system at moderate and small values of the absorption

index of material.

Figure 12 shows spectral absorption coefficient of the system consisting of

various numbers of identical monolayers of silicon particles and the plane-parallel

silicon plate with a volume equal to the particle volume of ten monolayers.

The absorption spectra are calculated using Eqs. (19), (22), and (23) for the plate

and Eqs. (25), (26), (27), (28), (29), (30), (31), (32), and (33) for the system of

monolayers. The absorption coefficient of a system increases with the number of
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Fig. 11 Spectral absorption coefficient of one monolayer of silicon particles, the system

consisting of two and three identical monolayers (ANml ¼ 1, ANml ¼ 2, and ANml ¼ 3, respectively)

and the plane-parallel plate of the equivalent amount of material (Apl). The filling factor of

monolayers η ¼ 0.6, particle diameter D ¼ 1 μm (a), D ¼ 5 μm (b), D ¼ 50 μm (c),

D ¼ 200 μm (d)
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monolayers. The coefficient can exceed 0.8 for large and 0.9 for moderate and small

values of the absorption index of silicon (see Fig. 12). Absorption coefficient is

larger for the systems of larger particles in the range of moderate and small values

of the absorption index of c-Si.

Although the absorption increases with the number of monolayers, the fraction

of energy absorbed by each subsequent monolayer is reduced relative to the

incident energy flux due to absorption by the previous monolayers. As a result,

the absorption coefficients of the systems consisting of ten and more monolayers of

particles are differed insignificantly. Therefore, for practical use of the proposed

approach, the balance between the number of monolayers and the value of the

absorption coefficient increasing should be found.

Note that the results described in this section are obtained on the assumption that

each monolayer is illuminated by a plane wave. In the considered model, it occurs

only for the upper (first) monolayer of the system. The other monolayers are

illuminated by the directly transmitted (coherent) and scattered (incoherent) light.

But we consider them as illuminated by the plane waves. As a whole, it has to be

resulted in the underestimation of the amount of light scattered and absorbed by the

multilayer. The approach gives best accuracy for multilayer composed of particles

with the highly peaked in the forward direction scattering functions (phase

functions) [31].

Examples of the angular distributions of scattered light for individual c-Si

particles with diameters D ¼ 5 μm and D ¼ 50 μm are shown in Fig. 13.
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Fig. 12 Spectral absorption coefficient ANml
of single monolayer of silicon particles (Nml ¼ 1),

systems of Nml ¼ 2, 3, 6, 10, and 20 identical monolayers and Apl of silicon plane-parallel plate.

The numbers near the curves indicate the number Nml of monolayers. The filling factor of mono-

layers η ¼ 0.6. Particle diameter D ¼ 5 μm (a), D ¼ 200 μm (b). Dashed line: spectral absorption

coefficient Apl of the homogeneous plane-parallel plate with a volume equal to the volume of

particles in ten monolayers (plate thickness h ¼ 20 μm (a), h ¼ 800 μm (b))
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3.5 Integral Absorption by a Particulate Multilayer
and an Equivalent Plane-Parallel Plate

Let us consider the integral over the solar illumination spectrum (Fig. 1) absorption

coefficient hANml
i of the layered system consisting of Nml monolayers and compare

it with the integral absorption coefficient hApli of the equivalent plane-parallel

plate. We calculate them by Eq. (7), where f(λ) is the spectral absorption coefficient
of the corresponding system.

To compare absorption of different structures, we use the relative absorption

coefficient

Arel ¼ hAL1i
hAL2i

� 1

� �
� 100% ð35Þ

which characterizes difference in integral absorption coefficients of the layers under

consideration. Here indices L1 and L2 designate the particulate system and the

equivalent plane-parallel plate, respectively. The positive values of Arel correspond

to an increase, while the negative ones correspond to a decrease of light absorption

by the particulate system in comparison with absorption by the plate.

Figure 14a shows dependences of the integral absorption coefficient hANml
i of the

systems of c-Si particles with different diameters on the number Nml of monolayers

and the hApli of the equivalent plane-parallel plates. Dependence of Arel(Nml) is

displayed in Fig. 14b. The integral absorption coefficient of single monolayer

consisting of particles with diameter D ¼ 1 μm is larger than the one of the

equivalent plane-parallel plate. With the particle sizes increasing, the coefficient

of a single monolayer becomes smaller than the one of the equivalent plate. For

small- and medium-sized particles, integral absorption coefficient of the

Fig. 13 Angular distributions of scattered light i(θ,λ) ¼ [i1(θ,λ) þ i2(θ,λ)]/2 versus polar scatter-

ing angle θ and wavelength λ of the incident light for spherical c-Si particle with diameter

D ¼ 5 μm (a) and D ¼ 50 μm (b)
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two-monolayer system is larger than the one for the equivalent plane-parallel plate.

Integral absorption coefficient of three- and more-monolayer systems is larger than

the one of the equivalent plane-parallel plates for all considered particle sizes. The

values of Arel are larger for smaller particles. Maximum of the Arel(Nml) dependence

shifts to larger Nml with the particle size increasing (Fig. 14b). At particle diameter

D ¼ 1 μm, absorption by the system consisting of three and four monolayers is

about 1.7 times larger than the one for the equivalent plate. However, the values of

hANml
i are greater for systems of larger particles (Fig. 14a). Pay attention that light

absorption by the system increases with the particle size increasing, but gradient of

hANml
(D)i function decreases. Therefore, for creating the solar cells based on the

layered particulate structure, one should optimize the size of the particles. For

silicon particles, this diameter is up to ~200 μm. Note that for a sufficiently large

number of monolayers the integral absorption coefficient of the particulate structure

can exceed the one of the plane-parallel homogeneous plate with volume much

greater than the volume of particles (see Fig. 14a).

From the obtained results, it follows that a layered particulate system consisting

of three or more monolayers of spherical silicon particles absorbs more light than

the equivalent homogeneous plane-parallel silicon plate.

It is worth noting that in the considered range of particle diameters in this

section, the monolayer with larger particles reflects smaller part of incident radia-

tion than the monolayer of the smaller particles (see Fig. 9). Therefore, it is

advisable to create the front monolayer in the stack from larger particles. The

sketch of such a cell is given in [19, 70, 71].

Recall that the results for particulate system presented in this section are

obtained in the framework of the TMM with characteristics of individual mono-

layers simulated in the SSA. More thorough investigation requires taking into

account multiple scattering of waves. That is made in the next section.
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Fig. 14 Dependences of integral absorption coefficient hANml
i of multilayer on the number of

monolayers Nml, hApli of the equivalent plane-parallel plates (a) and relative absorption coefficient
Arel (b). Particle diameters are indicated in the legends. Values of hANml

i, hApli, and Arel are

calculated for Nml ¼ 1, 2, . . ., 15. The results are indicated by symbols. Filled and empty identical

symbols for each Nml correspond to the same volume of material per unit surface area for the

multilayer and plate, respectively
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4 Multiple Scattering and Absorption of Light by Layers

of Spherical Submicron Particles

4.1 Monolayers

4.1.1 Basic Equations for Direct Transmission, Specular Reflection,

and Absorption Coefficients

The thorough analysis of light absorption by particulate structure requires taking

into account multiple scattering of waves especially at high particle concentration

and particle sizes comparable with the wavelengths. Such a case is considered in

this section.

An important problem for solar cells is to enhance light absorption in the

wavelength range of small absorption index of semiconductor. Absorption by the

particulate structure can be increased under conditions of the pronounced multiple

scattering of waves. Such conditions occur when the particle sizes and distances

between them are comparable with wavelengths of the incident light. The small

values of absorption index of silicon occur at the longer-wave part of the visible

spectrum and in the near-infrared region (Fig. 1). Therefore, as one can expect, the

systems of submicron- and micrometer-sized particles should satisfy the

abovementioned conditions. Moreover, individual submicron spherical silicon par-

ticles exhibit strong peaks of scattering efficiency (see, for example, Fig. 2b) in the

spectral range of interest due to optical resonances [30–37]. This is an important

factor of overall absorption enhancement. In the present section, we examine absorp-

tion by the monolayer and multilayer of submicron crystalline silicon particles in air

at normal illumination. The multiple scattering of waves in individual monolayers

and multiple reflections between them are taken into account in the quasicrystalline

approximation (QCA) [41–43] and in the framework of the TMM [44–46], respec-

tively. The main difference of this approach from considered in previous subsections

is that here we take into consideration multiple scattering of waves in individual

monolayers and phase relations between the waves scattered by them in multilayer.

Absorption coefficient A of an arbitrary particulate structure can be determined

as

A ¼ 1� Tt � Rt ð36Þ
where Tt and Rt are the total transmission and reflection coefficients, respectively.

Generally, it is a complex problem to simulate these coefficients for the systems

under consideration. The complexity essentially increases in the case of concen-

trated ensembles of particles with sizes of the wavelength order when interference

effects, and multiple scattering of waves must be taken into account.

The solution can be simplified when there is only coherently scattered light

[41, 42]. In this case, the absorption coefficient can be found as follows:

A ¼ 1� Tc � Rc ð37Þ
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where Tc and Rc are the coherent transmission and coherent reflection coefficients

including all diffraction orders. When only zero diffraction order is implemented,

these coefficients characterize only directly transmitted and specularly reflected

light, respectively.

The inherent property of the ordered systems to scatter light coherently allows

one to obtain relatively simple solution of the scattering problem and use the well-

developed methods to simulate coherent transmittance and reflectance. In this

section we investigate light absorption by ordered monolayers of spherical particles

and layered systems (multilayers) of such monolayers. The consideration is limited

by the conditions when only zero diffraction order is implemented.

Here we use the recently developed by us approach to model spatial distribution

of particles forming the ordered monolayers (we designate such monolayers

as planar crystals (PC)) [72, 73] with the imperfect two-dimensional lattices.

The majority of the known methods to model such systems is related to the PCs

with perfect lattices [35, 74–82]. The approach inherently takes into account

deviations of particle positions from the perfect lattice sites in the monolayer

plane and enables one to simulate such type of imperfection (positional imperfec-

tion) of real planar crystals simply and naturally. The sketch showing deviations of

particle centers from the sites of the perfect two-dimensional (2D) lattices is given

in Fig. 15.

To calculate coherent transmission Tc and reflection Rc coefficients of mono-

layers, we use formalism of the quasicrystalline approximation [42] of the theory of

multiple scattering of waves developed by Hong [43] for monolayers with the short-

range order (partially ordered monolayers).

Let the infinite statistically uniform monolayer of monodisperse

homogeneous isotropic spherical particles is normally illuminated by a plane

wave. The particle centers are located in the same plane (monolayer plane). The

coherent transmission Tc and reflection Rc coefficients (describing the directly

transmitted and specularly reflected components of light in the far-field zone) can

be written as

Fig. 15 The sketch showing deviations of particle centers from the sites of the perfect triangular

(a), square (b), and hexagonal (c) lattices

Absorption by Particulate Silicon Layer: Theoretical Treatment to. . . 73



Tc ¼ tcj j2 ¼ 1� η

x2

XN
j¼1

ð2jþ 1Þðzj þ yjÞ
�����

�����
2

ð38Þ

Rc ¼ rcj j2 ¼ � η

x2

XN
j¼1

ð�1Þjð2jþ 1Þðzj � yjÞ
�����

�����
2

ð39Þ

Here tc and rc are amplitude coherent transmission and reflection coefficients, η is

the filling factor, x¼ πD/λ is the size parameter of particle with diameter D, λ is the
wavelength of incident light, and N¼ xþ 4.05x1/3þ 2 is the number of coefficients

which is taken into account in the expansions of waves by vector spherical wave

functions (harmonics) for given x [39]. The zj and yj coefficients are found from the

solution of the system of equations:

zl ¼ bl þ ρ0bl
XN
j¼1

Aljzj þ Bljyj

� �

yl ¼ al þ ρ0al
XN
j¼1

Bljzj þ Aljyj

� �
8>>>><
>>>>:

ð40Þ

where ρ0 is the average numerical concentration of particles in the monolayer, al
and bl are the Mie coefficients (see, for example, [39]) for scattered light

al ¼ mψlðmxÞψl
0ðxÞ � ψlðxÞψl

0ðmxÞ
mψlðmxÞχl0ðxÞ � χlðxÞψl

0ðmxÞ ð41Þ

bl ¼ ψlðmxÞψl
0ðxÞ � mψlðxÞψl

0ðmxÞ
ψlðmxÞχl0ðxÞ � mχlðxÞψl

0ðmxÞ ð42Þ

m ¼ nþiκ is the complex refractive index of particle, ψl(x) ¼ xjl(x) and

χl(x) ¼ xhl
(1)(x) are the Riccati–Bessel functions, jl(x) is spherical Bessel function,

and hl
(1)(x) is spherical Hankel function of the first kind. The subscript indicates the

order of the functions.

The Alj and Blj coefficients in (40) are found from the solution of equations:

Alj ¼ 2jþ 1

2
½lðlþ 1Þjðjþ 1Þ��1

2
XN

p¼0,2, ...
i�pð2pþ 1Þ½lðlþ 1Þ þ jðjþ 1Þ � pðpþ 1Þ�Ppð0Þ

� l j p
0 0 0

� �
l j p
1 �1 0

� �
Hp

ð43Þ

Blj ¼ 2jþ 1

2
l lþ 1ð Þj jþ 1ð Þ½ ��1

2
XN

p¼0, 2, ...
i�p 2pþ 1ð Þ

pþ l� jð Þ p� lþ jð Þ lþ jþ 1þ pð Þ lþ jþ 1� pð Þ½ �12Pp 0ð Þ�
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� l j p� 1

0 0 0

� �
l j p
1 �1 0

� �
Hp ð44Þ

where

Hp ¼ 2π

ð1
D

gðRÞhð1Þp ðkRÞRdR ð45Þ

g(R) is the radial distribution function (RDF) [83, 84] of particles in the layer, R is

distance in the monolayer plane relatively to the coordinate origin located in the

center of an arbitrary particle, k ¼ 2π/λ is the wavenumber, and
l j p
0 0 0

� �
,

l j p
1 �1 0

� �
, and

l j p� 1

0 0 0

� �
are the Wigner 3j symbols [85], which satisfy

the relations:

l j p

1 �1 0

� �
¼ �1

2

pþ l� jð Þ p� lþ jð Þ lþ jþ 1þ pð Þ lþ jþ 1� pð Þ
l lþ 1ð Þj jþ 1ð Þ

	 
1
2 l j p� 1

0 0 0

� �

ð46Þ

if l þ j þ p is odd and

l j p
1 �1 0

� �
¼ �1

2

l lþ 1ð Þ þ j jþ 1ð Þ � p pþ 1ð Þ
l lþ 1ð Þj jþ 1ð Þ½ �12

l j p
0 0 0

� �
ð47Þ

if l þ j þ p is even.

To calculate 3j symbols, we use the expression [85]

j1 j2 j3
m1 m2 m3

� �
¼ ð�1Þj3þm3þ2j1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j3 þ 1

p C
j3m3

j1�m1j2�m2
ð48Þ

where C
j3m3

j1�m1 j2�m2
are the Wigner coefficients. For m1 ¼ m2 ¼ m3 ¼ 0,

Cc0
a0b0 ¼

0,aþbþ c¼ 2qþ1

ð�1Þq�c ffiffiffiffiffiffiffiffiffiffiffiffi
2cþ1

p
q!

ðq�aÞ!ðq�bÞ!ðq� cÞ!
ð2q�2aÞ!ð2q�2bÞ!ð2q�2cÞ!

ð2qþ1Þ!
	 
1

2

,aþbþ c¼ 2q

8>><
>>:

ð49Þ
where q is an integer.

Summations in Eqs. (43) and (44) are carried out over even р, because

Pp(0) polynomials are zeros at odd р, and Pp(0) ¼ ip( p�1)!!/p!! at even р [86],

where p!! ¼ p( p�2)(p�4)���.
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Let us write Eq. (45) as Hp ¼ 2π(H1p + H2p), where

H1p ¼
ð1
D

hð1Þp ðkRÞRdR ð50Þ

H2p ¼
ð1
D

ðgðRÞ � 1Þhð1Þp ðkRÞRdR ð51Þ

Using the recurrence relations for the spherical Bessel functions [86], we can

write integral (50) in the form

H1p ¼ k�2 �kDh
ð1Þ
pþ1ðkDÞ þ

Xp
q¼0, 2, ...

½2ðp� qÞ þ 1� p!!ðp� q� 1Þ!!
ðp� 1Þ!!ðp� qÞ!! h

ð1Þ
p�qðkDÞ

( )

ð52Þ
Let us transform the integral (51) into the more convenient for the calculation

form. Introduce the dimensionless integration variable u ¼ R/D, which is the

distance in the monolayer plane expressed in the particle diameters D. Then

H2p ¼ D2

ð1
1

ðgðuÞ � 1Þhð1Þp ð2xuÞudu ð53Þ

Integral (53) can be calculated numerically when integrand tends to zero at finite u.
This is provided by convergence of g(u) to unity. The distance where the RDF

attains unity is designated as the correlation length lc, i.e., g(u!lc)!1. Then in (53)

upper limit of integration is replaced by lc:

H2p ¼ D2

ðlc
1

ðgðuÞ � 1Þhð1Þp ð2xuÞudu ð54Þ

Correlation length characterizes the spatial scale of ordering of the system.

When u > lc the function g(u) ¼ 1. In this chapter, we consider the monodisperse

particles. Note that the above relations are applicable not only for monodisperse but

for polydisperse systems as well. In this case, the partial radial distribution func-

tions [83, 87–90] are used.

4.1.2 Radial Distribution Functions of Imperfect Planar Crystal

The radial distribution function g(u) characterizes the probability of finding any

particle at distance u relative to another one. There are a number of methods to

calculate the RDFs of the partially ordered monolayers [91–95]. In this chapter, we
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use the iteration method [96] of the numerical solution of the Ornstein–Zernike

integral equation [95] with the Percus–Yevick approximation [95].

It is a challenge to find the RDFs for the monolayer with the imperfect

long-range order (planar crystal with imperfect lattice) as applied to the

QCA. To solve this problem, we use the method based on blurring the coordination

circles of perfect lattice [72, 73]. In Fig. 16 are shown the PCs with a perfect

triangular, square, and hexagonal lattices and the numbers of particle centers on the

coordination circle as functions N(u) of distance u from the center of a selected

particle.

The equation for the radial distribution function of the planar crystal with an

imperfect lattice can be written as follows [72, 73]:

gðuÞ ¼ ρ�1
0

X
i

Ni

2πui

1ffiffiffiffiffi
2π

p
σðuÞ exp �ðu� uiÞ2

2σ2ðuÞ

 !
ð55Þ

Here σ(u) is a continuous function of distance u characterizing the blurring of

coordination circles. We name the σ(u) as a blurring function.
The simulation has shown that it is reasonable to use the linear blurring function:

σðuÞ ¼ σ0ðauþ bÞ ð56Þ
In Eqs. (55) and (56), ρ0 is the average numerical particle concentration in the

monolayer; Ni is the number of particle centers on the coordination circle with

radius ui in an ideal lattice; and σ0, a, and b are the coefficients characterizing the

ordering degree of the modeled crystal and the distance where the RDF converges

to unity.

(b) 4
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N

Fig. 16 Schematic representation of PC with triangular (a), square (b), and hexagonal (c) lattice

(top) and function of the number of particle centers N on distance u from coordinate origin

(bottom). ui are the radii of coordination circles (red circles), and at, as, and ah, are the lattice

constants
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Function (55) satisfies the normalization condition:

1

πu22

ðu2!1

u1¼0

gðuÞ2πudu ¼ 1 ð57Þ

The RDFs obtained using (55) and (56) have good agreement with experimental

results [97, 98] and enable one to calculate the Tc and Rc coefficients of imperfect

planar crystals with various degrees of ordering.

Shown in Fig. 17 are the RDFs g(u) describing the monolayers with triangular,

square, and hexagonal lattices. They are calculated by Eqs. (55) and (56). Function

g(u) for the partially ordered monolayer is shown as well. It is calculated by

iteration method [96] of numerical solution of Ornstein–Zernike integral Eq. [94]

in the Percus–Yevick approximation [95]. The data illustrate the difference in radial

functions of monolayers with short- and imperfect long-range ordering.

One can see that near the coordinate origin, the RDF of the PC is a sequence of

sharp peaks. It is typical for the long-range ordered systems (e.g., crystals). With

u increasing, the peaks are blurred and RDF becomes oscillating relative to unity and

converging to unity function. The RDF of partially ordered monolayer is an oscil-

lating function. It converges to unity at distances of several particle diameters. Such

dependence is typical for the systems with a short-range order (e.g., liquids).

4.1.3 Transmission and Reflection Coefficients of Planar Crystal

and Partially Ordered Monolayer

The dependences of coherent transmission Tc, reflection Rc coefficients, and Tc + Rc

sum of planar crystals with triangular, square, and hexagonal lattices and partially

ordered monolayer on the particle size parameter x are shown in Fig. 18. They are

calculated by Eqs. (38), (39), (40), (41), (42), (43), (44), (45), (46), (47), (48), (49),
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Fig. 17 Radial distribution

functions for monolayers

with triangular, square, and

hexagonal imperfect lattices

and partially ordered

monolayer. σ(u) ¼ 0.01u,
η ¼ 0.5
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(50), (51), (52), (53), and (54) with the RDFs shown in Fig. 17 and illustrate

influence of the spatial organization of particles on the spectra of coherent compo-

nents of light.

One can see that Tc and Rc dependences of the partially ordered monolayer are

smooth. The functions Tc(x) and Rc(x) of PC are more complicated. The sharp

resonance peaks occur when particle diameters are comparable with the wavelength

(see in Fig. 18 the range of ~1.5 < x < ~2.5). For the triangular and square lattices,

the peaks are more pronounced than for the hexagonal one and the fine structure is

observed.

The Tc + Rc sum of partially ordered monolayer equals to unity only for small

particles. With x growing (up to the value of x � 5.5) the sum monotonically

decreases. For monolayer with a long-range order, the sum is equal to unity in

much wider region of size parameters than for the partially ordered monolayer. It
increases with increasing the coordination number (the number of particle centers on

the first coordination circle). Intervals of size parameters where Tc + Rc ¼ 1 and

Tc + Rc < 1 are separated by the resonances. If the sum Tc + Rc ¼ 1 only zero
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Fig. 18 Dependences of coherent transmittance Tc (a), reflectance Rc (b), and the Tc + Rc sum (c)

of planar crystals with triangular, square, and hexagonal lattices (σ(u) ¼ 0.01u) and partially

ordered monolayer on the particle size parameter x. Filling factor η ¼ 0.5 for all monolayers,

particle refractive index m ¼ 1.4 þ 5 � 10�5i
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diffraction order occurs. If Tc + Rc< 1, the higher diffraction orders are implemented

along with the zero diffraction order. This causes sharp decrease of Tc + Rc sum.

Therefore long-range order provides much more interval of size parameters

where only directly transmitted and specularly reflected light exists than short-

range order. In this interval the absorption coefficient of PC consisting of absorption

particles can be calculated by Eq. (37).

The results described are used in the next subsections to calculate the absorption

spectra of the layers of c-Si particles taking into account multiple scattering of

waves.

4.1.4 Spectral Absorption Coefficient of Planar Crystal

To calculate the absorption spectra of the monolayer, at first we should find the

conditions wherein only directly transmitted and specularly reflected light exist

(i.e., Tc + Rc is unity; see Fig. 18). To do that, we first consider monolayer of the

model nonabsorbing particles with refractive index of crystalline silicon n ¼ nc-Si
and absorption index κ ¼ 0. Spectra of coherent transmission Tc and coherent

reflection Rc coefficients of the monolayer with imperfect triangular lattice of

such particles at different diameters are shown in Fig. 19. The Tc + Rc sum is

shown also in the figure. The range of wavelengths where the value of Tc + Rc is

unity expands to the shorter wavelengths with the particle size decreasing and the

filling factor increasing.

Effect of particle ordering on the directly transmitted and specularly reflected

light is demonstrated in Fig. 19c. As one can see, the Tc + Rc sum of the planar

crystal consisting of 0.1-μm-diameter particles is practically unity over all consid-

ered spectrum (0.28 μm � λ � 1.12 μm). The incoherent component [96, 99] is

practically absent in this wavelength range (the incoherent component of scattered

light intensity is determined as difference between intensities of total and coherent

field). The Tc + Rc sum of the partially ordered monolayer is less than unity in all

considered spectral range. The range of 0.6 μm � λ � 1.12 μm is presented in the

inset to show the difference from unity more clear.

Above we considered the technique of finding the wavelength range where

Tc + Rc ¼ 1 for monolayers of nonabsorbing particles (κ ¼ 0). If the particles

with the same real part of the complex refractive index become absorbing (κ > 0),

then in this range we can find the absorption coefficient A of monolayer using

Eq. (37).

Let us consider the highly ordered monolayer with triangular lattice from

monodisperse spherical silicon particles. To describe the high degree of ordering,

we should specify small value of the parameter σ0. Let σ0 ¼ 0.001. At the chosen

value of σ0 and the blurring function parameters a ¼ 1 and b ¼ 0, the correlation

length lc (i.e., the distance where RDF converges to unity) [72, 73, 83] for

monolayer with filling factor η ¼ 0.9 is 900. For monolayers with other η, we
determined a and b values so that correlation length keeps the same value

(lc ¼ 900).

80 A.A. Miskevich and V.A. Loiko



Compare the results for absorption coefficient of monolayer obtained in the

QCA (Eqs. (37), (38), (39), (40), (41), (42), (43), (44), (45), (46), (47), (48), (49),

(50), (51), (52), (53), (54), (55), and (56)) with the ones obtained in the SSA

(Eqs. (2), (3), (4), and (8)) and with the data for the equivalent homogeneous

plane-parallel plate. The calculations for the plate are performed taking into

account multiple-beam interference (Eqs. (19), (20), and (21)).

Figure 20 shows the spectral absorption coefficient Aml of monolayer with

triangular lattice of c-Si particles with diameter D ¼ 0.05 μm at different filling

factors η and spectral absorption coefficient Apl of the equivalent plane-parallel

plate at different thicknesses h. One can see that, as a whole, the absorption

coefficient of the equivalent plate is larger than the one of the monolayer of the

0.05-μm-diameter particles. As follows from the analysis of the results, the absorp-

tion coefficient of monolayer grows with particle concentration increasing. In the

case of small filling factors (η� 0.2), the results obtained in the quasicrystalline and

single scattering approximations practically coincide. The difference becomes

more pronounced with concentration increasing.
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Fig. 19 Calculated spectra of coherent transmission Tc, coherent reflection Rc coefficients, and

Tc + Rc sum of monolayer with triangular lattice (solid lines) and partially ordered monolayer

(dashed lines, (c)) of spherical particles at different particle diameters D. The inset in (c) shows the
large scale of Tc + Rc sums in the spectral range from 0.6 μm to 1.12 μm. Refractive index of

particles is n ¼ nc-Si, κ ¼ 0. Filling factor η ¼ 0.5. Blurring function σ(u)¼ 0.01u, correlation
length lc ¼ 85
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The dependences of absorption coefficient Aml on the monolayer filling factor η
at different wavelengths hλi are shown in Fig. 21. The Aml values are averaged in

the wavelength range from hλi � 10 nm to hλi þ 10 nm to smooth the absorption

spectra oscillations. The data for three hλi corresponding to large (hλi ¼ 0.35 μm),
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moderate (hλi ¼ 0.45 μm), and small (hλi ¼ 0.8 μm) absorption indices of c-Si are

presented.

As follows from the results, the absorption coefficient increases with η. The
Aml(η) dependence calculated in the SSA is linear. The Aml(η) dependence calcu-

lated in the QCA is close to linear for large and moderate absorption indices of

material and nonlinear for the small ones. The difference between the results is

more pronounced in the range of small absorption index. As one can see from

Fig. 21, absorption coefficient calculated in the SSA can be larger or smaller than

the one calculated in the QCA. This is due to multiple scattering of waves which is

not taken into account in the SSA.

Consider the monolayers of larger particles. Figure 22 displays the calculated

spectra of absorption coefficient of monolayers of 0.1-μm-diameter and 0.2-μm-

diameter particles at different monolayer filling factors. The results for equivalent

plates are shown as well.

As follows from the presented data, the SSA can give incorrect results (A > 1)

for monolayer with high particle concentrations. Thus, this approximation cannot

be used to obtain quantitative results for highly concentrated monolayers.

The absorption coefficient of monolayer of c-Si particles calculated in the QCA

increases with concentration for the most part of the considered spectral range.

However, as can be seen in Fig. 22, in some spectral ranges absorption decreases

with η growing (see the range 0.445 μm < λ < 0.475 μm in Fig. 22a and

0.66 μm < λ < 0.81 μm in Fig. 22b). To interpret the origin of such behavior,

consider the spectra of extinction Qext, scattering Qsc, and absorption Qabs effi-

ciency factors of individual spherical particle and calculated in the QCA coherent

transmission Tc and reflection Rccoefficients of monolayers. Shown in Fig. 23a–c

are spectra of these quantities for particle diameter D ¼ 0.1 μm.

As can be seen from Fig. 23, in the ranges of 0.38 μm < λ <0.425 μm and

0.445 μm < λ <0.475 μm, individual c-Si particle exhibits strong peaks in
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Fig. 22 Spectral absorption coefficients Aml and Apl of the monolayers with triangular lattice of

c-Si particles at different filling factors η and equivalent plates with thicknesses h. The filling

factors of monolayers to which the plates are equivalent are indicated in parentheses after the h-
values. σ0 ¼ 0.001, lc ¼ 900. (a) D ¼ 0.1 μm. (b) D ¼ 0.2 μm
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c-Si particle and Qext of the model nonabsorbing particle with the real part of refractive index

n¼ nc-Si and imaginary part κ ¼ 0 (a). Spectra of coherent transmission Tc (b) and reflection Rc (c)

coefficients of monolayer with triangular lattice, σ0 ¼ 0.001, lc ¼ 900. Angular distribution of
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extinction and scattering efficiencies due to Mie resonances [30–37]. They lead to

peaks in absorptance and to sharp changing in coherent transmittance and reflec-

tance of the monolayer. At that, the gradients of Tc(λ) and Rc(λ) are larger for

monolayers with smaller filling factors. In the ranges of 0.455 μm < λ < 0.465 μm
and 0.47 μm < λ < 0.475 μm, the decreasing monolayer absorption coefficient

(with concentration growing, see Fig. 22) is accompanied by increasing the coher-

ent transmittance and coherent reflectance, respectively. The similar results are

observed for spectra of the 0.2-μm-diameter particle monolayer in the range of

0.66 μm < λ < 0.81 μm.

In Fig. 23a, the spectrum of Qext for model nonabsorbing particle (n ¼ nc-Si,
κ ¼ 0, D ¼ 0.1 μm) is shown as well. In this case, Qext ¼ Qsc. Comparison of the

spectrum with the one of the real c-Si particle shows that growing the absorption

index can result in increasing as well as decreasing the amount of light scattered by

individual particle. In considered case, the increasing occurs in the wavelength

range of large absorption index of c-Si. The decreasing occurs in the wavelength

range of moderate absorption index of c-Si where peaks are observed. One can see

these features in the angular distribution of scattered light intensity (Fig. 23d, e) as

well. We would like to pay attention that, although the single particle scatters light

in all directions (0 � θ � π, Fig. 23d, e), the ordered monolayer of these particles

scatters only in strictly forward and strictly backward directions (see Fig. 19c).

Although the peaks on the absorption coefficient spectra of the monolayer

caused by Mie resonances can be diminished with concentration increasing, these

resonances as a rule lead to peaks in absorption by monolayer due to strong

scattering efficiency, and therefore they are one of the factors of overall absorption

enhancement.

As it was noted above, in the solar cells, it is important to provide high

absorption of light, especially in the wavelength range of small absorption index

of material. Figure 24 shows the calculated spectral absorption coefficient of

monolayer of silicon particles in such a range (0.8 μm < λ <1.1 μm).
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Fig. 24 Spectral absorption coefficients Aml and Apl of monolayer with triangular lattice of c-Si
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As one can see, the peak positions of Aml obtained in the SSA coincide with the

ones of Qabs of a single particle (Fig. 24b). The multiple scattering results in the

long wavelength shift of the peaks and in formation of the additional ones. Thus, the

absorption spectra of monolayers calculated with accounting the multiple scattering

are more complicated than the ones obtained in the SSA. They are influenced by

resonances caused by individual silicon particles as well as by their spatial

arrangement.

Consider in more detail the monolayers with filling factors η¼ 0.5 and η¼ 0.9 at

different particle sizes in the wavelength range of small absorption index of silicon.

Calculated in the QCA, spectral absorption coefficients of such monolayers are

presented in Fig. 25a, b. The results for equivalent plates are shown as well. As can

be seen from the figure data, the number of peaks in the absorption spectra of

monolayer increases with particle size. In spectral ranges of peaks the absorption

efficiency significantly increases. Shown in Fig. 25c, d are spectral dependences of

the ratio Aml/Apl, characterizing the difference of absorption coefficients of the

monolayer and the equivalent plate. In the peaks, the Aml can be more than

100 times greater than the Apl. Therefore, particulate monolayers can be used as

effective light absorbers in the narrow wavelength intervals in the vicinities of the

maxima of the peaks. It is worth noting that absorption gain due to the peaks can be
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Fig. 25 Spectral absorption coefficients Aml and Apl of monolayer with triangular lattice of c-Si

particles with different diameters D and the equivalent plates with thicknesses h (a, b). Spectral

dependences of the Aml/Apl ratio (c, d). σ0 ¼ 0.001, lc ¼ 900. η ¼ 0.5 (a, c), η ¼ 0.9 (b, d)
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reduced when their spectral positions coincide with the terrestrial solar spectral

irradiance deeps caused by absorption bands of atmospheric water vapor, aerosols,

etc. (see Fig. 1).

Analysis of the simulation results shows that absorption coefficient of monolayer

can increase or decrease with concentration. As a whole, it increases with the

particle size and can be larger than the one of the corresponding equivalent plate

(see Figs. 20, 22, 24, and 25).

The monolayer absorption coefficient can be increased by optimization of

particle diameters and filling factor. The maps and surface graphs of spectral

absorption coefficient of monolayer of c-Si particles at different filling factors are

shown in Fig. 26.

The outlined results allow one to choose parameters to optimize the monolayer

spectral absorption coefficient and increase efficiency of the solar cell due to more

efficient light harvesting.

4.1.5 Integral Absorption Coefficient

Compare the integral absorption coefficients of the monolayer, hAmli, and the

equivalent plane-parallel plate, hApli. They are calculated by the Eq. (7), where

f is the appropriate spectral absorption coefficient. The relative absorption coeffi-

cient is calculated by Eq. (35), where L1 and L2 indices indicate the monolayer and

equivalent plane-parallel plate, respectively.

The dependences of hAmli, hApli, and Arel on the monolayer filling factor are

shown in Fig. 27. The calculations are made for the terrestrial solar spectral

irradiance “Global tilt” ASTM G173–03 [47] at the wavelength range from

λ1 ¼ 0.28 μm to λ2 ¼ 1.12 μm (see Fig. 1). The results are obtained using data

presented in Figs. 20 and 22.

As follows from Fig. 27a, hAmli coefficient grows with the size of particles and

the monolayer filling factor. For monolayer of the 0.05-μm-diameter particles,

hAmli < hApli. For other considered particle sizes, hAmli > hApli. As can be seen

from Fig. 27b, the relative absorption coefficient and, consequently, the efficiency

of light absorption by the monolayer increase with the particle size in comparison

with the equivalent plate. This result and the ones obtained in Sect. 3 show that

maximum of Arel occurs, as one might expect, for monolayers of particles with sizes

comparable with the wavelength.

Integral absorption coefficients of monolayer as functions of particle diameters

at various filling factors for the wavelength range of 0.28 μm � λ � 1.12 μm are

presented in Fig. 28. One can see that hAmli grows with D and η in this range. The

dependences are close to the linear ones.

Consider the spectral range of small absorption index of silicon

(0.8 μm � λ � 1.12 μm).

Shown in Fig. 29 are dependences of the integral absorption coefficient hAmli
of monolayer of c-Si particles on their diameter at different filling factors. One

can see that the dependences are more complicated in this range as compared to
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Fig. 26 Maps (left) and surface graphs (right) of spectral absorption coefficient Aml of monolayer

of c-Si particles. Triangular lattice, η ¼ 0.3, η ¼ 0.5, η ¼ 0.9
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the ones for the range of 0.28 μm � λ � 1.12 μm (see Fig. 28). Integral

absorption coefficient is an oscillating function of particle diameter. One can

see (Fig. 29) that maxima and minima of these functions correlate with the ones

of integral absorption efficiency factor hQabsi of a single particle. In the regions of

maxima, the inverse concentration dependence of hAml(D)i can be observed (see,

for example, the range of 0.22 μm � D � 0.28 μm). Such behavior is described in

Sect. 4.1.4 (Figs. 22 and 23).

Figure 30 illustrates influence of particle diameter D on the integral absorption

by the monolayer with two values of filling factors (η¼ 0.5 and η ¼ 0.9) and shows

data for the equivalent plates. As a whole, values of hAmli and Arel increase with the

particle size and filling factor. In some ranges of particle sizes, the hAmli decreasing
can occur with concentration increasing (see region of D from ~0.4 μm to ~0.55 μm
in Fig. 30a). It means that larger absorption can be achieved at lesser amount of

material (see the values of hAmli for D ¼ 0.5 μm, D ¼ 0.52 μm, and D ¼ 0.535 μm
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and the data in Fig. 29). In these ranges, sharp increase of relative absorption is

observed for monolayers with smaller η as compared with monolayers having larger

η (Fig. 30b).

Figure 31 depicts the η-dependences of hAmli, hApli, and Arel for particle diam-

eters, at which hAml,η ¼ 0.9i>hAml,η ¼ 0.5i, hAml,η ¼ 0.9i<hAml,η ¼ 0.5i, and

hAml,η ¼ 0.9i�hAml,η ¼ 0.5i (see Fig. 30).
As seen from Fig. 31a, the dependences are nonmonotonic. In the range of small

absorption index of material, the monolayer absorbs much more efficiently than the

equivalent plane-parallel plate. For example, the integral absorption coefficient of

monolayer with η ¼ 0.3 is more than 20 times greater than the one of the plate (see

Fig. 31b).

Analysis of the obtained results shows that, as a whole, integral absorption

coefficient of the ordered monolayer of submicron crystalline silicon particles

increases with particle size and the absorption efficiency is higher for mono-

layers of larger particles, especially in the range of small absorption index of

material.
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4.2 Multilayers

4.2.1 Main Equations for Transmission and Reflection Coefficients

To find absorption coefficient of the three-dimensional (3D) ordered particulate

structure, we consider it as a stack of monolayers (multilayer) (see Fig. 10). First, in

the QCA we calculate the amplitude coherent transmission and reflection coeffi-

cients of individual monolayers. Second, we use these coefficients in the TMM to

calculate the multilayer coherent energy transmission TNml
and reflection RNml

coefficients. Using these data, the absorption coefficient of multilayer is calculated

next by Eq. (25). Unlike the Sect. 3.4 where large particles are considered, here we

calculate the TNml
and RNml

coefficients taking into account phase relations between

the waves transmitted and reflected by individual monolayers.

The TNml
and RNml

coefficients for such a case are determined by relations [44]

TNml
¼ tj j2 ¼ 1=T11j j2 ð58Þ

RNml
¼ rj j2 ¼ T21=T11j j2 ð59Þ

where t and r are amplitude transmission and reflection coefficients and Tij are the
elements of transfer matrix T0,N of the multilayer. For the system of N interfaces

(monolayers),

T0,N ¼
T11 T12

T21 T22

" #
¼ 1

t0,N

1 �rN, 0

r0,N t0,NtN, 0 � r0,NrN, 0

" #
ð60Þ

Here t0,N and r0,N (tN,0 and rN,0) are amplitude transmission and reflection coeffi-

cients of the layered system for the forwardly (backwardly) propagating waves.
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Fig. 31 Integral absorption coefficient hAmli of monolayer, integral absorption coefficient hApli of
the equivalent plate (a), and relative absorption coefficient Arel (b) versus monolayer filling factor

η at different particle diameters. Triangular lattice, σ0 ¼ 0.001, lc ¼ 900, 0.8 μm � λ � 1.12 μm
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The transfer matrix of the multilayer is found by the equation

T0,N ¼
YN�1

j¼1

TjPj

 !
TN ð61Þ

Here,

Tj ¼ 1

tj�1, j

1 �rj, j�1

rj�1, j tj�1, jtj, j�1 � rj�1, jrj, j�1

" #
ð62Þ

is the transfer matrix of j-th interface (monolayer),

Pj ¼
exp �ikjsj
� �

0

0 exp ikjsj
� �

" #
ð63Þ

is the propagation matrix of j-th layer, tj–1,j and rj–1,j(tj–1,j and rj–1,j) are amplitude

transmission and reflection coefficients of j-th interface for the forwardly (back-

wardly) propagating waves, kj ¼ 2πmj/λ, mj and sj are complex refractive index and

thickness of j-th layer (s is the distance between planes of the adjacent monolayers;

see Fig. 10), and λ is the wavelength in the incident wave.

4.2.2 Absorption by Multilayer Consisting of Identical Monolayers

The significant part of incident light can be transmitted or reflected by the mono-

layer (see, for example, Fig. 23). It means large losses in the amount of the absorbed

incident light. They can be reduced by using the layered structure (multilayer)

consisting of a stack of the plane-parallel monolayers of particles. The multilayers

with sufficiently large (in comparison with the wavelengths) particles and

intermonolayer spacings were considered in the Sect. 3.

In the present subsection, we consider the multilayers consisting of identical

monolayers with particle sizes and intermonolayer spacings comparable with the

wavelengths. The multiple scattering of waves in individual monolayers and mul-

tiple reflections between them are taken into account. The calculation technique is

described above in Sect. 4.2.1

Figure 32 shows calculated spectral absorption coefficients ANml
of multilayer

consisting of monolayers of the 0.05-μm-diameter c-Si particles at different filling

factors η. The spacing s between the adjacent monolayers equals to the particle

diameter: s ¼ 0.05 μm.

Light absorption by a multilayer increases with the number of monolayers Nml.

In the range of moderate and small absorption index of silicon, the absorption

coefficient increases with η. In the range of large absorption index, it increases at

transition from small to moderate values of η (see ANml ¼ 10 for η ¼ 0.1 and η ¼ 0.5)

and decreases at transition from moderate to large values of η (see ANml ¼ 10 for
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η ¼ 0.5 and η ¼ 0.9). The ANml
decreasing correlates with increasing the coherent

reflection coefficient Rc,ml of monolayer.

The dashed lines in Fig. 32 show spectral dependences of the 1�Rc,ml quantity,

which allows one to estimate roughly maximally possible absorption coefficient of

the multilayer. As can be seen from the figure, 1-Rc,ml decreases with concentration

increasing. It is remarkable that the 1-Rc,ml quantity is practically unity for mono-

layers with small particle concentrations (see Fig. 32a). This result means that one

can obtain the multilayer absorption coefficient close to unity at the sufficient

number of sparse monolayers of small particles. Such a way is impractical in the

considered scheme, because the huge number of monolayers is required. For

example, although ANml ¼ 900 � 1 in the spectral range of large absorption index

of silicon, it is still remains significantly less than unity in the ranges of moderate

and small absorption index (see Fig. 32a). However, it is worth noting that the

results described can be useful at consideration of nano- and microcrystalline

silicon solar cells.

Figure 33a shows integral absorption coefficient hANml
i of the layered system

with various number Nml of monolayers and the integral absorption coefficient hApli
of the equivalent plates. Figure 33b shows the corresponding dependences of
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Fig. 32 Spectral absorption coefficient ANml
of multilayer consisting of identical monolayers with

triangular lattice of c-Si particles at η ¼ 0.1 (a), η ¼ 0.5 (b), and η ¼ 0.9 (c). D ¼ 0.05 μm,

σ0 ¼ 0.001, lc ¼ 900. s ¼ 0.05 μm. The dashed lines indicate the 1-Rc,ml quantity where Rc,ml is

coherent reflection coefficient of monolayer. Numbers near the lines indicate the number of

monolayers Nml
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Arel(Nml). As follows from the simulation results, integral absorption coefficient of

the systems of the 0.05-μm-diameter particles is smaller than the one of the

equivalent plates.

Consider light absorption by the systems of larger particles. Figure 34 shows

spectral absorption coefficient of multilayers consisting of monolayers of the 0.1-μ
m-diameter and 0.2-μm-diameter particles. As in the case of 0.05-μm-diameter

particle multilayer, concentration increasing can result in decreasing the absorption

coefficient of the multilayer in the range of large absorption index of silicon. In the

range of small absorption index of silicon, the absorption coefficient of multilayer

depends on particle concentration, size, and wavelength. As a whole, ANml

grows with particle size and concentration. In the wavelength range of the

photonic bandgap (PBG), it sharply decreases (see Tc,Nml
in the range
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Fig. 33 Integral absorption coefficient hANml
i of multilayer, hApli of equivalent plate (a), and

relative absorption coefficient Arel (b) versus the number of monolayers Nml. Individual mono-

layers have triangular lattice, D ¼ 0.05 μm, σ0 ¼ 0.001, lc ¼ 900, s ¼ 0.05 μm,

0.28 μm � λ � 1.12 μm
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Fig. 34 Spectral absorption coefficient ANml
of systems consisting of identical monolayers with

triangular lattice of c-Si particles at D ¼ 0.1 μm, η ¼ 0.5, s ¼ 0.1 μm (a) and at D ¼ 0.2 μm,

η ¼ 0.7, s ¼ 0.2 μm (b). Spectral coherent transmission coefficient Tc,Nml
of multilayer consisting

of 50 monolayers of 0.2-μm-diameter particles, η ¼ 0.7, s ¼ 0.2 μm (b). QCA, σ0 ¼ 0.001,

lc ¼ 900. The number of monolayers Nml is indicated near the lines
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~0.78 μm � λ � ~0.84 μm in Fig. 34b). However, near the bounds of the PBG,

absorption coefficient significantly grows up.

Figure 35a depicts integral absorption coefficients hANml
i of multilayers with

monolayers of the 0.1-μm-diameter particles and integral absorption coefficients

hApli of the equivalent plates. Figure 36a shows data for structures with the 0.2-μm-

diameter particles. Figures 35b and 36b display the corresponding dependences of

Arel(Nml).

As one can see from Figs. 33, 35, and 36, the integral absorption coefficient

increases with particle size. The multilayers of considered particles can absorb

more light than the equivalent plates. The particulate system absorbs light more

efficiently (in comparison with the equivalent plate) at lower particle concentra-

tions and smaller number of monolayers (see Fig. 35b and 36b). Maximum relative

increasing in absorption for the considered cases is about 145%.
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Fig. 35 Integral absorption coefficient hANml
i of multilayer, hApli equivalent plate (a), and relative

absorption coefficient Arel (b) versus the number of monolayers Nml. Individual monolayers have

triangular lattice, D ¼ 0.1 μm, σ0 ¼ 0.001, lc ¼ 900. s ¼ 0.1 μm, 0.28 μm � λ � 1.12 μm
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Fig. 36 Integral absorption coefficient hANml
i of multilayer, hApli of equivalent plate (a) and

relative absorption coefficient Arel (b) versus the number of monolayers Nml. Individual mono-

layers have triangular lattice, D ¼ 0.2 μm, σ0 ¼ 0.001, lc ¼ 900. s ¼ 0.2 μm,

0.28 μm � λ � 1.12 μm
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Consider absorption by multilayer in the range of small absorption index of

silicon. Shown in Fig. 37 is spectral absorption coefficient of multilayers composed

of monolayers of the 0.6-μm-diameter particles with filling factors η ¼ 0.5 (a) and

η¼ 0.9 (b). In some wavelength ranges, spectral absorption coefficient significantly

increases with the number of monolayers, while in the other ones it is not practically

changed. Such behavior is mainly determined by optical properties of the individual

monolayers.

Shown in Fig. 38a and 39a are integral absorption coefficients h ANml
i of

multilayers at filling factors of monolayers η ¼ 0.5 and η ¼ 0.9, respectively, and

integral absorption coefficient hApli of the equivalent plates in wavelength range of
small absorption index of silicon. The corresponding dependences of relative

absorption coefficients Arel(Nml) are shown in Fig. 38b and 39b. As follows from

Figs. 38 and 39, integral absorption increases with particle size. As a whole the

Arel(Nml) is larger for multilayers with the smaller number of monolayers and filling
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Fig. 37 Spectral absorption coefficient ANml
of systems consisting of identical monolayers with

triangular lattice of c-Si particles with diameter D ¼ 0.6 μm. s ¼ 0.6 μm, σ0 ¼ 0.001, lc ¼ 900,

0.8 μm � λ � 1.12 μm. η ¼ 0.5 (a), η ¼ 0.9 (b). The number of monolayers Nml is indicated near

the lines
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Fig. 38 Integral absorption coefficient hANml
i of multilayer, hApli the equivalent plate (a), and

relative absorption coefficient Arel (b) versus the number of monolayers Nml. Individual mono-

layers have triangular lattice, η ¼ 0.5, σ0 ¼ 0.001, lc ¼ 900, 0.8 μm � λ � 1.12 μm
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factors. As in the case of full considered wavelength range (0.28 μm� λ� 1.12 μm),

integral absorption coefficient of the multilayer corresponding to the range of small

absorption index of material (0.8 μm � λ � 1.12 μm) can increase or decrease with

the concentration increasing. Maximum relative increasing in absorption for the

considered cases is about 950%.

The simulation results for single monolayer show that dependence of the integral

absorption coefficient hAmli on concentration can have maximum and/or minimum

(see Fig. 31). Shown in Fig. 40 are the η-dependences of hANml
i for multilayers when

the maximum of hAmli has occurred (diameter of particles D ¼ 0.5 μm).

In the region of small filling factors, absorption grows monotonically. Note that

the same behavior takes place for clusters of particles considered in [100].

A maximum of integral absorption coefficient occurs with the further η increasing.
This result correlates with the experimentally obtained data for layers of the silver

halide particles in gelatin [101, 102]. The maximum shifts to lower η-value with

Nml increasing.
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Fig. 39 Integral absorption coefficient hANml
i of multilayer, integral absorption coefficient hApli of

equivalent plate (a), and relative absorption coefficient Arel (b) versus the number of monolayers

Nml. Individual monolayers have triangular lattice, η ¼ 0.9, σ0 ¼ 0.001, lc ¼ 900,

0.8 μm � λ � 1.12 μm
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Fig. 40 Integral absorption

coefficient hANml
i of

multilayer at different

number Nml of monolayers

versus monolayer filling

factor η. Individual
monolayers have triangular

lattice, D ¼ 0.5 μm,

σ0 ¼ 0.001, lc ¼ 900,
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4.2.3 Absorption Optimization by Multilayer Consisting of Different

Monolayers

Particle Diameter and Intermonolayer Spacing Variations

in Three-Monolayer System

Till now we considered multilayers composed of the identical monolayers with

constant spacing between adjacent monolayers. The absorption enhancement can

be achieved using the multilayers consisting of different monolayers and

intermonolayer spacings.

Let us use the data of Fig. 29 to estimate absorption by the layered systems

composed of three monolayers of particles with diameters corresponding to minima

and maxima of the integral absorption coefficient in the spectral range of small

absorption index of c-Si (0.8 μm � λ � 1.12 μm).

Some results to illustrate absorption dependence on the arrangement of mono-

layers in the multilayer are presented below. The different combinations of mono-

layers yield different absorption coefficients of multilayer. The simulation results

show that the minimum and maximum absorptions in three-monolayer systems

occur when “gradient” and “inverse gradient” over the particle diameter in mono-

layer sequences are implemented (see Fig. 41). Other combinations of the mono-

layers give intermediate values of the hANml
i. The comparison of the data of

Fig. 41a, b shows that significantly larger absorption coefficient can be achieved

when the particle diameters in the monolayer sequence correspond to maxima of

the hAml(D)i dependence as compared to the case of minima (Fig. 29). Thus, using

the lesser amount of material (multilayer with monolayers of particles with diam-

eters D1 ¼ 0.394 μm, D2 ¼ 0.316 μm, D3 ¼ 0.235 μm), one can obtain significantly

larger absorption coefficient than using greater amount of material (D1¼ 0.426 μm,

D2 ¼ 0.361 μm, D3 ¼ 0.273 μm). The D1, D2, and D3 designate the particle

diameters in first, second, and third monolayer in the multilayer.
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Fig. 41 Dependences of integral absorption coefficient of multilayer on the number of mono-

layers with triangular lattice of c-Si particles with diameters corresponding to minima (a) and

maxima (b) of the hAml(D)i dependence (Fig. 29). The spacings between the adjacent monolayers

are equal to the sum of particle radii in these monolayers. η ¼ 0.3, lc ¼ 115, σ(u) ¼ 0.01u,
0.8 μm � λ � 1.12 μm
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Influence of spacings between adjacent monolayers on the integral absorption

coefficient of multilayer is shown in Fig. 42. The s1 and s2 are the spacings between
the first and second and the second and third monolayers (see Fig. 10) of the three-

monolayer multilayer.

One can see that significant differences in the integral absorption coefficient of

the three-monolayer system occur at spacing variations. In particular, the enhance-

ment factor near the 18% (Arel � 18%) for “local minima” and near the 12%

(Arel � 12%) for “local maxima” multilayers is achieved as compared with the

multilayers in which the spacings are equal to the radii sum in the adjacent mono-

layers (see Fig. 41).

The results of Figs. 41 and 42 demonstrate possibilities of the absorption

enhancement in the multilayer due to variations of particle diameters and the

distances between the adjacent monolayers.

Gradient Multilayers

As has shown in the “Particle Diameter and Intermonolayer Spacing Variations in

Three-Monolayer System” the multilayers with different monolayers and

intermonolayer spacings can be used to light harvesting optimization as compared

with the multilayers composed of identical monolayers and spacings.

We have shown (Sect. 4.2.2) that increase of particle size and monolayer filling

factor in the multilayers results in increase of the multilayer absorption coefficient

in the range of small absorption index of silicon and can decrease it in the range of

large absorption index. In this subsection, we study the gradient multilayers com-

posed of monolayers with different filling factors and particle sizes.

Consider absorption spectra of gradient multilayers consisting of planar crystals in

a wide range of monolayer filling factors and sizes of c-Si particles on the example of

multilayer with seven monolayers. Figures 43a, b show spectral and integral
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Fig. 42 Dependences of integral absorption coefficient of multilayer on the number of mono-

layers with triangular lattice of c-Si particles with diameters corresponding to minima (a) and

maxima (b) of the hAml(D)i dependence (Fig. 29) at different spacings between the adjacent

monolayers. η ¼ 0.3, lc ¼ 115, σ(u) ¼ 0.01u, 0.8 μm � λ � 1.12 μm
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absorption coefficients of multilayers consisting of monolayers with different filling

factors, respectively. The results for non-gradient and gradient multilayers are

presented. Figure 43c shows the relative absorption coefficient Arel, grad,Nml
describing

the relative absorption by gradient multilayer in comparison with the non-gradient

one. It is calculated by Eq. (35), where hAL1
i ¼ hAgrad,Nml

i is integral absorption

coefficient of the gradient multilayer and hAL2
i ¼ hANml

i is integral absorption

coefficient of the non-gradient multilayer consisting of identical monolayers (here

calculations of hANml
i are made at filling factor η ¼ 0.9).

As can be seen from Fig. 43a, spectral absorption coefficient of the η-gradient
multilayer is significantly larger than the one of the non-gradient multilayer

(consisting of identical monolayers with η ¼ 0.9) in the range of large absorption
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Fig. 43 (a) Spectral absorption coefficient of (i) non-gradient multilayers consisting of seven

identical monolayers at η ¼ 0.3, η ¼ 0.5, η ¼ 0.7, η ¼ 0.9, D ¼ 0.1 μm, s ¼ 0.1 μm; (ii) gradient

multilayer consisting of seven monolayers with different filling factors, η1 ¼ 0.3, η2 ¼ 0.4,

η3 ¼ 0.5, η4 ¼ 0.6, η5 ¼ 0.7, η6 ¼ 0.8, η7 ¼ 0.9, D ¼ 0.1 μm, s ¼ 0.1 μm; and (iii) gradient

multilayer consisting of seven monolayers with different filling factors, η1 ¼ 0.3, η2 ¼ 0.4,

η3 ¼ 0.5, η4 ¼ 0.6, η5 ¼ 0.7, η6 ¼ 0.8, η7 ¼ 0.9 and particle diameters D1 ¼ 0.1, D2 ¼ 0.11,

D3 ¼ 0.12, D4 ¼ 0.14, D5 ¼ 0.16, D6 ¼ 0.18, D7 ¼ 0.2 μm; s1 ¼ 0.105, s2 ¼ 0.115, s3 ¼ 0.13,

s4 ¼ 0.15, s5 ¼ 0.17, s6 ¼ 0.19 μm. The subscripts at η and D indicate the monolayer numbers; the

subscripts at s indicate number of intermonolayer spacing between i-th and iþ 1-th monolayer. (b)

Integral absorption coefficient of multilayer versus the number of monolayers Nml. (c) Relative

absorption coefficientArel, grad,Nml
. Triangular lattice, σ0 ¼ 0.001, lc ¼ 900, 0.28 μm� λ� 1.12 μm
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index of silicon. It results in significant increasing of the integral absorption (see

Fig. 43b). The integral absorption coefficient of the seven-monolayer gradient

system is ~20% larger than the one of the non-gradient system (Fig. 43c). Thus,

the larger absorption coefficient can be obtained at smaller volume of material.

More powerful gain can be obtained at simultaneous increase of the filling factor

and diameter of particles in the monolayer sequence. This case is demonstrated in

Fig. 43 by the dashed lines. At that, the multilayer has the following structure

characteristics: D1 ¼ 0.1 μm, η1 ¼ 0.3 (first monolayer); D2 ¼ 0.11 μm, η2 ¼ 0.4

(second monolayer); D3 ¼ 0.12 μm, η3 ¼ 0.5 (third monolayer); D4 ¼ 0.14 μm,

η4 ¼ 0.6 (fourth monolayer); D5 ¼ 0.16 μm, η5 ¼ 0.7 (fifth monolayer);

D6 ¼ 0.18 μm, η6 ¼ 0.8 (sixth monolayer); and D7 ¼ 0.2 μm, η7 ¼ 0.9 (seventh

monolayer). The spacings between the monolayers are specified as the sum of

particle radii in the adjacent monolayers. As can be seen from the figure, the

simultaneous η andD growing results in more pronounced increasing of the spectral

and integral absorption coefficients and the value of Arel, grad,Nml
. The integral

absorption coefficient of this system is more than 40% larger than the one of the

non-gradient system of monolayers with η ¼ 0.9 and D ¼ 0.1 μm (see Fig. 43c).

It is useful to note that some results on the absorption by the gradient particulate

structure using the radiative transfer equation are described in [103], and the

influence of the particle shape on the radiation transfer is demonstrated in

[104, 105].

4.2.4 Sketch of Solar Cell Based on Gradient Particulate Structure

of Active Layer

One of the possible realizations of the solar cell based on gradient multilayer of the

active layer is schematically depicted in Fig. 44 [20].

Incident light

+ (–)
– (+)

2

3

1

n (p)

n (p)
p (n)

p (n)

n (p)

p (n)

– (+)
+ (–)

– (+)

+ (–)

1

1

2

2p-n junction

Antireflection coating

Fig. 44 Sketch of the solar cell based on gradient layered structure of active layer (side view). The

circles with the dashed lines are particles of the semiconductor material. 1, transparent electrodes;

2, transparent dielectric layers; 3, rear electrode
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Here the particle size and concentration gradient multilayer are shown. The solar

cell consists of active layer, antireflection coating, transparent electrodes 1, trans-

parent dielectric layers 2, and rear electrode 3. The active layer is the stack of

monolayers of particles (which generally can be of any shape) of semiconductor

(it can be silicon or other material). The circles sectioned by the dashed lines are the

particles with the p–n junctions designated by these lines. The transparent elec-

trodes connect the parts of particles with the same conduction type ( p or n). The
transparent dielectric layers separate the transparent electrodes and zones of differ-

ent conduction types of particles. The rear electrode 3 provides the electrical

conductivity and reflection of light back into the active layer.

5 Conclusions

The spectral and integral absorption of light by single spherical crystalline silicon

particle and by ensembles of them is theoretically examined in the wavelength

range from 0.28 μm to 1.12 μm. Monolayers and multilayers of particles with

diameters from 0.05 μm to 1000 μm are considered. Absorption coefficient of

monolayer of large (as compared with the wavelength of incident light) particles

is calculated in the single scattering approximation. Absorption coefficient of

monolayers of small and wavelength-sized particles is calculated in the quasicrys-

talline approximation which takes into account multiple scattering of waves.

Absorption by the layered systems (multilayers) consisting of monolayers is sim-

ulated using the transfer matrix method. Comparison with the data for homoge-

neous plane-parallel silicon plates of the equivalent volume of material (equivalent

plates) is carried out.

It is shown that monolayer and multilayer consisting of silicon particles with

sizes significantly smaller than radiation wavelength absorb lesser than the equiv-

alent silicon plates. The absorption coefficient of multilayers consisting of large

amount of monolayers with low concentration of small particles can be close to

unity.

Absorption coefficient of the monolayer of large particles is smaller than the one

of equivalent plate. Absorption by three- and more-monolayer systems of such

particles is larger than the one of the equivalent plates. For six- and more-

monolayer system, it can exceed 0.8 in the spectral range of large absorption

index of silicon and 0.9 in the spectral range of the moderate and small values of

the absorption index of silicon. The integral over the solar illumination spectrum

(in the wavelength range from 0.28 μm to 1.1 μm) absorption coefficient of

multilayer of large particles grows with the particle size and the number of mono-

layers. It can attain value of 0.9. For multilayer of seven monolayers of particles

with diameters of 5 μm, the coefficient is about 1.45 times larger than the one of the

equivalent plate.

Absorption coefficient of monolayer of the wavelength-sized particles can be

significantly larger than the one of the equivalent plate. It is caused by strong
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resonance scattering by individual submicron silicon particles and by strong mul-

tiple scattering in particle arrays. Absolute absorption coefficient and relative

absorption coefficient of layers of such particles as a whole grow with particle

size. Relative absorption coefficient attains maximum when particle sizes and

distances between them are comparable with the wavelengths of incident light. In

the narrow wavelength intervals (up to 10 nm) of the resonance peaks, the spectral

absorption coefficient of monolayer can be more than 100 times larger than the one

of the equivalent plate. In the wavelength range from 0.8 μm to 1.12 μm, integral

absorption coefficient of monolayer can be more than 20 times higher than the one

of the plate. There are spectral ranges where this ratio can be essentially more.

Enhancement of light absorption due to tuning of the multilayer parameters is

considered.

It was shown that more effective absorption by the three-monolayer system in

the wavelength range of small absorption index of c-Si (0.8 μm � λ �1.12 μm) is

achieved when multilayer consists of monolayers of particles with diameters

corresponding to the local maxima of the absorption coefficients of these mono-

layers (and maxima of the particle absorption efficiency factor). The “inverse

gradient” over the particle diameter in the monolayer sequences in such multilayers

is more effective. Optimization of intermonolayer spacings in three-monolayer

multilayer results in ~18% enhancement of the integral absorption coefficient as

compared to the multilayer with spacings equal to the sum of particle radii of

particles in the adjacent monolayers.

Influence of gradients in filling factor η and particle diameter D in the monolayer

sequence on the multilayer absorption coefficient was studied. The integral absorp-

tion coefficient of η-gradient multilayer consisting of seven monolayers with 0.1-μ
m-diameter particles is about 20% higher than the one of the non-gradient multi-

layer consisting of seven monolayers with η ¼ 0.9 and D ¼ 0.1. Integral absorption

coefficient of the η- and D-gradient multilayer is more than 40% larger than the one

of the non-gradient system of monolayers with η ¼ 0.9 and D ¼ 0.1 μm.

The sketch of the solar cell based on gradient particulate structure of active layer

is presented.

All simulation results are performed for the particulate structures in air just only

to simplify description of the outlined problem. The methods we have described

allow one to consider specific configurations of the cell. Top, bottom, and interlayer

electrodes, as well as matrix where the particles are embedded, can be included in

the simulation procedure.

The approach developed is applicable not only to the solar cells based on c-Si but

also for cells based on micro- and nanocrystalline silicon. It is applicable to the

solution of the problem of light harvesting optimization in organic polymer solar

cells, perovskite solar cells, etc.
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Modeling and Simulation of New Generation
of Thin-Film Silicon Solar Cells Using Efficient
Light-Trapping Structures

R.S. Dubey and S. Saravanan

Abstract Thin-film solar cells are the alternative over the crystalline solar cells in

terms of manufacturing cost. The conversion efficiency of the thin-film solar cells is

still less as compared to the conventional solar cells. This drawback has opened

many doors of research in terms of the improvement of top antireflective coating,

properties of the absorber layer, and use of light-trapping structure at the bottom.

For antireflective coating, several materials such as SiO2, TiO2, ZnO, ITO, porous

silicon, etc. have been investigated and reported the satisfactory results with respect

to their electrical and optical limitations. Conversely, the light-trapping structure at

the bottom is one of the crucial factors which allow the reuse of electromagnetic

waves which are not being absorbed by the thin absorber layer. Accordingly,

several perceptions have been reported to manipulate the electromagnetic waves

with the use of an efficient light-trapping structure which reflects and guides the

waves towards the thin absorber layer. With this passion, distributed Bragg reflec-

tors, dielectric/metal nanogratings, and nanoparticles have been employed and

claimed the enhanced photoconversion. In this chapter, we explore the design of

thin-film silicon solar cells based on various light-trapping structures and study of

their photovoltaic performance.

1 Introduction

Nonconventional energy sources are the demanding alternatives to overcome the

problem of power scarcity worldwide. This need has generated a huge research

scope in the fundamental and advanced branches of the science and technology.

Severe work on silicon thin-film solar cells including design and fabrication has

been reported by the scientific community. Silicon technology is a well-established,
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safe, nontoxic, and cheaper for the fabrication of thin-film solar cells; however,

weak absorption in longer wavelength is a major drawback which needs attention.

To overcome this problem, a new design engineering of solar devices is spotlighted

which includes an efficient light-trapping structure. For an efficient light-trapping

structure, one-dimensional photonic crystal also known as distributed Bragg reflec-

tor and diffraction grating has been explored as the bottom component in the thin-

film silicon solar cells. The use of distributed Bragg reflector (DBR) provides total

internal reflection of longer wavelength light that passes through absorbing layer of

solar cell; however, diffraction grating diffracts and scatters the light. These ideas

are found to be effective because of scattering the incident light and coupling it into

the fundamental material. Recently, metal nanoparticles or nanogratings have also

been demanded in solar cells for the light-trapping application. The metal-induced

surface plasmons are found to be promising for the harvesting of solar light by the

way of guiding and manipulation of photons through the mechanism of collective

oscillation of electrons at the surface of the metal nanostructures. Surface plasmon

resonance can be induced between the propagation path of light and metal surface

which can ultimately enhance the absorption of light to an optimal level. In brief,

surface plasmon is nothing but the gathering of electrons at the metal surface which

makes a propagation path along it, while surface plasmonic energy is getting

concentrated at the tip of the metal nanostructures.

2 Solar Cells Using Dielectric Diffraction Grating
and Distributed Bragg Reflector

Thin-film-based solar cells have weak absorption in longer wavelength spectrum

due to indirect bandgap of silicon which limits their overall efficiency. Hence, light-

trapping mechanism is essential for the enhancement of incident light absorption.

This requirement can be fulfilled by two mechanisms: first is diffraction or scatter-

ing which can change the direction of incident photons so that as much as photons

can be propagated at higher angles with the prolonged path length within the cell,

while second is the coupling of incident photons provided with the guided mode in

the active region. In other words, once the incident photons entered into the device,

their mean residing time in active region must be long enough, and they are

absorbed before escaping the device. Several literatures have been reported on

the design and fabrication of light-trapping structure for the improvement of light

absorption in silicon solar cells. Yablonovitch et al. have first reported the light

trapping concept using analytical solutions for light path enhancement in bulk solar

cell with an ideal Lambertian light trapping theory, and later M.A. Green has

extended the calculations for any degree of absorption in the active material

[1, 2]. The main light-trapping mechanisms are the top antireflective coating film

to reduce the surface reflections, the back reflector to reuse the unabsorbed light,

and the diffraction gratings to couple the light. The direct incident of light on silicon
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yields optical loss around 35% so an antireflection coating (ARC) layer at the top of

solar cells is significant which helps to reduce surface reflections. The

one-dimensional photonic crystal (1DPC)/distributed Bragg reflector (DBR) is

used to increase the total internal reflection of light on the backside of solar cell.

The diffraction grating is used to bend the light waves at a titled angle for the

coupling. Numerous research papers have been reported on the design and fabri-

cation of solar cells for the better performance with the combination of

antireflection coating layer, the diffraction grating, and the one-dimensional pho-

tonic crystal. L. Zeng et al. have presented an experimental application of a textured

photonic crystal as backside reflector in thin-film silicon solar cells [3]. Light

absorption was found to be enhanced due to the high reflection and large-angle

diffraction. They have experimentally demonstrated a 5-μm thin-film silicon solar

cells and found an increment in short-circuit current density by 19% as compared to

a theoretical prediction of 28%. Xianqin Meng et al. have proposed the thin-film-

based solar cell design with the combined front and back 1D and 2D diffraction

gratings of irregular periods [4]. The absorption was found to be increased with

750-nm long-period back grating; however, reflection of the incident light was

observed to be decreased by using 250-nm short-period front grating. The simulated

results showed an increment in short-circuit current up to 30.3 mA/cm2 as com-

pared to 18.4 mA/cm2 of the reference cell. Xing Sheng et al. have explored the

mechanism for an efficient light trapping in thin-film silicon solar cell structure by

using a distributed Bragg reflector (DBR) and the periodic gratings. They have

reported that the light can be scattered into the DBR by gratings with an unusual

way of light trapping from the metal reflectors and photonic crystals [5]. Alongkarn

Chutinan et al. have reported a designing of solar cell with light-trapping concept

and theoretically demonstrated a significant enhancement of efficiency through thin

crystalline silicon solar cells by using photonic crystal [6]. They have observed

the relative increment in conversion efficiency about 11.15% and 3.87% for 2 μm
and 10 μm thick solar cells respectively. L. Zhao et al. have proposed a design of

solar cell with an indium tin oxide diffraction grating, a-Si:H/ITO DBR and Ag

reflector [7]. With the use of metal reflector, they have observed 69% and 72%

weighted absorptance by the solar cells designed with four and eight pairs of a-Si:

H/ITO DBR, respectively. The use of metal reflector was helpful to trap light in a

better way with the reduced number of DBR pairs, and, hence, it makes easy

manufacturing. Ning Feng et al. have presented the optimization of an efficient

light-trapping structure for the crystalline solar cells with the combination of

antireflection coating layer, grating, and DBR [8]. They have observed an improve-

ment in efficiency with optimized parameters and achieved up to 18.88% for

100 μm solar cell. Here, we present a complete design of solar cells based on

DBR and diffraction grating which showed enhanced performance in the red and

infrared wavelength regions.

For the design of solar cells, commercial available Rsoft package was used.

Figure 1 shows a design of 5-μm-thick solar cell structure with DBR and diffraction

grating as back reflector. The solar cell comprises of an antireflection coating layer

of silicon nitride, crystalline silicon layer as active region, combination of a
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distributed Bragg reflector (DBR), and the diffraction grating as bottom region. The

DBR is composed of periodic layers of silicon (Si) and silicon dioxide (SiO2) with

their refractive indices 1.46 and 3.5 and thicknesses 0.057 μm and 0.138 μm,

respectively, at center wavelength 0.8 μm, while SiO2 grating was embedded into

active silicon region. Using FDTD method, periodic boundary conditions were

applied in x- and y-directions where perfectly matched layer boundary condition

was applied in z-direction [9].

2.1 Optimization of Various Parameters

For the optimal design of proposed solar cell design, various design parameters

such as refractive index and thickness of antireflective coating layer, grating width,

center wavelength, number of DBR pairs, grating period, grating thickness, and

the duty cycle are explored.

2.1.1 Refractive Index of ARC Layer

Refractive index of ARC layer is a significant parameter in order to limit the surface

reflections. According to antireflection coating theory, ARC layer has zero reflec-

tion with refractive index narc ¼ ffiffiffiffiffi

nc
p

and thickness tarc¼ λc/4narc where nc and λc
are the refractive index of active crystalline silicon region and center wavelength,

C-Si (tc=5 μm)

SiSi Si Si

Si3N4 (tarc=0.1 μm)

SiO2 (tSiO2=0.138 μm)

SiO2 (tSiO2=0.138 μm)

SiO2 (tSiO2=0.138 μm)

Si2 (tSi=0.057 μm)

Si (tSi=0.057 μm)

Si (tSi=0.057 μm)

SiO2 SiO2 SiO2

GdcGp

Fig. 1 Thin-film silicon

solar cell structure with

DBR and diffraction grating
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respectively. Figure 2a shows the solar cell efficiency (η) as a function of refractive
index of antireflection coating (narc). The simulated result showed the cell

efficiency dependent on the refractive index of ARC coating, and maximum

efficiency was observed to be at narc¼ 1.8. Analytically, refractive index can be

calculated as narc ¼ ffiffiffiffiffi

nc
p

, and the simulated result was found similar.

2.1.2 Thickness of ARC Layer

To observe the effect of ARC layer thickness, we have plotted Fig. 2b by keeping

tarc¼ 0.1 μm and narc¼ 1.8. Here, we have observed that the cell efficiency is

decreased as the ARC layer thickness is increased, and up to a maximum 17.18%

was obtained for 5-μm cell thickness. According to ray theory, ARC layer thickness

should be tarc¼ λc/4narc¼ 0.1 μm, and our simulated result was found similar with

the analytical value and thus validated.

2.1.3 Grating Width

For the next level of optimization, we kept narc¼ 1.8 and tarc¼ 0.1 μm, while other

parameters were constant. Figure 3a depicts the variation in cell efficiency in

accordance with grating width “Gw.” An increase in efficiency, 17.52%, can be

observed at Gw¼ 0.3 μm rather than 17.18% at Gw¼ 0.4 μm (assumed one). This

result indicates that the choice of Gw¼ 0.3 μm was worthy.
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Fig. 2 Solar cell efficiency as a function of refractive index (a) and thickness (b) of antireflection
coating, respectively (Dubey et al. [9]. AIP: With permission)

Modeling and Simulation of New Generation of Thin-Film Silicon Solar. . . 113



2.1.4 Center Wavelength and Number of Pairs of DBR

Distributed Bragg reflector (DBR) is used in solar cells as a back reflector part and

helpful to redirect the light transmitted through the thin active region. To possess

this required property of the DBR, a quarter-wavelength thickness of the constituent

layers (tSi ¼ 0:057 μm and tSiO2
¼ 0:138 μm) were considered. If a DBR is properly

designed, then the twice optical path length can be assured according to the ray

theory. In this context, center wavelength is a significant parameter which corre-

sponds to maximum (~100%) reflection of the incident light with the sufficient

number of DBR pairs. To observe the effect of the center wavelength and the

number of DBR pairs on overall efficiency of solar cell, we have plotted Fig. 3b.

The designed device shows maximum efficiency at center wavelength λc ¼ 0.8 μm
(dotted line). Till now in our designing, λc was the same value which shows the

validation of the simulated result. The selection of center wavelength is mainly

important for thin solar cells; however for thicker cells, the maximum photons get

absorbed in a single pass, and the trapping of light is needed only for the wavelength

near to the bandgap. Solid curve shows solar cell efficiency as a function of number

of DBR and can be observed that the maximum efficiency was obtained with the use

of three DBR pairs only. The performance of DBR was saturated and decayed after

three DBR pairs which has been attributed to the evanescent wave decayed into the

DBR structure.

2.1.5 Grating Period, Grating Thickness, and Duty Cycle

Diffraction grating is an important component in solar cells in addition to the DBR

as part of back reflector and depending upon the design it diffracts the light at

various angles. The design of diffraction grating has mainly three considerations

such as grating period (Gp), grating thickness (Gt), and grating duty cycle (Gdc).
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Figure 4a shows the effect of grating period on the cell efficiency for various cell

thicknesses. As can be seen in the figure, there are two maxima points which has

been attributed to the first- and second-order diffractions of the grating. An

improvement in cell efficiency can be observed for all the thickness of cells at

grating period Gp¼ 0.6 μm with maximum efficiency η¼ 18.8% for 10 μm solar

device. Figure 4b shows a variation of grating thickness (Gt) for various thicknesses

of the solar cells. The grating thickness 0.1 μmwas fixed and simulated from 0.02 to

0.14 μm. At Gt¼ 0.12 μm, maximum cell efficiency was observed, i.e., 14.7%,

17.8%, and 18.9% corresponding to the cell thicknesses 2, 5, and 10 μm, respec-

tively. A significant variation in the cell efficiency can be observed due to change in

grating thickness in case of thinner cells. Further, Gt¼ 0.12 μm was used, and

simulation was performed to study the effect of duty cycle on the device perfor-

mance. The effect of grating duty cycle (Gdc) on the solar cell efficiency is plotted

in Fig. 4c for various thicknesses of solar cells. The maximum efficiency has been

observed at Gdc¼ 0.5 for all cell thicknesses, and, further, it is observed to be

reduced after 0.9 duty cycle which indicates a significant role of grating duty cycle

in solar cells.

Fig. 4 Solar cell efficiency variation in accordance with grating period (a), thickness (b), and duty
cycle (c) for 2-, 5-, and 10-μm cell thicknesses (Dubey et al. [9]. AIP: With permission)
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2.1.6 Performance Analysis After Optimization

Further, we have extended the designing of device with 5-μm cell thickness by

embedding three bilayers of grating (Si/SiO2) within silicon active region while

keeping same parametrical values of grating thickness, duty cycle, and period (see

inset of Fig. 4). As it was expected, we have noticed the better performance of this

design as compared to a previous one with a single-layer grating. Similar design of

solar device has been reported where they had used three-layer-based antireflection

coating [10]. Figure 5a shows the absorption and the quantum efficiency of

the bilayer grating-based solar cell. An enhancement in absorption can be clearly

seen in the wavelength range of 450–1100 nm. In addition, an overlapping of

absorption curve with incident solar spectrum is noticed in a short-wavelength

range of 650–780 nm. The quantum efficiency curve (solid line) reveals the better

performance of the device particularly in the wavelength range 580–850 nm.

Figure 5b shows J–V characteristics of the single-layer and the bilayer grating-

based solar cells of 5, 10, 20, and 30 μm thicknesses. J–V curves demonstrate an

improvement in short-circuit current with the use of three bilayer grating-based

devices. The maximum obtained short-circuit current densities are 29.6, 32.9, 34.6,

and 36.05 mA/cm2 for the 5-, 10-, 20-, and 30-μm-thick solar cells, respectively. An

inset figure shows a comparison of the bilayer and the single-layer grating-based

solar cells of 5, 10, 20, and 30 μm thicknesses. In comparison to the reference solar

cell with 14% efficiency, we have achieved 42.8% relative enhanced efficiency for

the three bilayer grating, while it was 28.5% for the single-layer grating-based solar

cell of 5-μm thickness. Remarkably, the modified design of the bilayer grating

embedded in active silicon region has competed the previous design by giving 24%

cell efficiency for 30 μm cell thickness.

Fig. 5 Absorption and quantum efficiency of three bilayer grating-based solar cell (a) and short-

circuit current (b) with cell efficiency chart (inset figure) (Dubey et al. [9]. AIP: With permission)
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3 Ultrathin-Film Silicon Solar Cells Using Metal Grating
and Dielectric Distributed Bragg Reflector

In conventional solar cells, the recombination of charge carriers may yield phonons

or photons, and, therefore, the performance is degraded. However, ultrathin-film

solar cells are having advantages such as reduced recombination rate and

low-manufacturing cost. Plasmonic solar cells are another class of solar cell

which showed an improvement in the photovoltaic performance due to the induc-

tion of surface plasmons associated with the metal nanostructures (nanogratings/

nanoparticles) aligned in adjacent to the ultrathin absorber layer. Metal

nanostructures have the light-scattering property which increases the local field

intensity. However, this effect has significant impact of the particle size, shape, and

refractive index of the surrounding medium. In addition to these, the plasmonic

interparticle distance is an important parameter which sustains the optical reso-

nances. Accordingly, plasmon coupling is affected by the near field which strongly

depends on the oscillating electrons near the neighboring particles. In ultrathin-film

solar cells, the induced surface plasmons cause a high electric field buildup, and

further the reduced electron path length between the electrodes is responsible for

the enhancement of photocurrent. In simple words, the induced surface plasmons

increase the near field via the scattering of light from the metal surface as a result

the direct generation of the charge carriers take place.

Reduced cell thickness is a critical issue in silicon solar cells, when it is less than

2 μm (c-Si) and below 300 nm (a-Si:H). Therefore, for the ultrathin solar cells, the

light trapping is essential, whereas plasmonic solar cells are found to be more

promising to overcome this problem. A design of ultrathin-film silicon solar cells

by using one-dimensional plasmonic nanogratings at the bottom of the solar cell has

been demonstrated by Xiao et al. [11]. They have observed 90% enhancement of

photocurrent in the considered wavelength range from 200 nm thick crystalline

silicon solar cell. The analysis of obtained result was suggested for the realization of

low-cost and high-efficiency thin-film solar cells. He et al. have proposed a design

of an ultrathin silicon solar cell by placing a periodic array of silver strips on a

metallic nanograting substrate [12]. The designed structure could give 170%

enhancement of light absorption as compared to the bare silicon thin film. This

enhancement has been attributed to the excited multiple resonant and waveguiding

modes within the silicon layer, localized surface plasmon resonance, and surface

plasmon polaritons. Yan et al. have presented three modeling methods for a-Si:H

solar cells and to observe the light absorption; parabolaconical nanoarrays were

introduced in the ultrathin a-Si:H solar cells [13]. They have observed an optimal

absorption enhancement about 53.9% when height/radius ratio was 1, and, further,

it was increased to 61.9% for the case when height/radius ratio was 3. This

enhancement was due to the graded refractive index of silicon and waveguide

mode. Wang et al. have proposed a planar ultrathin absorber concept by exploiting

plasmonic resonance absorption enhancement and noticed the enhanced absorption

about 89.8% through 5 nm thin-film absorber which showed the single-pass
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absorption of only 1.7% for the case of TM polarization [14]. The absorption

enhancement was broadband and angle independent. Furthermore, this concept

was suggested for the two-dimensional periodic grating geometries to achieve a

strong angle and polarization-independent absorption analysis. Juan et al. have

reported a design of solar cell with the influence of relative position of silver

metallic nanoparticles which was embedded in 100 nm thick antireflection coating

layer [15]. The plasmonic antireflection coating layer could reduce the reflections

as compared to the SiOx antireflection coating layer, but the addition of silver

nanoparticles in front-surface geometry has generated the poor interferences due to

which the efficiency of cell was found to be degraded. Sheng et al. have analytically

investigated the light-trapping mechanism in plasmonic silicon solar cells

[16]. This designing was explored by considering the absorption enhancement for

surface plasmon polaritons (SPPs) at planar silicon-metal interfaces and localized

surface plasmon resonances (LSPRs) for the metallic spheres in a silicon matrix.

They have observed that the absorption enhancement factor was not bound to

Lambertian limit, and the localized plasmonic resonances can be used as efficient

light-trapping schemes for ultrathin silicon solar cells. Chriki et al. have proposed

an ultrathin solar cell design by incorporating the two periodic layers of metallic

and dielectric gratings [17]. Both layers could able to couple the incident light to

photonic and plasmonic modes, and, hence, enhanced absorption of light was

achieved. A relative position between the two gratings was analyzed and observed

the significant effect. The proposed design was compared with a reference solar cell

of a single layer of metallic and dielectric nanostructures, respectively, and found to

be satisfactory in term of high absorption for the dual-grating-based design.

Plasmonic solar cells are promising to produce the high efficiency due to their

high carrier collection and less bulk recombination. Spinelli et al. have presented

two possible ways of integrating metal nanoparticles in a solar cell: the first one was

a coating of silver nanoparticles which acted as antireflective surface, and the

second one was based on regular and random arrays of metal nanostructures

which could couple the light in the waveguide modes [18]. By employing a relative

inexpensive nanoimprint technique, the fabrication of solar cell was attempted

which showed an improvement in the cell efficiency. In plasmonic solar cells,

photons are trapped into localized surface plasmon (LSP) as a result, it induces

the surface plasmon (SP) which propagates transversely into active layer. Chao

et al. have proposed a plasmonic multilayer structure (PMS) for the application in

ultrathin solar cell with 30 nm thick amorphous silicon (α-Si) as active layer. With

the use of plasmonic multilayer structure, they have observed enhanced absorption

(~ 28.7%) as compared to the indium tin oxide (ITO)/α-Si/Ag structure for the

normal incident case of transverse magnetic (TM) polarization [19]. Lee et al. have

numerically presented the design of amorphous silicon (a-Si) thin-film solar cell by

employing ultrathin top grating into a-Si active layer. They have observed

the enhanced absorption with a wide range of incident angle for TM polarization

through the solar cell with 30 nm thickness. The overall absorption for TM

polarization was improved about 25% as compared to a solar cell of thicker

metal grating; however, 2.5 times improvement was observed for the TE

polarization [20].
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Figure 6 shows a schematic design of crystalline silicon (c-Si) thin-film solar cell

with an ultrathin active layer (50 nm). It is comprised of an ARC layer (Si3N4), a

DBR structure (a-Si/SiO2), and the metal grating structure (Al). The DBR pairs was

composed of alternate layers of a-Si and SiO2 with their refractive indices 3.6 and

1.45 and thicknesses 41(t1) and 103 nm (t2), respectively, whereas the center

wavelength of DBR was 600 nm. The assumed thicknesses of ARC layer (t5) and

Al grating (t3) were 70 and 50 nm, respectively. In this simulation, the refractive

index of the active region “nc¼3.5” and its thickness “t4 ¼ 50 nm” were used.

The aluminum (Al) gratings help to diffract the incident light at oblique angles,

whereas distributed Bragg reflector (DBR) resists the metal diffusion and sustains

the mechanism of light trapping. The back reflector with the combination of DBR

and metal grating is supposed to be as an efficient light-trapping structure which

utilizes the longer wavelength light by enforcing those in the active region of the

solar cell. Table 1 displays the initial parametrical values considered for the design

of ultrathin solar cell.

Air

Al Al Al Al Al Al Al

Incident light

Air

t5

t4

t3
SiO2

Gp
Gαθ

SiO2

SiO2

a-Si

a-Si

a-Si
t2
t1

Fig. 6 Schematic diagram of ultrathin silicon solar cell

Table 1 Design parameters

of ultrathin silicon solar cell
Parameters Values

Grating period (Gp) 600 nm

Grating duty cycle (Gdc) 0.5

Grating thickness (t3) 50 nm

Grating tooth width (Gw) 300 nm

No. of DBR pairs 5

Antireflection coating thickness (t5) 70 nm

DBR center wavelength (λc) 600 nm

Active layer thickness (t4) 50 nm

DBR first-layer a-Si thickness (t1) 41 nm

DBR second-layer SiO2 thickness (t2) 103 nm
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For the simulation, finite-difference time-domain method (FDTD) was employed

with the periodic boundary conditions which were applied in x- and y-directions, and

the perfectly matched layer boundary condition was performed in z-direction [21].

3.1 Optimization of Various Parameters

Various design parameters such as thickness of antireflective coating layer, grating

thickness, active layer thickness, grating period, and duty cycle are discussed.

3.1.1 ARC and Grating Thickness

Figure 7a depicts the cell efficiency in accordance with ARC thickness. Reason-

ably, an enhancement in cell efficiency from 10.5% to 11.6% is observed with ARC

layer thickness (t5) of 65 nm instead of 70 nm as used, previously. This result is a

supplementary evidence of importance of ARC layer in term of its thickness which

can be tuned to have optimal transmission of solar light into silicon active region.

The diffraction grating as a part of the back reflector plays vital role for the light

trapping in longer wavelength region. By replacing the optimized value of ARC

layer thickness further, we have optimized the thickness of aluminum grating.

Figure 7b depicts the cell efficiency as a function of grating thickness. As the

grating thickness increased, the conversion efficiency was also found to be

increased, gradually. The usual behavior of grating thickness can be observed,

whereas maximum efficiency 11.6% (same as previous) was obtained at 50 nm.

This result shows that the initial considered value of the grating thickness was the

correct choice. The obtained short-circuit current density was 17.67 mA/cm2.

Fig. 7 Solar cell efficiency as a function of ARC thickness (a) and grating thickness (b)
(Saravanan et al. [21]. AIP: With permission)
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3.1.2 Active Layer Thickness

We have explored our analysis to study the effect of active layer thickness by

keeping all parameters constant except active layer thickness (t4). Figure 8 shows

the variation of the active layer thickness against the cell efficiency. An exponential

enhancement in cell efficiency is observed, and further a decrease in cell efficiency

is observed.

This reduction of cell efficiency indicates no longer use of back reflector due to

increased cell thickness. This result is validated with reported work in which

effective role of the back reflector was found below 10-μm cell thickness and

beyond it; the contribution by the back reflector was rapidly decreased [8]. An

enhancement in cell efficiency (12%) is observed with cell thickness 40 nm, while

short-circuit current density was 18.28 mA/cm2. For further simulation, 50-nm cell

thickness was replaced with an optimized one, i.e., 40 nm.

3.1.3 Grating Period and Duty Cycle

As the grating period and duty cycle are the important parameters for the diffraction

of light in terms of diffraction angle, for example, a larger diffraction angle

represents the long optical path length of photons. Accordingly, Fig. 9 shows the

effect of the grating duty cycle and period.

As the duty cycle was increased, the cell efficiency was found to be increased

exponentially, and it was maximum at 0.8 as depicted in Fig. 9a. Further, the cell

efficiency was reduced beyond 0.8 which shows the importance of the duty cycle as

a sensitive parameter for the performance of solar cell. The obtained optimal cell

Fig. 8 Solar cell efficiency

in accordance with active

layer thickness (Saravanan

et al. [21]. AIP: With

permission)
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efficiency is 14.55% with current density 22.13 mA/cm2 at 0.8 duty cycle. For the

next level of simulation, all parameters were kept constant, while duty cycle value

was replaced with its optimal one. Figure 9b depicts a variation in cell efficiency as

a function of grating period. It shows optimal cell efficiency (14.9%) at 500 nm

period which would be attributed to the high-order diffraction angle. Our previous

value of grating period was 600 nm whereas the optimized one is 500 nm.

3.1.4 Performance Analysis After Optimization

After all the optimization, we could able to obtain ~15% cell efficiency with 40 nm

cell thickness. To conclude the simulation results after above discussed optimiza-

tion, we have plotted the absorption curves in Fig. 10. If we observe the absorption

curve of grating thickness (t3), an enhanced absorption can be observed in infrared

wavelength region with a peak centered at 680 nm. The curves of grating thickness

(t3) and ARC layer thickness (t5) are superimposed as the assumption of grating

thickness value was coincided with the optimized one. The curve of duty cycle

(Gdc) shows high absorption in visible range with intense absorption peaks centered

at wavelength 540, 640, and 680 nm. However, the absorption curve of (Gp)

revealed the extraordinary wider absorption peaks in visible and infrared region

centered at 500, 600, and 800 nm. In case of t3, t4, and t5, various absorption peaks

were observed from 400 to 1020 nm. However, for the case of Gdc and Gp,

absorption is observed to be enhanced in far infrared region too. It indicates that

the enhanced light absorption was not only in visible but also infrared part of the

solar spectrum. Due to this, our designed solar cell showed an amazing enhance-

ment in cell efficiency with an ultrathin active layer thickness “40 nm” which has

not been reported yet.

Fig. 9 Solar cell efficiency in accordance with grating duty cycle (a) and grating period (b)
(Saravanan et al. [21]. AIP: With permission)
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This enhancement in absorption was due to the use of aluminum grating and

ultrathin absorbing layer. An ultrathin active layer can induce flow of generated

electrons and holes towards the electrodes with the less recombination chance,

whereas localized surface plasmon excited by aluminum grating can generate

surface plasmon.

To observe the effect of metal grating for the TE and TM polarization cases,

Fig. 11 is plotted. The absorption in active silicon region is considerably enhanced

Fig. 10 Light absorption

behavior in silicon active

layer of each optimization

(Saravanan et al. [21]. AIP:

With permission)

Fig. 11 Light absorption behavior in silicon active layer for TE and TM cases (Saravanan et al.

[21]. AIP: With permission)
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for the case of TM as comparison to TE polarization. For TE case, strong absorption

peaks were centered at 600 and 800 nm, whereas for TM case it was at 741 and

841 nm. Remarkably, the absorption peaks were found to be shifted to infrared part

and has become wider for the magnetic transverse case.

For the validation of plasmonic effect, electric and magnetic field profiles of

optimized solar cells are plotted in Fig. 12.

Two high absorption peak values 600 and 800 nm corresponding to electric field

and 741 and 841 nm corresponding to magnetic field were selected for the analysis.

For transverse electric case, at wavelength 600 nm Fig. 12a we can observe strong

electric field within the grating and waveguiding mode in the silicon region;

however, at wavelength 800 nm, DBR has supported the light reflection back in

active region which would be a cause of getting wider absorption peak, and hence

strong field in active region can be seen in Fig. 12b. For transverse magnetic case,

localized plasmon is visible at the top of aluminum gratings which could give

enhanced absorption in active region as shown in Fig. 12c at wavelength 741, and

for wavelength 841 nm, surface plasmon is clearly visible as can be observed

in Fig. 12d due to which enhanced absorption can be seen in Fig. 6 (dashed line).

With this analysis, the enhanced efficiency of the designed solar cell has been

attributed to the plasmonic effect. We have compared the performance of different

solar cell structures for both TE and TM polarization modes which is shown in

Table 2.

Fig. 12 Electric field profile at 600 and 800 nm (a, b) and magnetic field profile at 741 and 841 nm

(c, d) (Saravanan et al. [21]. AIP: With permission)

Table 2 Performance comparison of various designed silicon solar cells

Structure

TE TM

C. E (%) JSC (mA/cm2) C. E (%) JSC (mA/cm2)

Reference (only ARC) 0.71 1.09 0.72 1.1

C1 (3DBRþARC) 0.89 1.35 0.92 1.4

C2 (GRAþARC) 9.79 14.89 10.92 11.16

C3 (3DBRþGRAþARC) 14.90 22.66 14.93 22.71
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An extraordinary enhancement in performance can be observed from the solar

cells C2 and C3 which is due to the use of back reflector of metal grating (GRA) and

DBR. Compared to all solar cells, cell C3 is found to be best performed with cell

efficiency ~15%; however, for TM case a small increment in cell efficiency is

observed.

4 Ultrathin-Film Silicon Solar Cells Using Top Dielectric
and Bottom Metal Gratings

Metal nanostructures have been applied in thin-film solar cells as an efficient light-

trapping component supported by the plasmonic effect which not only guides light

but also manipulates photons through the collective oscillation of electrons at the

metal surface. Further, the integration of dielectric (photonic mode) and metal

(plasmonic mode) gratings can facilitate the use of shorter as well as the longer

wavelength of light. Several research articles have been reported on the perfor-

mance enhancement of the solar cells due to the combined effect of photonic and

plasmonic structures. Chang et al. have proposed a design of a plasmonic multilayer

structure for the silicon (a-Si) solar cell of 30 nm thickness by using rigorous

coupled-wave analysis (RCWA) and finite-difference time-domain (FDTD)

methods. The plasmonic multilayer structure showed the trapping of incident

light into localized surface plasmon (LSP) as a result of propagation of surface

plasmon transversely within the active layer. Comparatively, the use of plasmonic

multilayer structure could yield ~ 29% enhancement in light absorption at normal

incidence transverse magnetic (TM) polarization condition [19]. Battal et al. have

presented an enhancement of light absorption through silicon thin-film solar cell

with the use of triangular corrugations at the bottom. They could observe ~ 22%

overall absorptivity through 100-nm-thick solar cell as compared to a reference

solar cell. This increased absorption was found to be insensitive to the polarization

conditions and incident angle [22]. Abass et al. have numerically presented a design

of silicon solar cell based on dual-interface grating systems which could reasonably

enhance the light absorption. The proposed dual-grating structure with different

combinations of shapes and sizes was emphasized on the coupling efficiency with

respect to photonic and plasmonic modes. The combination of blazed dual-grating

periodicity structures has shown a strong coupling efficiency, and as a consequence

enhanced light absorption was achieved. The optimization of top dielectric and

bottom metal gratings was observed to be promising for the better harvesting of

light within active layer [23]. Chriki et al. have studied an ultrathin solar cell

architecture design based on two periodic layers of metal and dielectric gratings.

They could observe the optimal light absorption due to well-supported photonic as

well as plasmonic modes. The coupling of incident light to the dark photonic modes

with a lateral shift between the two periodic layers might be one cause of mode

interactions. After optimization, the proposed design showed enhanced cell
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efficiency over a broad range of incident light [17]. Shi et al. have introduced a

hybrid light-trapping structure by using front grating of indium tin oxide and silver

nanoparticles at the backside. The front grating was served as antireflection pur-

pose, whereas silver nanoparticles at the backside were supported as light-trapping

mechanism. The proposed design of 1-μm-thick solar cell could yield short-circuit

current ~ 29.7 mA/cm2, and further this design was discussed for its low-cost

fabrication using sophisticated tools [24]. Liu al. have presented a theoretical

design of dual-grating-based thin-film silicon solar cells and studied the influence

of geometrical parameters of gratings. The optimized design could reduce the reflec-

tions at the front grating, while enhanced light absorption in longer wavelength was

noticed due to the use of the back grating. With comparison to the reference solar

cell, nearly 17% enhanced short-circuit current was obtained from 1-μm-thick

silicon solar cell [25]. Saravanan et al. have presented a theoretical study of an

ultrathin crystalline silicon solar cell which could enhance the performance due to

the absorption of light in the shorter as well as longer wavelength part of the solar

spectrum. Optimization of various parameters could result the better harvesting of

light through 40 nm thick ultrathin-film silicon solar cell with ~ 15% cell efficiency

and ~ 23 mA/cm2 short-circuit current density due to well-supported photonic as

well as plasmonic modes [21].

The proposed design of an ultrathin-film silicon solar cell is depicted in Fig. 13.

Two-dimensional simulations were performed for both TE and TM polarizations

under AM1.5G solar radiation by using finite-difference time-domain method

(FDTD) and rigorous coupled-wave analysis (RCWA). In FDTD simulation,

the periodic boundary conditions (PBC) were applied in x- and y-directions,

while the perfect match layer (PML) was performed in the z-direction. The use of

perfect match layer eliminates the reflection of light from the propagation direction.

RCWA simulation was done to analyze the field distribution within solar cell device

which is also imperative to realize the effect of embedded grating structure [26].

The proposed structure consists of a Si3N4 antireflection coating layer of 107 nm
(t5), an ultrathin silicon absorber layer of 40 nm (t3), a top 30 nm (t4) ITO grating

(GRA), a bottom Al grating of 30 nm (t2), and 103 nm (t1) thick Al back reflector

(BR). In this simulation, parameters of ARC layer such as refractive index and

thickness were calculated using expressions nARC¼√nc and t5 ¼ λc/ √ 4nARC where

λc is the center wavelength. The numerical values of the ARC layer such as

Fig. 13 Schematic diagram

of ultrathin-film silicon

solar cell based on dual

grating
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refractive index 1.87 and thickness 107 nm were calculated at center wavelength

800 nm. The simulation was performed in the ideal conditions such as zero shadow

and 100% collection efficiency.

4.1 Transverse Electric and Magnetic Field Behavior
in Solar Cell Structure

The electric (TE) and magnetic (TM) field distribution in the proposed ultrathin-

film solar cell is plotted in Figs. 14 and 15. For TE case, a sharp absorption peak

centered at 610 nm (near red region) can be observed in Fig. 14a and beyond that, a

reduction in the absorption can also be noticed. Electric field profiles plotted in
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Fig. 14 Absorption spectra and field profile in ultrathin-film solar cell for transverse electric mode

(Saravanan et al. [26]. Elsevier: With permission)
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Fig. 14b–d show dark and bright modes corresponding to the symmetric and

asymmetric electric field distributions.

Figure 14b plotted at wavelength 480 nm shows the anomalous effect of shorter

wavelength with Fabry-Perot (FP) resonances between the top gratings. A distinct

field profile within the active region can be observed in Fig. 14c–e plotted at

wavelength 600, 610, and 780 nm, respectively. However, a strong field within

active region can be observed at wavelength 610 nm as depicted in Fig. 14c. This

result coincides with sharp absorption peak depicted in Fig. 14a. In general, the

incident light preferentially scatters or diffracts into the active region because of

dual-grating-based structure.

The metal-based solar cells are interesting due to their strong localized field in

the active region supported by plasmonic effect, and, hence, we have extended our

analysis for magnetic field as well. Figure 15f depicts absorption curve of the

ultrathin-film solar cell for the transverse magnetic polarization with several

absorption peaks as compared to the transverse electric case.
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Fig. 15 Absorption spectra and field profile in ultrathin-film solar cell for transverse magnetic

mode (Saravanan et al. [26]. Elsevier: With permission)
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The surface plasmon polariton (SPP) can be observed between the dielectric and

metallic interface at wavelength 400 nm as shown in Fig. 15g. The nanostructured

gratings were noticed to be played a pivotal role for the plasmonic effect.

Figure 15h shows a strong field at the interface of metal and silicon with surface

plasmon polariton modes at wavelength 710 nm which is attributed to the effect of

complex refractive index interface between ITO and Al gratings. Further, Fig. 15i–j

plotted at wavelength 840 and 1000 nm, respectively, shows localized surface

plasmons (LSP) leading to an enhancement of light absorption within the active

semiconductor region. The magnetic field resonances appeared in shorter and

longer wavelengths indicate most excited (bright) states arising due to the coupling

of incident or scattered light at metal and silicon interface. The higher-order

diffraction mechanism is able to guide the excited photons amplitude oscillations

parallel to the resonance surfaces.

4.2 Light Absorption Through Various Solar Cell Structures

To compare the performance of the proposed solar cell structure, we have designed

various solar cell structures and hereafter named as solar cell C1, ARCþITO

GRAþBR; C2, ARCþAl GRAþBR; C3, ARCþDual GRA; and C4, ARCþDual

GRAþBR. The absorption spectra of various designed solar cells for TE and TM

polarizations are shown in Fig. 16. Referring to Fig. 16a an improvement in light

absorption can be observed for solar cells C2, C3, and C4. The solar cell C1

composed of ARC, top ITO grating (GRA), and Al back reflector (BR) shows

absorption peaks from 600–780 nm. Solar cells C2 and C3 show absorption peaks

Fig. 16 Absorption spectra for TE (a) and TM (b) polarizations of solar cells C1, C2, C3, and C4
(Saravanan et al. [26]. Elsevier: With permission)
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from 420–810 nm and 600–860 nm, respectively. The dual-grating-based solar cell

C4 reveals improved light absorption from wavelength 410–810 nm.
Referring to Fig. 16b several absorption peaks can be observed for various

designed solar cells. The solar cells C1, C2, and C3 yield absorption peaks at

640–970 nm, 460–990 nm, and 580–990 nm, respectively, in addition to longer

wavelength. However, dual-grating-based solar cell C4 reveals enhanced light

absorption with sharp and broad peaks in the wavelength range from

450–1020 nm. In case of TM polarization mode, remarkably enhanced light

absorption is observed, not only in shorter wavelength but also in longer wave-

length. The enhanced light absorption for TM polarization is associated to the metal

grating which could yield strong field localization at the interface of silicon metal.

4.3 Optimization of Grating Parameters

Further, we have optimized the design of solar cell C4 by varying top ITO and

bottom Al gratings, grating period, and the duty cycle which are plotted in Fig. 17.

An enhancement in short-circuit current density from 12.56 to 12.7 mA/cm2

(TE case) was observed with 35 nm ITO grating thickness as referring to a solid line

in Fig. 17a. A similar trend of improvement in short-circuit current density (dashed

line) with respect to Al grating thickness can also be observed, i.e., from 12.56 to

12.76 mA/cm2. In addition to the grating thickness, grating duty period and duty

cycle are the important parameters as these involves the diffraction of light waves

and, hence, responsible for the enhanced light absorption. The influence of grating

Fig. 17 Short-circuit current density in accordance to top ITO grating and bottom Al grating

thicknesses (a) and grating period with duty cycle (b) (Saravanan et al. [26]. Elsevier: With

permission)
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period and duty cycle on short-circuit current density is depicted in Fig. 17b. A

significant enhancement in short-circuit current, i.e., from 12.56 to 14.1 mA/cm2 is

observed (dashed line) with grating period 460 nm instead 600 nm (as the initial

value). Further, an increase in grating period could reduce short-circuit current due

to low diffraction angle. The grating duty cycle is defined as the ratio between the

rectangular grating tooth width and period of the grating which is plotted (solid line)

in Fig. 17b. The maximum obtained short-circuit current density is 12.56 mA/cm2 at

duty value 0.5, i.e., same result as initial and validates our simulation.

4.4 Performance Analysis After Optimization

The optimized values of grating parameters were replaced with initial values for the

further simulation, and the optimized design of solar cell was found to be well

performed. Figure 18 shows the absorption and short-circuit current density of

optimized solar cell for both TE and TM polarizations. As shown in Fig. 18a,

enhanced absorption in the whole wavelength range from 400 to 1200 nm can be

observed for both TE and TM waves.

Figure 18b shows short-circuit current density for TE and TM waves. The

maximum obtained short-circuit current density is 14.41 and 33.86 mA/cm2

corresponding to transverse electric and magnetic fields. The optimized ultrathin-

film silicon solar cell with 40 nm absorbing layer could produce cell efficiency as

much as ~ 10% (TE) and 22% (TM) as compared to un-optimized solar cell C4.

Chriki et al. have reported an enhanced photocurrent density up to 1.86 from

100 nm thick crystalline silicon solar cell based on dual-grating plasmonic

structure [17]. Shi et al. have achieved enhanced short-circuit current density up

Fig. 18 Absorption spectra (a) and short-circuit current density (b) of optimized ultrathin-film

solar cell (Saravanan et al. [26]. Elsevier: With permission)
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to 29.7 mA/cm2 in a 1-μm-thick silicon solar cell by using optimized gratings and

metal nanoparticles [24]. Liu al. have reported ~ 17% enhanced short-circuit

current density from 1-μm-thick silicon solar cell in comparison to reference solar

cell [25]. Guo et al. have reported enhanced optical absorption from 200 nm thick

crystalline silicon solar cell based on the dual grating with 38.71 mA/cm2 short-

circuit current density [27]. Xiao et al. have demonstrated a solar cell design by

using the front and backside metallic gratings and reported the enhanced photocur-

rent up to a factor 1.9 from a crystalline silicon solar cell of 200 nm thick [11]. As

compared to these investigations, our result shows the superior performance of

ultrathin-film solar cell with a relative enhancement in short-circuit density 14.7%
(TE) and 36.7% (TM).

5 Ultrathin-Film Silicon Solar Cells Using Metal
Nanoparticles Decorated Metal Nanograting

An improvement in light absorption has been reported with the use of metal

nanoparticles decorated on the planer metal and nanograting reflectors. Here, we

propose an ultrathin-film solar cell design using silver nanoparticles decorated on

aluminum nanograting which is shown in Fig. 19a. The silver nanoparticles of

diameter 20 nm were embedded within the 40-nm silicon absorber region, while

70 nm distance between the nanoparticles was maintained.

A silicon nitride (Si3N4) thin layer of 107 nm was used as an antireflection

coating (ARC). The aluminum (Al) surface layer was employed as a back reflector

with its thickness 103 nm onto which the metal grating (Al) with its height 30 nm

was preferred. This numerical study was carried out by using rigorous coupled-

wave analysis (RCWA) method which is employed for the periodic media.

Fig. 19 Schematic diagram of ultrathin-film silicon solar cell (a) and light absorption in absorber
region (b)
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5.1 Light Absorption and Field Analyses

Figure 19b shows the absorption of ultrathin-film silicon solar cell with the use

of silver nanoparticles decorated on aluminum grating as back reflector. As com-

parison to TE case, an enhanced light absorption can be noticed for the TM waves.

The use of silver (Ag) nanoparticles shows the increased light absorption in longer

wavelength (IR) region due the strong plasmonic effect.

Figure 20a–d depicts the electric field distribution for the TE mode at wave-

lengths 490, 607, 994, and 1176 nm. The combined effect of nanoparticles and

nanogratings shows the strong light scattering as can be seen Fabry-Perot resonance

within the absorber region at wavelength 490 and 607 nm referring to Fig. 20a, b.

Similarly, the occurrence of Fabry-Perot resonance is visible in Fig. 20c, d along

with the guided modes in-between the dielectric and metal interface.

Figure 20 depicts the magnetic field distribution at wavelengths 583, 670,

995, and 1176 nm. A strong field excitation between the semiconductor and metal

nanostructure (red color) can be observed at wavelength 583 nm as depicted in

Fig. 20e. However, the localized surface plasmon resonance (LSPR) near the

surface of silver (Ag) nanoparticles is observable Fig. 20f–h. As a result of this,

an enhanced field is built-up which makes significant contribution for the direct

generation of electrons, and this mechanism has been demanded in analytical

Fig. 20 Electric field distribution at wavelengths 490 nm (a), 607 nm (b), 994 nm (c), and 1176

(d) nm and magnetic field distribution at wavelengths 583 nm (e), 670 nm (f), 995 nm (g), and
1176 nm (h)
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sciences. Generally, the metal nanostructures have the capability to scatter maxi-

mum light with respect to the size and shape of the particles which affects the

surface plasmonic excitations as well. This design showed the enhanced optical

absorption due to the surface plasmons, guided modes, and the localized field. The

metal nanoparticles decorated back reflector showed the short-circuit current about

27 and 35 mA/cm2 for the TE and TM modes, respectively.

This chapter is limited to the modeling and simulation of thin-film solar cells;

however, such solar cell structures can be fabricated by using lift-off technique. The

epitaxial lift-off technique has been explored for the fabrication of cost-effective

solar cells due to easy separation of III/V device layers from the GaAs substrate

and, hence, enables substrate reuse [28, 29]. Using this technique, the first step is the

fabrication of a porous silicon layer on the silicon substrate by employing electro-

chemical etching method. By using an epitaxial technique, a crystalline silicon thin

film can be grown on the previous prepared porous silicon. Then diffraction

gratings can be fabricated on the epitaxially grown layer by sputtering/evaporation

with suitable dry/wet etching. During the process, the fabricated structure can

adhere to the desired substrate such as glass/stainless steel/plastic film, and further

prepared solar cell can be separated from the host silicon substrate either by

electrochemical etching or mechanical force [30, 31]. After detaching completely

from porous silicon layer and doing the desired level of doping through diffusion/

implantation technique, an antireflection coating can be deposited by using plasma-

enhanced chemical vapor deposition method, and at last electrical contacts

are made.

6 Conclusions

In this chapter, four design approaches of thin-film silicon solar cells using FDTD

and RCWA methods have been presented. In first design approach, improved solar

cell performance was observed with the use of three DBR pairs designed at 0.8 μm
center wavelength and 0.3 μm grating width. By optimizing grating period, we have

observed the two maxima points which are attributed to the first- and second-order

diffractions of the grating. Improved solar cell efficiency was observed for 5-, 10-,

and 20-μm cell thicknesses at grating period 0.6 μm. Grating thickness analysis

showed a significant variation in cell efficiency in thinner cells, whereas 0.5 duty

cycle was the optimal value. With optimized parameters, a significant enhancement

in absorption and quantum efficiency was noticed with maximum cell efficiency up

to 24% from 50-μm cell thickness. A relative enhancement in efficiency of 42.8%

was observed for 5-μm cell thickness as compared to a reference cell. Remarkably,

modified designing of bilayer grating embedded in active silicon region is com-

peted our previous design by giving 24% cell efficiency from the 30-μm thick solar

cell. Finally, efficient light-trapping structures with three bilayer grating were

designed and achieved enhanced performance as comparison to single-layer grat-

ing-based solar cells. In the second design approach of ultrathin silicon solar cell,
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strong absorption peaks centered at 600 and 800 nm (TE case), whereas 741 and

841 nm (TM case) were observed. Remarkably, the absorption peaks were found to

be shifted to infrared part and has become wider for magnetic transverse case. The

optimized solar cell of 40 nm active region could show the best performance

with extraordinary enhancement in cell efficiency (~15%) and current density

(~ 23 mA/cm2). In the third design approach of another ultrathin-film silicon solar

cell assisted by photonic and plasmonic modes, due to the effect of complex refractive

index interface between ITO and Al gratings, a strong magnetic field (at wavelength

710 nm) near the metal-silicon interface with surface plasmon polariton mode is

observed. Further, the localized surface plasmons leading to an enhanced light

absorption were observed at 840 and 1000 nm. The optimal performance of the

solar cell has been attributed to the localized surface plasmonmodes, surface plasmon

polariton, and optical resonances. For normal incident transverse magnetic polariza-

tion, the optimized ultrathin-film silicon solar cell could produce enhanced absorption

in a wide range of solar spectrum due to the strong plasmonic effect. Further,

the optimization of gratings period, and the duty cycle has improved the absorption

of light in the shorter as well as longer wavelength with the cell efficiency ~ 25%
for normal transverse magnetic polarization. In fourth design approach, silver

nanoparticles decorated on aluminum grating as a back reflector has been explored,

and the increased absorption was noticed assisted by the plasmonic modes. In sum-

mary, the presented design efforts would be helpful to realize the new generation of

thin-film solar cells with the fabrication challenges as well.
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Optical Anisotropy and Compositional Ratio
of Conductive Polymer PEDOT:PSS and Their
Effect on Photovoltaic Performance
of Crystalline Silicon/Organic Heterojunction
Solar Cells

Hajime Shirai, Qiming Liu, Tatsuya Ohki, Ryo Ishikawa, and Keiji Ueno

Abstract We demonstrate the optical anisotropy of a transparent conductive

polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)

and its effect on the photovoltaic performance of n-type crystalline silicon (n-Si)/

PEDOT:PSS heterojunction solar cells. The depth profile of PEDOT/PSS compo-

sitional ratio and optical anisotropy depends on the type of polar solvent and/or

external DC bias supplied to n-Si substrate during film deposition by spin coating

(SC) and chemical mist deposition (CMD). N-Si/PEDOT:PSS heterojunction solar

cells with higher PEDOT/PSS compositional ratio near the film surface exhibited

better power conversion efficiency η of 12.5% (@2 � 2 cm2) without any light

harvesting techniques. In this chapter, the correlation among the optical anisotropy,

the depth profile of PEDOT/PSS compositional ratio in conductive polymer

PEDOT:PSS, and the photovoltaic performance of n-Si/PEDOT:PSS

heterojunction solar cells is demonstrated.

1 Introduction

N-type crystalline silicon (n-Si) solar cells require a hole-conducting layer to form

the electron-hole separating junction; state-of-art junctions are realized by techno-

logically activated methods, such as high-temperature boron diffusion [1] or plasma

deposition of boron-doped hydrogenated amorphous silicon (a-Si:H) [2]. Today,

crystalline silicon (c-Si) heterojunction solar cells with intrinsic a-Si:H thin films

(HIT) have been also extensively studied for high performance devices with a

power conversion efficiency η of 22–23% [3, 4]. In 2014, a power conversion

efficiency η of 25.6% has been also demonstrated using back-contact and back-

junction concept [5]. The a-Si:H and transparent conductive oxide (TCO) layer, in
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general, are fabricated by plasma-enhanced chemical vapor deposition (PE-CVD)

and sputtering, respectively. Furthermore, a-Si:H causes parasitic light absorption,

which can be reduced by implementing the junction on the rear surface of the solar

cell [6].

Recently, the promising combination of inorganic and organic materials has led

to the emerging research field of hybrid optoelectronic devices. An alternate

approach is technologically much less demanding approach using an organic

p-type layer, such as poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)

(PEDOT:PSS) on the n-Si base [7–10]. PEDOT:PSS is a transparent hole-

conducting polymer, which has been extensively studied for organic thin-film

solar cells and electroluminescent devices [11–13]. Conductivities over

1500–2000 S/cm and work functions in the range between 4.8 and 5.2 eV can be

realized with this organic material. PEDOT:PSS can be easily deposited by spin,

spray, dip coating, and so on as low as 100 C. In addition, a single junction of n-Si/

PEDOT:PSS works as a photovoltaic device without using a p-n junction and

transparent conductive oxide (TCO) such as Indium tin oxide (ITO). They show a

η of 10–13% by adjusting polar solvent without using any light-harvesting technique

such as texturing and antireflection (AR) coating layer. More recently, a η of 20%

has been established in n-Si/PEDOT:PSS junction device combining with well-

established c-Si semiconductor technology [14]. Thus, we named this type of solar

cell as a c-Si heterojunction with organic thin-layer “HOT” solar cell. Recently,

several mechanisms of carrier transport in c-Si/PEDOT:PSS heterojunction have

been proposed [15, 16]. However, the effect of the optical anisotropy, the molecular

orientation, the depth profile of PEDOT/PSS compositional ratio, and the carrier

transport at the n-Si/PEDOT:PSS interface is still not understood.

In this chapter, we demonstrate the optical anisotropy of transparent conductive

polymer PEDOT:PSS, the depth profile of PEDOT/PSS compositional ratio, and its

effect on the photovoltaic performance of n-Si/PEDOT:PSS heterojunction solar

cells.

2 PEDOT:PSS

So far, PEDOT:PSS has been extensively studied as a hole-transporting layer and

hole-injection layer, which has been applied for organic thin-film solar cells and

electroluminescent devices. Figure 1a shows the molecular structure of PEDOT:

PSS, which consists of the hydrophobic conductive PEDOT polymer coordinated

with hydrophilic insulating PSS coil by ionic chemical bond. A schematic of the

c-Si/PEDOT:PSS heterojunction solar cell structure used in this study is also shown

in Fig. 1b. These films show a relatively high electrical conductivity of

1000–1500 S/cm by adding polar solvent such as methanol (MeOH) and ethylene

glycol (EG) solvent alone or MeOH/EG cosolvent [17–19]. Furthermore, several

reports also revealed that conductivity increased up to 2000~3000 S/cm by

posttreatment using sulfonic acid, which was almost identical to that of ITO.
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3 Optical Anisotropy of PEDOT:PSS

Optical point of view, PEDOT:PSS is optically anisotropic and of uniaxial charac-

ter with the optical axis normal to the film surface as shown in Fig. 2a. In Fig. 2b,

the complex index of refraction (N ¼ n þ ik) is shown determined from the

spectroscopic ellipsometry (SE) by L. A. Pettersson in 1997 [20, 21]. The uniaxial

optical anisotropy of PEDOT films reveals an entire different appearance for the

ordinary and extraordinary indices of refraction. Major difference is in infrared

region corresponding to free carrier absorption. The former show a metallic char-

acter and the dielectric character in the latter, although its degree depends on the
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Fig. 1 (a) Molecular structure of PEDOT:PSS, (b) device structure of n-S/PEDOT:PSS

heterojunction solar cells
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Fig. 2 (a) Optical anisotropy of PEDOT:PSS, (b) complex refractive index spectra (N ¼ n þ ik)
determined from the spectroscopic ellipsometry [20]
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preparation condition and solvent. Thus, PEDOT:PSS shows a metallic character in

the in-plane with a dielectric in the normal to the film surface. These features are

one of origins that a single PEDOT:PSS/c-Si junction works as a photovoltaic

device without p-n junction and TCO layer, although the resistivity of n-Si and

passivation quality also influence on the photovoltaic performance.

4 Fabrication of c-Si/PEDOT:PSS Heterojunction
Solar Cells

Commercialized PEDOT:PSS (Clevios™ PH1000) was used as a source material

with a 2.5 wt% PEDOT/PSS. One-side-polished N-type CZ c-Si(100) (n-Si) with a

resistivity of 3–5 Ω�cm and a thickness of 300 μm was used as a substrate. The c-Si

wafers were RCA cleaned using SC-1 and SC-2 treatments and then dipped in 5%

hydrofluoric (HF) acid to remove any native oxide. 5 wt% dimethyl sulfoxide

(DMSO) was added to filter (0.45 μm pore size) purified PEDOT:PSS to render it

conductive. In general, soluble PEDOT:PSS is not coated uniformly on hydropho-

bic c-Si. The usage of a 0.1% Zonly-treated soluble PEDOT:PSS composite

improved the adhesion of precursor solution on hydrophobic c-Si wafer without

any oxidation process [21]. The blend solution was made using MeOH and EG as a

cosolvent with different weight ratios. PEDOT:PSS films were formed by spin

coating (SC) and chemical mist deposition (CMD) on RCA-cleaned c-Si(100)

wafers at 1000 rpm for 60 s, followed by thermal annealing at 140�C for 30 min

to remove residual solvent. Finally, the top silver grid electrode was formed using

screen printing method Fig. 1b. The outer area of the silver electrode was covered

with an opaque mask to block the incident light. Electronic, structural, and mor-

phological characterizations of the PEDOT:PSS films were analyzed using SE,

atomic force microscopy (AFM: SII nanotechnology, SPA-300/SPI-3800), and

X-ray photoelectron spectroscopy (XPS: ULVAC-PH1). The solar cell perfor-

mance was characterized by current density-voltage (J-V) measurements in the

dark and under AM1.5G illumination, 100 mW/cm2 of simulated solar light

(Bunkoukeiki CEP-25BX). The optical properties of several PEDOT:PSS films

with different solvent treatment was determined from SE measurements at an

angle of incidence at θi ¼ 70�, in the energy region of 0.8–5.0 eV.

5 Optical Anisotropy of PEDOT:PSS by SC Using
MeOH/EG Cosolvent

Figure 3a shows measured n and extinction coefficient k spectra denoted by <n>
and <k> of ~100-nm-thick pristine, MeOH-modified, and MEOH/EG cosolvent-

modified PEDOT:PSS films on n-Si at a probe light incidence angle of θi ¼ 70�. No
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marked differences in the <n> and <k> spectra were observed, suggesting no

in-plane optical anisotropy. The <n> and <k> spectra were analyzed using a

Tauc-Lorentz (TL) oscillator and a Drude model taking the optical anisotropy into

consideration. The optical model used for the spectra analysis is shown in Fig. 3b,

which consists of a single layer with uniaxial optical anisotropy: kPEDOT:PSS
(ordinary, (no,k0)) and⊥PEDOT:PSS (extraordinary, (nex,kex)). The probable struc-
ture was determined by minimizing the mean squared error between the measured

and calculated values of the ellipsometric parameter χ2 using a linear regression

method:

χ2 ¼ 1

2N �M

XN

i¼1

tanΨ c
i � tanΨm

i

� �2 � cosΔ c
i � cosΔm

i

� �2h i
, ð1Þ

where the superscripts c andm represent calculated and measured values, and N and

M are the numbers of the measured and calculated wavelength, respectively. The

best fitted (n0, k0) and (nex, kex) spectra for the bulk component in pristine, MeOH-

modified, and cosolvent-modified PEDOT:PSS films are also shown in Fig. 3c, d,

respectively. The no and ko spectra showed metallic behavior, whereas dielectric

Fig. 3 (a) The <n> and <k> spectra of n-Si/PEDOT:PSS films: pristine, MeOH-modified, and

MeOH/EG-modified PEDOT:PSS films on n-Si at a θi of 70�. (b) Optical model used. (c) no and ko
spectral components and (d) nex and kex spectral components for the corresponding cosolvent-

modified PEDOT:PSS films
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characteristics were more dominant for the nex and kex spectra of all samples. The no
and ko spectra components showing metallic character were nearly independent of

the MeOH/EG concentration ratio. On the other hand, change in the nex and kex
spectra components was prominent. In particular, the ko spectra in the infrared

region of 0.8–1.0 eV corresponding to free carrier absorption were slightly changed

[22]. Figure 3c implies that the free carrier concentration N was almost same by

cosolvent addition. In contrast, nex was significantly increased by adding cosolvent,
with no significant changes in kex. The standard optical transmittance/reflectance

spectra of PEDOT:PSS films were nearly independent of EG concentration.

The XRD peak feature around 2θ ¼ 26
�
assigned to (020) plane of an ortho-

rhombic unit cell of PEDOT [23] enhanced, and the film crystallization promoted

for MeOH-modified and MeOH/EG cosolvent-modified PEDOT:PSS rather than

that of pristine PEDOT:PSS despite of thinner film thickness (Fig. 4a). Figure 4b

shows the XPS spectra of S (2p) core energy region of PEDOT:PSS fabricated with

and without using cosolvent addition. Here, high-energy peak appeared at 169 eV is

due to S atom in PSS, and low-energy peak appeared at 164 eV is PSS. The spectra

are shown referred to the high-energy peak at 169 eV in PSS. The spectra revealed

that compositional ratio PEDOT/PSS was higher near the surface region in

cosolvent-modified films. It is reported that polar organic solvent with high dielec-

tric constant can suppress the electrostatic interaction between PEDOT and PSS by

screening effect and promote the interaction among PEDOT molecules to form the

crystalline structure [24]. These findings imply that the cosolvent addition enhances

the phase separation of PEDOT-PSS polymer chains and improves the crystallinity

of PEDOT molecules; thus, promoted densification of the PEDOT:PSS network

may be achieved which can affect the optical anisotropy of corresponding PEDOT:

PSS thin films.

In Fig. 4c, the conductivity measured by σ ¼ 1/Rshd, in which the sheet

resistance Rsh was determined by four-point probe measurement and film thickness

d was observed from SEM characteristic, is summarized for pristine, MeOH-

modified, and MeOH/EG cosolvent-modified PEDOT:PSS films of three different

samples. The conductivity increased slightly for solvent-modified PEDOT:PSS,

whereas single EG addition was not sufficient. Wang et al. reported that the

electrical conductivity of PEDOT:PSS films was increased by EG mixing and

reached a maximum at an EG concentration of 10–15 wt% [25]. Thus, there exists

an appropriate MeOH:EG concentration ratio that minimizes the sheet resistance.

The carrier transport parameters, i.e., the free carrier concentration N and carrier

mobility μ, were determined from plasma frequency ωp(¼Ne2/ε0m
*)0.5 and μ ¼ e/m

*Γd relations, where Γd is a damping factor determined by the dielectric constant

ε(E) ¼ ε1-[Ad/(E
2 + Γd

2)]. Here, μ represents the average hole mobility within

an average-sized grain [26, 27]. Thus, μ proportional to 1/Γd does not include

the influence of scattering at the grain boundary. ε1 and Ad are the dielectric

constant ε in the high-frequency region and a constant, respectively. Here, an

effective mass m* of 0.82m0 was used, where m0 is the free electron mass [28].

ωp, N, and μ were 1.41 eV, 1.18 � 1021 cm�3, and 1.23 cm2/Vs for the pristine

film; 1.38 eV, 1.13� 1021 cm�3, and 2.14 cm2/Vs for the MeOHmodified film; and
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1.44 eV, 1.23 � 1021 cm�3, and 3.92 cm2/Vs for the MeOH/EG cosolvent film,

respectively. These μ values determined from the SE spectra agreed well with those

based on conductivity (σ ¼ Neμ) using the results shown in Fig. 4c. Therefore, the

SE analysis supports the optical constant as well as the carrier transport parameter.

Figure 5a, b shows J-V characteristics observed in the dark and under AM1.5G

illumination of 100 mW/cm2 simulated solar light, as well as external quantum

efficiency (EQE) spectra from c-Si heterojunction solar cells based on pristine,

MeOH-modified, and MeOH/EG cosolvent-modified PEDOT:PSS. The photovol-

taic parameters, i.e., open-circuit voltage Voc, short-circuit current density Jsc, fill
factor FF, and η are summarized in Table 1 for devices treated with MeOH/EG

cosolvents containing different amounts of EG (by wt%). The dark current density

Jd was significantly suppressed by MeOH mixing Fig. 5a. Therefore, the reduction
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in the forward and reverse dark currents originated from the MeOH solvent.

Furthermore, the reduction of dark current is a clear evidence of the suppression

of electron recombination. These results imply that the n-Si/PEDOT:PSS interface

property can be improved by using MeOH as a solvent without creating additional

defects.

The devices with a pristine PEDOT:PSS layer exhibited an average η of 6.38%,

whereas an MeOH/EG-modified device demonstrated an improved η of 11.23%

with a Jsc of 28.79 mA/cm2, a Voc of 0.548 V, and an FF of 0.711 Fig. 5b.

Obviously, the improvements in device performance can be attributed to the use

Fig. 5 J-V curves for n-Si/PEDOT:PSS heterojunction solar cells with pristine, MeOH-modified,

and cosolvent-modified buffer layers (a) in the dark and (b) under simulated AM1.5G illumination
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of the MeOH/EG cosolvent. As a result, the photovoltaic performance of n-Si/

PEDOT:PSS heterojunction solar cells was improved for the PEDOT:PSS layer

showing higher electrical conductivity Fig. 4c.

On the other hand, the conductivity showed a maximum at a weight ratio of

(PEDOT:PSS):(MeOH):(EG) of 1:1:0.1. The n-Si heterojunction with cosolvent-

modified PEDOT:PSS that demonstrated the maximum conductivity exhibited a

relatively high power conversion efficiency of 11.23%. These findings suggest that

the increased extraordinary index of refraction contributes to the enhanced hole

mobility of PEDOT:PSS, resulting in improved photovoltaic performance.

6 Depth Profile of PEDOT/PSS Compositional
Ratio of Spin-Coated PEDOT:PSS by Substrate
DC Bias Supply

The optical anisotropy and the depth profile of the PEDOT/PSS compositional ratio

could be also controlled by external DC bias Vs supplied to c-Si substrate during the

film growth using SC and chemical mist deposition (CMD) methods [29].

Figure 6 shows the depth profile of PEDOT/PSS compositional ratio determined

from the XPS S (2p) core level spectra for negative and positive DC-biased PEOT:

PSS films fabricated at different Vss. Here, the DC bias was supplied to n-Si

substrate between �5 kV and þ10 kV referred to mesh ground electrode. The

depth profile of compositional ratio of conductive PEDOT to insulating PSS was

almost constant. On the other hand, the compositional ratio was higher near the film

surface for negative DC-biased film compared to that of the SC film without Vs,

whereas it was lower for positively DC-biased films. Thus, the depth profile of

compositional ratio PEDOT/PSS could be controlled by adjusting Vs and its

polarity during SC.

Figure 7a, b shows the J-V characteristics in the dark and under illumination of

AM1.5G 100 mW/cm2 simulated solar light for corresponding SC n-Si/PEDOT:

PSS hybrid devices synthesized at three different Vs supplies. The photovoltaic

parameters, i.e., Voc, Jsc, FF, and η are summarized for the corresponding devices in

Table 1 Performance parameters (Jsc, Voc, FF, η, Rs, and Rsh) for n-Si/PEDOT:PSS

heterojunction solar cells with different MeOH and EG concentrations. The concentration is

shown as the wt% ratio of (PEDOT:PSS):(MeOH):(EG)

Conc. Jsc(mA/cm2) Voc(V) F.F. η (%) Rs (Ω cm2) Rsh (kΩ cm2)

1:0:0 19.85 0.525 0.612 6.38 0.72 13.0

1:1:0 29.02 0.527 0.669 10.23 0.77 16.7

1:1:0.1 28.79 0.548 0.711 11.23 0.64 56.3

1:0:0.1 4.71 0.355 0.453 0.76 7.06 3.9

1:1:0.3 13.88 0.459 0.612 4.20 1.12 10.2

1:1:0.5 3.45 0.480 0.644 1.07 1.38 10.6
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Table 2. It is seen that dark current density Jd in the reverse bias region is

suppressed to be lower for the positive DC bias supplied device (Fig. 7a). The

calculated series resistance Rs showed a minimum of 0.75 Ω�cm2 with a highest

shunt resistance Rsh of 1.2 � 104 Ω�cm2 for the þ8 kV supplied SC PEDOT:PSS

diode. The reduction in the dark current is a clear evidence for reduced electron

current and the suppression of electron recombination. These imply that the junc-

tion property is improved by the þ8 kV supply during SC without creating

additional defects at the junction interface compared to those of pristine and

�8 kV devices. The RMS value was 1.53 nm in 10 � 10 μm2 area at a Vs of

þ8 kV, whereas it increased to 3.04 nm at a Vs of �8 kV, suggesting that the film

densification promoted by supplying positive DC bias.

Better photovoltaic performance was also obtained at positive Vs supply to n-Si

substrate rather than those of pristine and negatively biased devices (Fig. 7b). Thus,

there exists the correlation between the depth profile of PEDOT/PSS compositional

ratio and the photovoltaic performance. As a consequence, PEDOT:PSS films with

higher PEDOT/PSS compositional ratio near the film surface exhibited higher

photovoltaic performance. These findings are explained as follows. It is well

known that PSS is one of good passivation layers of c-Si, which exhibit a minority

carrier lifetime of 3–5 ms, which is almost same order of a-Si:H. On the other hand,

XPS revealed that the composition ratio of PSS/PEDOT was higher near the film

surface for SC film. Thus, the positive DC bias supply Vs in the formation of SC

PEDOT:PSS promoted the preferential sticking of PSS at the n-Si surface, which
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contributed to better passivation quality of n-Si. Thus, conductive PEDOT:PSS acts

as passivation layer as well as hole conductive layer.

7 Chemical Mist Deposition (CMD) of PEDOT:PSS
with Negatively Charged Mist Precursor

For further increase of the photovoltaic performance, efficient light management

using antireflection (AR) layer and/or textured Si substrate by solution process is

required to suppress the optical loss. However, the SC PEDOT:PSS on textured n-Si

substrate results in inhomogeneous film deposition. To this aim, several attempts

have been made for the uniform deposition of PEDOT:PSS on textured n-Si

substrate using several deposition techniques such as electrospray deposition

(ESD) [30–33] and chemical mist deposition (CMD) [34–41]. Among the several

deposition techniques, the gas phase deposition is a possible candidate for the

uniform deposition of organic on textured Si substrate. We attempted the uniform

deposition of PEDOT:PSS on textured c-Si(100) substrate using the CMD with

negatively charged mist precursor for efficient PEDOT:PSS/n-Si heterojunction

solar cells.

A schematic of the experimental setup for the CMD is shown in Fig. 8a. It

consists of ultrasonic atomizer, transportation tube (glass tube), and substrate stage.

The atomization frequency f used was 2.4 or 3 MHz, which produces mist precur-

sor, whereby transportation tube with an inner tube diameter of 10 mm passes the

mist to the substrate stage using N2 as a carrier gas at ambient. Aqueous solution of

5 wt% dimethyl sulfoxide (DMSO) added conductive PEDOT:PSS solution with DI

water (ε ¼ 78, Tb ¼ 100�C), and ethylene glycol (EG) (ε ¼ 38.6, Tb ¼ 226�C)
(10 wt%) mixture was sealed in the reactor on an ultrasonic vibrator. A mist of

PEDOT:PSS transported through the glass tube using nitrogen (200–600 sccm) as a

carrier gas and passed through the mesh electrode which was placed 2 cm away

from the textured c-Si substrate.

Figure 9 shows the Mie scattering image of PEDOT:PSS mist using DI water/EG

(10%) cosolvent at different N2 gas flow, substrate temperature Ts, and Vs condi-

tions. The increase of N2 flow promoted the traveling of mist to n-Si substrate up to

400 sccm. Further increases of N2 flow, however, suppressed the sticking of mist

precursor at the substrate because of its reflection. The mist flux impinging to n-Si

Table 2 Performance parameters (Jsc, Voc, and η) for n-Si/PEDOT:PSS heterojunction solar cell

devices with three different Vs values of 0, þ8, and �8 kV. RMS value for corresponding films is

also shown

Vs Jsc (mA/cm2) Voc (V) η (%) RMS (nm)

Without bias 23.97 0.474 6.75 2.19

� 8 kV 22.55 0.482 5.84 3.04

þ 8 kV 25.98 0.478 8.84 1.53
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Fig. 8 (a) Schematic of chemical mist deposition (CMD) apparatus, (b) device structure of

PEDOT:PSS/textured n-Si heterojunction solar cells [29]

Fig. 9 Mie scattering images of PEDOT:PSS mist with cosolvent DI water and 10 wt% EG at

different N2 flow, Ts, and Vs conditions [29]
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substrate was also suppressed with increasing Ts because of thermal floating. In

fact, no film deposition occurred at a Ts above 50
�C. In addition, the average size of

mist particle decreased, and mist flux and speed increased significantly, when Vs

was impressed at positive to c-Si substrate. Whereas no film deposition occurred at

Vs impressed at negative. These findings imply that the negatively charged mist

mainly contribute to the film deposition.

Figure 10 shows the cross-sectional SEM image and corresponding energy

dispersive spectroscopy (EDS) mapping image of C, Si, O, and S elements for SC

and CMD PEDOT:PSS films on textured c-Si substrate. In the SC films, products

aggregated preferentially at the valley region of each pyramidal structure. They

were preferentially peeled off after thermal annealing at 140�C for 30 min, which

was due to weak adhesion of PEDOT:PSS on c-Si. Inhomogeneous coating of

PEDOT:PSS was also observed at the side wall of pyramidal structure, i.e., Si

(111) surface. On the other hand, in the CMD, the uniform and homogeneous

deposition of PEDOT:PSS was observed up to a ~100-nm thickness rather than

the SC films. A scratch test using Kempton tape also showed a better adhesion of

CMD films on flat and textured c-Si substrates rather than those of SC. These results

imply that the adhesion of PEDOT:PSS on n-Si enhanced using negatively charged

mist precursor.

Figure 11a shows the time evolution of the <n> and <k> spectra collected

during deposition of a PEDOT:PSS film on a flat c-Si wafer. Deposition was carried

out for a total of 60 s with a Vs of 3 kV and a Ts of 40 C. At t¼ 0 s, the spectra are for

Fig. 10 SEM image and EDS map, C, Si, O, and S elements of SC and CMD PEDOT:PSS films

deposited on textured n-Si substrate. The thickness of PEDOT:PSS was ~100 nm [29]
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the c-Si substrate and exhibit fine structures at 3.3 and 4.2 eV, attributed to E1 and

E2 optical interband transitions, respectively. These fine structures became weaker

as the deposition time increases. In the UV region, the magnitude of<n> and <k>
at the UV energy regions decrease more rapidly with increasing deposition time,

because they are more sensitive to film surface roughness rather than the bulk. The

<n> and <k> spectra were analyzed using a TL models with and without the

presence of anisotropy.

Figure 11b shows the deposition time dependence of the film thickness d and the
volume fraction of void fvoid determined by fitting the spectra in Fig. 11a using Vs

values, 0, 2, and 3 kV. The upper graph shows the χ2 values obtained using the

isotropic and anisotropic TL models with Vs ¼ 3 kV. During the first 10–15 s,

corresponding to a film thickness of about 5 nm, similar χ2 values of about unity
were obtained using both models. However, for thicker films, large differences

were found between the results obtained using the two models. From lower graph,

d is seen to increase roughly linearly with deposition time. As Vs is varied from 0 to
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3 kV, the deposition rate vd changes from 0.19 to 0.29 nm/s, when Vs was varied

from 0 to 3 kV. The fvoid values are initially large but decreased to zero following

30–40 s of deposition, corresponding to a film thickness of 5–10 nm.

The fits to the experimental data using linear and exponential functions were

carried out to understand the initial growth stage at different Vs conditions.

Attempts have been made to correlate distortion and stress relaxation in polymer

of the two [43, 44]. As seen in Fig. 11b, the best fits were obtained when the time

evolution of the void fraction was expressed using the exponential function,

f void / exp �t=τÞð , where t is the deposition time, and τ represents the time constant

for the introduction of bulk anisotropy. In the initial stages of film growth, the

PEDOT:PSS chains have random orientations due to island growth and the pres-

ence of substrate roughness. The results obtained by the exponential fits in Fig. 11b

are summarized in table in Fig. 11b. The threshold thickness dt, which is the critical
thickness for the introduction of anisotropy and is equal to vd�τ, was 4.68–5.39 nm,

depending on Vs. Therefore, bulk anisotropy appears for film thicknesses above

~5 nm. Based on the results of X-ray scattering, the most likely structure of

PEDOT:PSS has been reported to be PEDOT crystallites with average dimensions

of about 5 nm surrounded by PSS [24]. This is similar to the value of the critical

thickness determination in the present study.

To further clarify the introduction of optical anisotropy, films with thicknesses

of 2–16 nm were subjected to variable angle spectroscopic ellipsometry between

1.5 and 5 eV using the TL model taking optical anisotropy into consideration [42].

Figure 12 shows the bulk (no, ko) and (ne, ke) spectra for a 5-nm-thick film. Upper

figure shows the χ2 values calculated using isotropic and anisotropic models at

different angles of incidence θis. The χ2 values were almost the same for isotropic

and anisotropic models at a θi value of 70�, but their differences were prominent

with decreasing θi. Lower χ2 values were obtained for anisotropic model, although

both (no, ko) and (ne, ke) spectra were almost unchanged for θi values of 55–65�, but
they changed at a θi>70�, suggesting less degree of anisotropy, i.e., randomly

oriented polymer network and/or island growth.

Figure 13a, b shows the bulk (no, ko) and (ne, ke) spectra for 9- and 16-nm-thick

films, respectively. χ2 values calculated using isotropic and anisotropic models at

different θi values are summarized for corresponding films on the top, showing a

significant difference with decreasing θi. The χ2 values were almost the same for

isotropic and anisotropic models at a θi value of 70�, but their differences were

more prominent with decreasing θi. The no and ko spectra were almost independent

of θi for 9- and 16-nm thicknesses, whereas ne and ke values increased with

increasing θi. Here, only the no and ko spectra at a θi of 70� are illustrated for 9-

and 16-nm-thick films. The ne and ke values clearly increase with θi. In contrast, no
and ko values are almost independent of θi, so only the spectra at θi ¼ 70� are

shown. The χ2 value calculated using the isotropic and anisotropic optical models

for different angels of incidence θi are shown in Fig. 6b, and it can be seen that

whereas the two models give similar values for θi ¼ 70�, the difference between

them becomes significant with decreasing θi, with the anisotropic model giving

lower values. Thus, these results revealed that optical anisotropy is introduced
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when the PEDOT:PSS polymer units become aligned in the film plane, which

begins to occur for a film thickness of about 5 nm.

Figure 14 shows the best fits to the (no, ko) and (ne, ke) spectra of 30-nm-thick

films. For all Vs values, the no and ko spectra indicate metal-like behavior and

are almost independent of Vs except low-energy region where free carrier absorp-

tion occurs. This is particularly the case for the ko spectra. On the other hand,

dielectric-like behavior is indicated by the ne and ke spectra. In contrast to ke, ne is
seen to increase significantly with Vs. Thus, films fabricated at higher Vs are more

anisotropic, which implies that the degree of anisotropy can be controlled by

adjusting Vs. In fact, in the X-ray diffraction (XRD) patterns for the samples, the

intensity of a peak is at around 2θ ¼ 26�, which was associated with the (020)

planes in the orthorhombic unit cell of PEDOT [26]. XPS also indicated that the

depth profile of PEDOT-PSS depended on Vs, and the PEDOT/PSS concentration

ratio was higher near the surface at a higher Vs of 3 kV, which was identical to that

of Fig. 4.
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Figure 15a shows the J-V curves for the CMD and SC PEDOT:PSS (100 nm

thickness)/n-Si solar cells fabricated on flat c-Si(100) substrate under exposure of

AM1.5G, 100 mW/cm2 simulated solar light. The CMD device was fabricated at a

Vs of þ5 kV supply and a Ts of 40 C. A η of 10.4% was obtained for both SC and
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CMD devices on flat n-Si substrate with a Jsc of 27.3–27.8 mA/cm2, a Voc of

0.52–0.53 V, and a FF of 0.71–0.73 by adjusting the deposition parameters. In

Fig. 16b, the J-V curves for the CMD PEDOT:PSS/randomly textured n-Si/

PEDOT:PSS heterojunction solar cells are shown at two different Vs values of

5 and 10 kV. The SEM images of randomly and isotropic textured n-Si are also

shown on the top. The photovoltaic parameters are summarized in Table 3. A η of
11.0% was obtained with a Jsc of 36.5 mA/cm2, a Voc of 0.47 V, and a FF of 0.63 for

a Vs of 5 kV. A η also increased to 11.6% with a Jsc of 36.1 mA/cm2, a Voc of 0.49 V,

and a FF of 0.66, when a Vs increased from 5 to 10 kV. In addition, Voc increased to

0.52 V without decreasing Jsc for the isotropic etched textured c-Si device. The

increased Voc and FF for the higher Vs supplied device originate from the

increased adhesion of PEDOT:PSS on c-Si. Furthermore, a η increased up to

12.5% (2 � 2 cm2) with a Jsc of 35.6 mA/cm2, a Voc of 0.53 V, and a FF of 0.67

with an antireflection (AR) coating layer of 20-nm-thick CMD molybdenum oxide

MoOx (n ¼ 2.1) using negatively charged mist of a 0.1 wt% 12 Molybdo

Fig. 15 (a) J-V curve of the SC and CMD PEDOT:PSS/n-Si device formed on flat Si(100)

substrate using DI water/EG cosolvent at a Ts of 40 C under exposure of AM1.5G, 100 mW/cm2

simulated solar light. (b) J-V curve of the CMD PEDOT:PSS/n-Si devices with two different Vs

values of 5 and 10 kV on random textured n-Si (shown on top). The J-V curve of the CMD device

at a Vs of 10 kV on isotropic-textured c-Si with an AR coating layer of a 20-nm-thick MoOx is also

included. The random and isotropic textured c-Si substrates are shown on the top
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(VI) phosphoric acid n-Hydrate H3(PMo12O40)�nH2O in methanol. These findings

imply that the CMD with negatively charged mist has a great potential for the

uniform deposition of PEDOT:PSS/MoOx heterostructure on textured n-Si.

Figure 16 shows the 2-dimensional map (2 � 2 cm2) of solar cell parameters:

current density J at 0.46 V, Voc, FF, and η for SC and CMD 100-nm-thick

PEDOT:PSS devices formed on textured c-Si substrate. Apparently, the 2D map

of all solar cell parameters, J at 0.46 V, Voc, FF, and η showed better uniformity in

the CMD device compared to those in SC. In particular, the PV performance was

extremely poor around edge region rather than the central region in the SC device

due to the inhomogeneous film thickness by the SC. In addition, scratch test of

CMD films showed increased adhesion compared to the SC. Thus, the increased

photovoltaic performance originate from the increased homogeneity and adhesion

of PEDOT:PSS on textured c-Si substrate by the CMD using negatively charged

mist precursor.

Fig. 16 2-dimensional map (2� 2 cm2) of solar cell parameters: photocurrent density J at 0.46 V,
Voc, FF, and η for SC and þ5 kV supplied CMD PEDOT:PSS on random textured n-Si solar cells.

The relative peak heights of the J, Voc, FF, and η are shown as a legend next to J map in the SC.

Table 3 Photovoltaic performance of CMD n-Si/PEDOT:PSS heterojunction solar cell devices

on flat and textured c-Si substrates

Jsc (mA/cm2) Voc (V) FF η (%)

Flat-Si (CMD) 27.3 0.52 0.73 10.4

Flat-Si (SC) 27.8 0.53 0.71 10.4

Randomly textured-Si (Vs: 5 kV) 36.5 0.47 0.63 11.0

Randomly textured-Si (Vs: 10 kV) 36.1 0.49 0.66 11.6

Isotropic textured-Si (Vs: 10 kV) 35.6 0.53 0.67 12.5
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For further increasing η, in particular, to increase Voc, the back surface field

(BSF) or back-contact and back-junction-type device structure using thinner-thick

Si wafer is a possible candidate. Improved stability for air storage and light soaking

in the c-Si/PEDOT:PSS heterojunction solar cell device is also required for high

reliability. To these problems, several approaches have been attempted and under

progress.

8 Concluding Remarks

We demonstrated the effect of optical anisotropy and the depth profile of PEDOT/

PSS compositional ratio of conductive polymer PEDOTPSS on the photovoltaic

performance of n-Si/PEDOT:PSS heterojunction solar cells. The optical anisotropy

and the depth profile of PEDOT/PSS compositional ratio can be controlled using

MeOH/EG cosolvent and external DC bias impressed to c-Si substrate during the

film growth using SC and CMD. The higher compositional ratio of PEDOT/PSS

near the film surface exhibited better photovoltaic performance of c-Si/PEDOT:

PSS heterojunction solar cells. The MeOH/EG cosolvent and positive Vs supply

during the film growth provide the densification of PEDOT:PSS network with

increased μ. Real-time monitoring of optical anisotropy during chemical mist

deposition (CMD) of PEDOT:PSS using negatively charged mist precursor was

carried out using spectroscopic ellipsometry. The substrate bias voltage Vs was

found to increase the film deposition rate and densify the PEDOT:PSS polymer

network. Bulk uniaxial anisotropy began to appear for film thicknesses above 5 nm,

which corresponds to the PEDOT/PSS composition ratio also depended on Vs, and

the ratio was higher values of Vs. The corresponding c-Si/PEDOT:PSS

heterojunction solar cell exhibited a relatively efficient η of 12.5%, with a Jsc of
28.79 mA/cm2, a Voc of 0.548 V, and an FF of 0.71. Furthermore, a η increased to

12.5% with a Jsc of 35.6 mA/cm2, a Voc of 0.53 V, and a FF of 0.67 using AR

coating layer of CMD MoOx on isotropic textured c-Si substrate.
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Flexible, Stretchable, and Biodegradable
Thin-Film Silicon Photovoltaics

Xing Sheng, Shuodao Wang, and Lan Yin

Abstract This chapter provides an overview of recent progress in the study of thin-

film Si photovoltaic (PV) technologies, specifically devices in flexible, stretchable,

and/or degradable formats for biomedical applications. First, various approaches

for synthesis, fabrication, and assembly of different types of thin-film Si PV cells,

ranging from amorphous Si, microcrystalline Si to single-crystalline Si cells, are

reviewed. Performances of various cells are also discussed. Materials selection and

mechanical considerations are presented, both analytically and numerically, for

achieving design flexible and stretchable Si PV cells for lightweight, wearable,

and/or implantable light detection and energy harvesting systems. Finally, strate-

gies to form thin-film Si PV cells in a water-soluble and biodegradable “transient”

format for bio-integration are discussed. Because of these novel characteristics,

thin-film Si PV cells offer a promising solution for energy supply in emerging

biomedical applications.

1 Introduction

Silicon (Si)-based solar cells have dominated most of the photovoltaic (PV) market,

because of the abundance of Si and the mature technology associated with Si-based

semiconductor devices. Si solar cells have achieved wide applications for terrestrial

solar energy harvesting, from rooftop mounted solar panels to large utility-scale
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solar farms. Compared to their bulk wafer counterparts, thin-film Si cells with

thicknesses from tens of micrometers to a few hundred nanometers not only reduce

the cell cost by using less material but also offer various attractive features

associated with the thin-film device geometry. Advanced materials processes,

mechanical design tools, and micro-/nanoelectronic fabrication methods enable us

to build thin-film Si PV devices and systems in flexible, stretchable, and/or biode-

gradable formats. Because of their light weight and compatibility with soft, curvi-

linear, and/or even wet systems (especially, biological systems), such thin-film Si

PV cells provide promising solutions to light detection and power generation for a

variety of applications including wearable or implantable biomedical electronic and

photonic systems.

2 Strategies of Forming Thin-Film Si PV Cells

In contrast to thick Si wafer-based solar cells that are produced by cutting and

sawing process, thin-film Si cell fabrication requires advanced microelectronic

processing methods. In addition, those methods should also be compatible with

substrate materials that enable flexible and/or stretchable functionalities. In this

section, synthesis and fabrication methods for making thin-film Si solar cells,

including amorphous Si (a-Si), microcrystalline Si (μc-Si), as well as single-

crystalline Si (c-Si), are summarized. The cell performance is also discussed and

compared.

2.1 Amorphous and Microcrystalline Si PV Cells

Vacuum-based deposition methods allow us to produce a-Si- and μc-Si-based thin-

film single-junction and multi-junction solar cells on various substrates, as illus-

trated in Fig. 1a. These thin films are usually formed by plasma-enhanced chemical

vapor deposition (PECVD) (Fig. 1b) [1]. Gases combining silane (SiH4) and

hydrogen (H2) are introduced into a vacuum reactor chamber. Gas discharge plasma

is initiated by using a voltage bias. Positively charged ions (e.g., SiH3
+ and H+)

bombard the substrate and create hydrogenerated amorphous silicon (a-Si:H) that is

deposited onto the substrate. In this process, the incorporation of hydrogen is

crucial since hydrogen passivates dangling bond defects in a-Si by forming Si-H

bonds, greatly reducing the defect density. Doping of a-Si:H can be accomplished

by introducing gases like phosphine (PH3) and diborane (B2H6) to form n-type and

p-type a-Si:H layers, respectively. Therefore, by alternating the dopants, a vertical

p-i-n junction can be created as the active device layer. One of the key advantages

of using a-Si:H stems from its high optical absorption coefficients in the visible

spectral range (104–105 cm�1). Therefore, an a-Si:H p-i-n junction with a thickness

of a few hundreds of nanometers is sufficient to absorb most of the solar energy
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above the optical bandgap of a-Si:H (~1.6 eV). Contact electrodes are fabricated by

depositing transparent conductive oxides (TCOs) such as indium tin oxide (ITO),

aluminum-doped zinc oxide (AZO), or fluorine-doped tin oxide (FTO). In the

PECVD process, the induced plasma enables the film deposition at relatively low

temperatures (200–400 �C), which makes the process compatible with various

flexible substrates such as metal (stainless steel, aluminum, etc.) and plastic films.

Single-junction a-Si solar cells with a bandgap of about 1.6 eV covers the

spectral range from about 300 nm to 800 nm (Fig. 1e). In order to utilize photons

with lower energies and achieve higher cell efficiencies, multi-junction cell archi-

tectures can be realized by modifying the PECVD process and incorporate other

semiconductor junctions. Microcrystalline (μc-Si) solar cells with a bandgap of

~1.1 eV can be formed by varying the PECVD process conditions (plasma fre-

quency, chamber pressure, gas flow rate, etc.), which allow the fabrication of a-Si/μ
c-Si double-junction “micromorph” cells (Fig. 1a). Figure 1c shows a characteristic

cross-sectional scanning electron microscopic (SEM) image of an a-Si/μc-Si
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Fig. 1 (a) Schematic illustration of thin-film a-Si, a-Si/μc-Si, and a-Si/a-SiGe/μc-Si solar cell
structures. (b) PECVD process for forming thin-film a-Si. (c) SEM image of an a-Si/μc-Si cell
[2]. (d) Current density–voltage curves for a-Si, a-Si/μc-Si, and a-Si/a-SiGe/μc-Si cells with

world-record efficiencies under the AM1.5g spectrum [4–6]. (e) External quantum efficiency

(EQE) spectra for a-Si, a-Si/μc-Si, and a-Si/a-SiGe/μc-Si cells with world-record efficiencies [4–

6] (Reproduced with permission. Copyright 1999 Springer. Copyright 2013 Wiley-VCH. Copy-

right 2013 Elsevier)
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double-junction cell [2]. In addition, germanium (Ge) can be introduced by adding

germane (GeH4) into the gas flow. The formed a-SiGe alloy has a tunable bandgap

from 1.6 eV to 0.8 eV by varying the germanium concentration [3]. Therefore,

triple-junction a-Si/a-SiGe/μc-Si (1.6 eV / 1.4 eV / 1.1 eV) cells can be fabricated,

which cover a wider spectral range from 300 nm to 1100 nm. By adjusting the cell

structures (layer thicknesses, surface textures, intermediate layers, etc.), cell per-

formance can be optimized. Figure 1d plots the current–voltage characteristics for

the world record a-Si, a-Si/μc-Si, and a-Si/a-SiGe/μc-Si cells under the standard

AM1.5 g spectrum [4–6]. By far, maximum 1-sun efficiencies for these a-Si, a-Si/μ
c-Si, and a-Si/a-SiGe/μc-Si cells are 10.2%, 12.7%, and 13.6%, respectively

[7]. Typical spectral responses (external quantum efficiency, EQE) for these a-Si,

a-Si/μc-Si, and a-Si/a-SiGe/μc-Si cells are plotted in Fig. 1e [4–6].

2.2 Single-Crystalline Si PV Cells

As discussed above, thin-film a-Si-based single- and multi-junction solar cell

technologies have been explored for decades and gained great success in various

commercial productions, from portable consumer devices to large scale on-grid and

off-grid power plant systems [1, 8]. Despite these accomplishments, a-Si- and μc-
Si-based thin-film cells still have efficiencies inferior to their single-crystalline

(c-Si) counterparts, mostly because of the high defect densities associated with

the dangling bonds and grain boundaries. In addition, a-Si-based cells exhibit

degradation (Staebler-Wronski effect) due to light-induced metastable defects

[1]. Therefore, it is desirable to explore thin-film Si cells in a c-Si format to obtain

low-cost, mechanically flexible, and highly efficient modules at the same time.

However, it is challenging to fabricate thin-film c-Si devices with a thickness less

than 50 μm based on conventional wafer sawing and dicing techniques. In this part,

an overview of some very recent progress on the fabrication of thin-film c-Si solar

cells using unconventional “kerf-less” methods is provided. These methods enable

the isolation of thin-film Si membranes or devices (from tens of nanometers to tens

of micrometers thick) from thick Si wafers and all the Si membranes to be

integrated with flexible supporting substrates for further uses.

One way to obtain free-standing thin-film Si devices is to start with silicon-on-

isolator (SOI) wafer substrates. As illustrated in Fig. 2a, the SiO2 insulating layer

can be selectively removed by hydrofluoric acid (HF)-based wet etching process:

SiO2 þ 6HF ! 2H2O þ 2H+ þ SiF6
2�, while the Si top layer and the substrate

remain intact. Specific photoresist structures serve as anchors, holding the released

devices in suspended forms at their original locations after complete undercut

[9]. For example, Fig. 2b shows the SEM image of a completely undercut SOI

mesa structure, with photoresist anchor structures underneath the Si [9]. After

etching, the unetched Si top layer can be released from the Si substrate and

transferred onto various new substrates [10]. Based on this technique, a variety of
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Fig. 2 (a) Schematic illustration of releasing a c-Si thin film from a SOI substrate using HF

undercut. (b) SEM image of a fully HF undercut c-Si film on a SOI substrate, with photoresist

anchor structures underneath [9]. (c) Schematic illustration of releasing a c-Si thin film from a Si

(111) substrate using KOH anisotropic etching. (d) SEM image of ribbon-shaped c-Si microcell

array on a Si (111) wafer after KOH undercut. Inset: magnified cross-sectional SEM image of a

typical c-Si cell, with a thickness of about 20 μm [12]. (e) Optical image of an interconnected c-Si

microcell array printed on a flexible substrate after KOH undercut [12]. (f) Schematic illustration

of forming a c-Si layer by controlled spalling process. (g) Optical image of exfoliated thin-film Si

layers (11 μm thick, 4 inch diameter) [13]. (h) Optical image of a flexible c-Si-based circuit

(~10 μm thick) by controlled spalling [14]. (i) Schematic illustration of releasing an epitaxially

grown c-Si layer from an anodic porous Si surface. (j) Current density–voltage curves for a

representative exfoliated c-Si cells (35 μm thick) under the AM1.5g spectrum [7]. Inset: image

of a flexible c-Si cell [16] (Reproduced with permission. Copyright 2012 IOP Publishing.

Copyright 2008 Nature Publishing Group. Copyright 2015Wiley-VCH. Copyright 2013 American

Chemical Society)
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thin-film c-Si devices with thicknesses from tens of nanometer to tens of microme-

ters are fabricated and utilized for different applications [11].

In spite of the simple process of creating thin-film c-Si devices using HF

undercut SOI substrates, it is impractical to use it for large area PV cell fabrication

because of the high cost associated with the SOI wafers. Therefore, it is indispens-

able to develop alternative processes of directly producing thin-film c-Si materials

using thick c-Si wafers, and the wafers can be recycled for multiple uses. Several

methods are proposed and demonstrated, as illustrated in Fig. 2c, f, i.

In Fig. 2c, a Si (111) wafer is used as the starting material. Aligned along the

[110] direction, ribbon-shaped solar cells are fabricated based on doping, litho-

graphic, and etching processes, with top surfaces and sidewalls protected by a

metallic layer. When the wafer is immersed into an alkaline-based (potassium

hydroxide, KOH) aqueous solution, the undercut process takes the advantage of

the anisotropic etching; the etching rate along the Si [110] direction is 100–1000

times higher than that along the Si [111] direction. Ribbon PV cells with different

geometries (thickness, width, and density) can be obtained, allowing the formation

of semitransparent and mechanically flexible microcell arrays (Fig. 2e) [12].

Another way to obtain exfoliated c-Si films from Si wafers is to utilize a

controlled spalling process (Fig. 2f) [13, 14]. In this process, a metallic layer

(e.g., Ni) is coated onto the Si wafer, with a controlled thickness. Internal tensile

stress within the coated metal film can be introduced during the deposition

process or via the thermal expansion mismatch during annealing. Once a crack

is initiated at the wafer edge, the fracture can propagate parallel to the wafer

surface direction, creating an exfoliated flexible c-Si layer (Fig. 2g). The thick-

ness of the exfoliated Si layer is controlled by the tensile stress as well as the

thickness of the deposited metal film. Assisted by this controlled spalling process,

c-Si films with a diameter up to 5 inches have been demonstrated. In addition,

this method can also be directly applied on semiconductor ingots, eliminating the

wafer sawing process. Figure 2h shows a fabricated Si device array based on the

spalling process [14].

In addition, thin-film c-Si device can be formed by epitaxially growth and

release c-Si layers from a porous Si surface [15, 16] (Fig. 2i). In this process, a

porous Si layer is firstly formed on the Si substrate, usually by Si anodization in HF

solution [15]. Subsequently, the anodized Si is used as a growth substrate, on which

a c-Si film with a controlled thickness is grown using high-temperature chemical

vapor deposition (CVD). After the PV cell fabrication and bonding onto a foreign

substrate, the thin-film cell can be separated from the growth wafer by applying a

mechanical force at the porous Si layer. The Si wafer can be polished and reused for

new cell fabrication. The high-temperature deposition process ensures that the

formed c-Si PV cells achieve high crystal and device quality. Based on this porous

Si release method, a thin-film flexible c-Si cell (35 μm thick) with a 1-sun efficiency

of 21.2% has been demonstrated [7, 16].

166 X. Sheng et al.



3 Flexible and Stretchable Thin-Film Si Solar Cells

By replacing thick, rigid, and hard Si substrates with thin-film Si, one of the key

advantages is to achieve mechanically flexible PV cells and modules, since the film

flexural rigidity is proportional to the cube of the film thickness [11]. In addition,

mechanically stretchable cells and modules can be realized by the combination of

material and mechanical design methods. In this section, material requirements and

mechanical designs for device integration to obtain flexible and stretchable thin-

film Si PV cells and modules are presented. Potential applications for flexible and

stretchable cells are discussed.

3.1 Substrate Requirements and Applications

Unlike conventional thin-film PV cells that are formed onto thick glass or metal

substrates, flexible and/or stretchable cells require thin metal or polymer substrates

to obtain desired mechanical properties. For a-Si-based single- and multi-junction

cells, the deposition process (PECVD) requires that cell substrates remain stable at

elevated temperatures (200–400 �C), as discussed previously. Cell fabrication has

been realized on substrates made by materials like stainless steel and polyimide, as

shown in Fig. 3a, b, respectively. In addition, flexible substrates enable the roll-to-

roll cell production, greatly enhancing the process speed and reducing the cost. By

using the roll-to-roll process, PV modules with areas of few square meters can be

formed, with efficiencies up to 12% [7]. Compared to cells on rigid substrates, large

area flexible PV modules have advantages in transportation and installation and are

more compatible with building integrated power systems (Fig. 3d). Small area PV

cells can be mounted onto wearable and portable systems like back bags, clothes,

and cellphones (Fig. 3e) and even onto the surface of human skin (Fig. 3f), working

as power sources for both military and civilian uses.

The use of thin-film Si layer release and transfer processes that further expands

candidate materials that can be explored as thin-film cell substrates, because the cell

process can be performed at room temperature. Flexible thin-film c-Si cells lami-

nated on transparent polymer substrates have shown efficiencies of more than 21%

[7]. Furthermore, thin-film c-Si cells integrated onto elastomer-based substrates

(e.g., silicones) can achieve both mechanical flexibility and stretchability, making it

more compatible with biological systems such as soft human tissues. For example,

Fig. 3c illustrates a c-Si photodiode array printed onto polydimethylsiloxane

(PDMS)-based substrates [17]. The unusual materials and mechanical design

ensure that the device can be elongated by more than 20% without mechanical

fracture. With careful designs, such thin-film microscale solar cells can be inte-

grated within the epidermal electronic circuit systems (Fig. 3f), serving as a

wireless power source for various electronic and photonic skin-mounted biological

sensors [18].
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3.2 Mechanical Considerations

Silicon is an extremely brittle material which breaks when stretched by less than 1%

of strain; therefore careful designs are required to overcome this intrinsic mechan-

ical limit. This is especially challenging when the fabrication and processing

involve the integration of mechanically dissimilar materials such as in the stretch-

able and flexible systems shown in Figs. 2e, h and 3. The key strategy in realizing

these systems is to design these composite structures such that large deformation

occurs in the elastomeric materials while the brittle components barely deform.

Many advanced mechanics ideas and fabrication processes have been developed for

a wide range of applications based on stretchable inorganic electronics, represented

by the work of Ko et al. [21], Baca et al. [12], and Kim et al. [18]. Many of these

mechanics analyses can be adapted for the designs of flexible and stretchable PV

systems due to the similarities in materials and geometric layouts.

Here we limit our discussions on designs and mechanics specifically related to

PV applications with the example shown in Fig. 2e. This flexible PV module

involves a composite structure consisting of a planarizing/adhesive layer

(NOA61; thickness ~ 30 μm), which also serves as the substrate, arrays of μ-cells

Fig. 3 (a) Photograph of flexible a-Si solar cells deposited onto stainless steel substrates, prepared
by roll-to-roll process [19]. (b) Optical image of a flexible Si solar cell printed on a glass window

surface [20]. (c) Optical image of c-Si photodiode arrays printed onto PDMS substrates [17]. (d)
Photograph of flexible a-Si solar modules for building integration [19]. (e) Flexible solar cells

mounted on a portable device [20]. (f) Optical image of epidermal electronic circuits (Reproduced

with permission. Copyright 2008 Wiley-VCH. Copyright 2012 Nature Publishing Group. Copy-

right 2008 PNAS)

168 X. Sheng et al.



and metal interconnects, and a polymer encapsulation layer (NOA61; thickness

~ 30 μm). The mechanically flexible μ-cell module is modeled as a composite

beam as shown in Fig. 4a, where W, WSi, and WNOA are the widths of the

beam, silicon μ-cell, and the distance between adjacent μ-cells, respectively,
and t, tm, b, and (a-t) are the thicknesses of the μ-cell, metal interconnect layer,

and NOA layers above and below the μ-cell. The Young’s modulus of silicon,

metal (Au), and NOA are denoted by ESi, EAu, and ENOA, respectively. The

strain in the beam is given by εyy ¼ (z � z0)/R, where R is the bending radius

of the beam and z0 is the position of the neutral mechanical plane measured

from the bottom edge. Using the geometric and material parameters shown in

Fig. 4a, z0 is obtained analytically by

z0 ¼ a� t

2
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a� t

� �2

þ 2
b

a� t
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The above analytical modeling can be used to tune the geometric layout (espe-

cially the thicknesses of different materials) such that the neutral mechanical plane

is placed near the center of the Si μ-cells, which then ensures the maximum strains

in the silicon and metal interconnects remain small even when the entire structure

undergoes extreme deformation. For the experimental data shown in Fig. 4b, the

above equations predict that the strain in the silicon is less than 0.3% even for

severe bend radii less than 5 mm, for bending in any direction. Finite element

modeling, with representative results shown in Fig. 4c, d, confirms that the maxi-

mum strain in silicon for the inward and outward bending is around 0.03%, and the

maximum strain in the metal layer is around 0.13%, located near the silicon corner

for both inward and outward bending as shown in Fig. 4d. Module performance,

evaluated in outward bending along and perpendicular to the cell length under

AM1.5 g illumination, shows behaviors consistent with expectations on the basis of

mechanics analysis and relative insensitivity of the degree of illumination across

the modest area of the module, for the bend radii examined here. For example, at

bending radii of 12.6, 8.9, 6.3, and 4.9 mm, the module efficiency (~ 6.0%) and fill

factor (~ 0.60) remain unchanged as summarized in Fig. 4e, f. The small strain in

active device components not only ensures consistent module performance but also

prevents fracture when these systems are used in environments that impose repet-

itive loadings. Fatigue tests, with bending up to 200 cycles, also show little change

in performance, as summarized in Fig. 4g.
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Fig. 4 (a) Cross-sectional schematic illustration of a model composite structure composed of

silicon μ-cell, and polymer encapsulation layer and a metal layer. (b) Schematic illustration of an

optimized design in which the neutral mechanical plane is positioned near the center of the μ-cells
(gray) through judicious choices of thickness for the polymer (blue) substrate and overcoat. (c)
Color contour plot of calculated bending strains through the cross-section of a mechanically

flexible μ-cell module, bent along the cell width direction at R ¼ 4.9 mm. The calculations use

symmetry boundary conditions for evaluation of a single unit cell of the system. The black lines

delineate the boundaries of the μ-cell and metal interconnect line (top). (d) Color contour plot of
calculated bending strains through the cross-section of a mechanically flexible μ-cell module, bent

inward and outward along the cell width direction at R¼ 4.9 mm, without metal layer. (e) J–V data

from a module under AM1.5 g illumination in a flat configuration and bent along the cell width (x)
and length ( y) directions, both for R ¼ 4.9 mm. (f) Plot of η and fill factor (FF) under AM1.5 g

illumination for R¼ 12.6, 8.9, 6.3, and 4.9 mm. (g) Plot of η and FF as a function of bending cycles

up to 200 times at R ¼ 4.9 mm [12] (Reproduced with permission. Copyright 2008 Nature

Publishing Group)
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4 Biodegradable Thin-Film Si Photovoltaic Cells

Recently, bio-integrated electronic and optical devices that can dissolve naturally in

physiological conditions have attracted considerable attentions because of their

potential applications in biomedical surgery, diagnosis, and therapy [22–27]. Com-

prising fully biodegradable materials (metals [25, 26], semiconductors [27, 28],

dielectrics [29], and polymers [30, 31]), implantable devices dissolve in biological

environments in a controlled manner after use. Such devices and systems are of

particular interest since they eliminate the risk of secondary surgery after implan-

tation. The operation of these systems also requires fully dissolvable energy devices

as a power supply. In this section, we summarize some of the recent progress about

the development of fully degradable thin-film Si photovoltaic cells, which provide a

promising solution for remote and wireless powered energy source for these

biodegradable and implantable electronic and photonic devices.

4.1 Materials Degradation

The hydrolysis process of thin-film Si materials can be simply described as the

reaction of Si with water to form silicic acid: Si þ 4H2O ! Si(OH)4 þ 2H2, in

which the Si dissolution rate varies with lots of factors like the Si crystallinity,

doping, pH levels, temperature, and the solution chemistry [28]. Figure 5a plots the

dissolution rates of monocrystalline Si (c-Si), polycrystalline Si (poly-Si), and

amorphous Si (a-Si) in buffer solutions with different pH levels (pH 6, pH 7,

pH 7.4, pH 8, and pH 10) at physiological temperature (37 �C) [23, 27]. In these

experiments, c-Si thin-film membranes are prepared by transfer printing process,

while poly-Si and a-Si layers are formed by chemical vapor deposition (CVD)

methods. Dissolution rates range from about 1 nm/day to about 1 nm/sec,

depending on pH levels in the solution. Additional details about dissolution for Si

with different doping levels in different physiological environments (deionized

water, phosphate-buffered saline, bovine serum, etc.) have also been extensively

studied [28]. As an example, the dissolution process of a c-Si membrane in bovine

serum (pH 7.4) at 37 �C is presented as the evolution of atomic force microscopic

(AFM) images in Fig. 5b [28]. Dissolution behaviors of biodegradable metals (Mg,

Fe, Zn, Mo, W, etc.), dielectric materials (ZnO, SiO2, Si3N4, etc.), and polymers

(silk, PLGA, PLA, etc.) are also investigated and discussed [25–31]. Combining

these materials with Si-based junctions, thin-film Si PV cells can be formed in a

fully degradable format. Figure 5c illustrates the functional transience of such a

degradable solar cell during hydrolysis, made from an a-Si:H pn junction with ZnO-

and Mg-based contacts [27]. Structural evolution for the a-Si:H solar cell is shown

in Fig. 5d [27]. It is observed that the Mg and ZnO contacts dissolve within a few

hours in water, followed by the destruction of the a-Si:H layer. Complete dissolu-

tion of the rest a-Si:H material occurs after several days.
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4.2 Biological Compatibility

In order to evaluate the biocompatibility of these biodegradable electronic devices

and ultimately use them for implantable biomedical applications, in vitro and

in vivo cytotoxicity tests are necessary. Fluorescence images in Fig. 6a show the

viability of L929 mouse fibroblast cell lines cultured on the surface of poly-Si thin

films [27]. Results show that the cell viability reaches more than 95% after 7 days.

Similar results are obtained for cells grown on other semiconductor surfaces

including a-Si, SiGe, Ge, and mono-Si, summarized in Fig. 6b [27]. Cell culture

studies on other materials like SiO2 are also explored in previous works [29]. Fur-

thermore, the constituent materials (e.g., Si, Mg, Zn, etc.) used to form the thin-film

PV cells have been proved to be biocompatible, with the amounts far below the

daily intake limits for clinical use [22, 25]. To demonstrate the biocompatibility for

those thin-film Si-based devices, a representative device array of thin-film Si

Fig. 5 (a) Theoretical (lines) and experimental (symbols) dissolution rates for different types of

thin-film Si (c-Si, poly-Si, and a-Si) in buffer solutions with different pH at physiological

temperature (37 �C) [23, 27]. (b) AFM images of a c-Si thin-film layer at various dissolution

stages at pH of 7.4 [28]. (c) IV characteristics and performance degradation of a thin-film a-Si:H

solar cell, made by fully degradable materials [27]. (d) Optical images showing the dissolution of a

thin-film a-Si:H solar cell in deionized water at room temperature [27] (Reproduced with permis-

sion. Copyright 2014 Wiley-VCH. Copyright 2015 American Chemical Society. Copyright 2014

American Chemical Society)
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CMOS transistors (with Mg contacts) on silk substrates is implanted underneath the

skin of a living mouse (Fig. 6c). The implanted region is examined after 2 weeks,

revealing that the device array has fully degraded and absorbed by biological

tissues [24].

Additional considerations for the use of implantable Si PV cells include the

optical effects of biological tissues (skin, skull, fat, etc.) and the solar cell device

optimization. Unlike solar cells working directly under the sun, the implantable

devices are only operational within the transparency window of the biological

tissue, which is usually in the red and near-infrared spectral range. At these

wavelengths, thin-film Si PV cells usually have low efficiencies due to low absorp-

tion coefficients. Therefore, the Si film thickness should be optimized to obtain a

trade-off among power generation, dissolution time, and mechanical flexibility. In

such thin-film Si PV cells, light-trapping schemes could be adapted to optimize the

cell optical absorption in the red and near-IR range [32]. In addition, advanced

encapsulation and packaging strategies can be implemented to realize a more

controllable degradation process. These full degradable thin-film Si PV cells

provide a viable and promising approach to realize the wireless energy transfer

for implantable biomedical systems, with potential applications including drug

delivery [31], optogenetic stimulation [33], temperature monitoring [34], etc.

Fig. 6 (a) Fluorescence images illustrating cell viability on a poly-Si thin film, where live and

dead cell assays are labeled as green and red, respectively [27]. (b) Viability for cells cultured on

surfaces of poly-Si, a-Si, SiGe, Ge, and mono-Si at day 3, day 5, and day 7 [27]. (c) In vivo

demonstration of a thin-film c-Si electronic device array implanted in the dorsal region of a mouse.

The devices disappear in 3 weeks after the surgery [24] (Reproduced with permission. Copyright

2015 American Chemical Society. Copyright 2013 Wiley-VCH)
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5 Conclusions

In this chapter, it is shown that advanced thin-film Si PV cells not only provide a

viable solution for large scale solar energy utilization but also foreshadow a

promising future in healthcare applications. Some of the recent progress about

advanced thin-film Si solar cells is overviewed, with specific foci on their flexible,

stretchable, and biodegradable formats and the associated fabrication schemes.

These advanced cell technologies envision new possibilities in broad biomedical

applications for wearable and implantable systems. In the future, fundamental

research efforts will likely focus on the developments of high-yield and cost-

effective approaches to make high-efficiency thin-film c-Si cells that reach ther-

modynamic efficiency limits for Si cells (one sun efficiency ~ 25%) [32]. Contacting

and substrate materials that provide mechanical flexibility and/or biocompatibility

are also to be explored, combined with advanced mechanical design strategies.

Furthermore, advanced integration schemes need to be investigated to interconnect

the thin-film Si PV cells with other electronic components and circuits, like

batteries, antennas, transistors, and various sensors, to form a fully functional

biomedical device system for sensing, diagnosis, and therapy.
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Silicon Nanocrystal-Based Organic/Inorganic
Hybrid Solar Cells

Yi Ding and Tomohiro Nozaki

Abstract Comparing to bulk silicon, silicon nanocrystals (Si NCs) possess partic-

ularly interesting properties and have further broadened applications in optics,

microelectronics, photovoltaics, and other fields. In this chapter, novel fabrication

process of Si NCs by using a plasma will be introduced firstly; next, some basic

properties of resulted Si NCs, such as crystallinity, optical, and electrical properties,

have been studied extensively; then, its application in organic/inorganic hybrid

solar cells has been explored; structure design, device fabrication, and performance

characterization of Si NC-based organic/inorganic hybrid solar cells have been

described finally. In addition, effects of Si NCs on device performance are also

discussed extensively.

1 Introduction

Fabrication and application of freestanding semiconductor nanocrystals (NCs) are

hot topics in recent years because of the many benefits that do not exist in the

corresponding bulk materials [1, 2], such as (1) quantum confinement effect,

whereby the particle bandgap starts to increase with size decreasing when the

size is comparable with its Bohr radius [3–5]. This effect that enables tuning of

material optical properties has potential applications in solar cells [6, 7] and light-

emitting devices (LEDs) [8, 9]. In addition, continuous states shrink to discrete

states, which can suppress thermal relaxation process effectively and enable the

realization of multiple exciton generation processes (MEG). The latter one is

commonly recognized as a substantial way to dramatically enhance solar cell
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photoconversion efficiency (PCE), as one photon with high energy can excite two

or more electron-hole pairs [10, 11]; (2) freestanding semiconductor NCs are

solution processible. Hence, inorganic semiconductor films can be fabricated easily

at low cost by spin coating, drop casting, and other processes [12, 13]. Moreover,

such films are usually mechanically flexible when one chooses an elastic substrate

[14, 15]; (3) it has huge surface area. Therefore, the surface becomes extremely

important: it dramatically influences particle properties [16, 17].

Among freestanding semiconductor NCs, silicon nanocrystals (Si NCs) are

particularly interesting because silicon is an abundant, nontoxic, and environmen-

tally benign material [18–20]. Si NCs can also have further broadened applications

in optics [21–23], microelectronics [24, 25], photovoltaics [26, 27], and other fields

[28]. Several groups have already reported pioneering studies of Si NC optical and

electrical properties [29–32].

In this chapter, the detailed fabrication process of Si NCs will be descripted

firstly, and then some basic interesting properties of resulted Si NCs will be shown.

Finally, the discussion will be mainly focused on the design, fabrication, and

performance characterization of Si NC-based organic/inorganic hybrid solar cells.

Effects of Si NCs on device performance are also studied extensively.

2 Silicon Nanoparticle Synthesis

Silicon nanoparticles (Si NPs) can be fabricated by several methods, such as

aqueous solution synthesis while this is relatively cumbersome [20, 33] and

mechanical milling or laser ablation from bulk silicon, especially the latter one

which is commonly used for NPs fabrication. However, all these processes are

affected by a low yield, uneven particle size, or poor optical quality of the material

[34, 35]. In the current work, Si NPs were synthesized from silicon tetrachloride

(SiCl4) by using a very high frequency (VHF) nonthermal plasma. This process is

capable to control particle size and crystallinity, and also mass production can be

easily realized [36, 37].

A VHF (70 MHz) nonthermal plasma is generated by two copper electrodes

surrounding a quartz reactor tube (with inner diameter of 48 mm) with a variable

matching network used to match the plasma impedance [32, 38]. The basic config-

uration of the plasma is illustrated in Fig. 1. The plasma dissociates the SiCl4
through electron impaction allowing for nucleation and subsequent growth of NCs,

while hydrogen scavenges the excess chlorine, and argon is used to dilute and

sustain the plasma. NCs synthesized in the plasma were collected downstream of

the plasma on a mesh. All synthesis and handling of Si NCs were conducted without

exposure to air. The effects of the plasma operating conditions on the properties of

resulted NCs were studied. An ideal system would allow for independent control of

NC size, size distribution, crystallinity, and surface termination, while this reactor
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design allows for control of gas composition, flow rates, system pressure, and input

power. Therefore, the influence on the resulting material was studied as a function

of these reactor controls.

3 Si NC Surface Modification

As-produced particles are terminated by a large number of chlorine atoms because

SiCl4 is employed as the precursor and hereinafter known as the Cl:Si NCs [37]. Cl:

Si NCs, with the high electronegativity of the halogen at the surface, polarize the

electron density away from NC core. This termination can have advantages in

processing of Cl:Si NCs, for example, Wheeler et al. reported that Si–Cl surface

groups facilitate in hypervalent interaction with hard donor groups of certain

solvents which provides colloidal stability as well as effectively doping of Si NCs

[39]. However, the chlorine terminated surface is highly reactive and has been

proven to be detrimental to device performance [37, 38]. Hence surface chlorine

was removed afterward through surface modification in order to achieve devices

with high performance.

Experimentally, as-produced, chlorine-terminated Si NCs were intentionally

exposed to open air for 30 min. During air exposure, chlorine atoms will be

Fig. 1 Schematic diagram of experimental setup (Reprinted with permission from Ref. [37].

Copyright 2014 IOP Publishing Ltd)
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removed completely, and particles were oxidized quickly, providing a convenient

method to produce O:Si NCs. Then, by exposing O:Si NCs to hydrofluoric acid

(HF) vapor, the oxide is etched, and the surface will be mainly terminated by

hydrogen (H:Si NCs). Specifically, O:Si NCs were transferred on a Teflon

supporting mesh and put it above 50% HF acid in a sealed container. HF vapor

etching was conducted at room temperature and etching time was carefully

controlled.

Figure 2a shows Fourier transform infrared spectroscopy (FTIR) spectra of Cl:Si

NCs, O:Si NCs, and HF-etched Si NC powders for 0.5, 1, 2, and 5 h, respectively.

For Cl:Si NCs, a peak around 560 cm�1 is attributed to Si–Cl surface specie [40],

and weak peaks around 630, 900 and 2100 cm�1 are attributed to the Si–Hx

wagging, bending, and stretching modes, respectively [41]. The broad peak around

1080 cm�1 is related to Si–O–Si stretching mode, which comes from unintentional

oxidization during fabrication or transportation from reactor to a nitrogen-purged

glove box [42, 43]. Therefore, except for a small number of hydrogen and oxygen

Fig. 2 (a) FTIR spectra of as-produced Cl:Si NCs, O:Si NCs, and HF-etched NCs for 0.5, 1, 2, and

5 h, respectively. (b) Schematic depiction of Si NC surface evolution during treatment (Reprinted

with permission from Ref. [37]. Copyright 2015 Elsevier Ltd)
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atoms, as-produced Si NCs are mainly terminated by chlorine as illustrated in

Fig. 2b. For O:Si NCs and HF-etched Si NCs, Si–H-related peaks increase gradu-

ally with etching time, while the relative intensity of Si–O–Si reduces, indicating

the oxygen is gradually removed and replaced by hydrogen through HF etching as

illustrated in Fig. 2b. However, oxygen still can be observed after etching for 5 h.

Therefore, HF vapor etching was conducted at room temperature for 24 h

providing a thorough etching. Surface oxide will be removed completely during

this process, and the particle surface will be mainly terminated with hydrogen,

which is denoted as fresh Si NCs in the following. The FTIR spectrum of fresh Si

NCs is shown in Fig. 3a. Peaks around 668 cm�1 and 2360 cm�1are assigned to

CO2 physisorbed during measurement, which do not influence particle properties

and will be excluded from the following discussions [44]. The weak peak around

825 cm�1 is related to Si–OH absorption [45]. In addition, strong Si–Hx peaks

attributed to wagging, bending, and stretching modes can be clearly distinguished.

Meanwhile, no chlorine-related peak and very little occurrence related to Si–O

stretching modes can be detected, indicating that fresh Si NCs are mainly termi-

nated with hydrogen.

However, as shown in Fig. 3b, an obvious electron spin resonance (ESR) signal

with a g factor of 2.006 appears in fresh Si NCs, which is due to the silicon dangling
bonds [34]. Therefore, it is becoming clear that although the fresh Si NC surface is

mainly terminated with hydrogen, still some surface sites are not passivated ade-

quately, where electrically active dangling bonds will be formed and act as trap

states, degrading particle electrical properties. Thus, proper passivation methods

should be introduced in order to eliminate dangling bonds and improve electrical

properties.

Fig. 3 (a) FTIR and (b) ESR spectra of Si NCs oxidized for different times. (c) Si–O-related FTIR
and dangling bond-related ESR intensities as a function of oxidation time. (d) Possible surface

passivation process during controlled oxidation, actual particle size is larger than the schematic

diagram (Reprinted with permission from Ref. [46]. Copyright 2015 Elsevier Ltd)
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For bulk silicon, either thermal annealing in a hydrogen atmosphere or wet

chemical processing in HF solution can provide a good hydrogen-passivated

surface [47]. However, both methods cannot be adopted for Si NCs. Thermal

annealing at temperatures greater than 800 C has a high risk of sintering the

particles together. Wet chemical processes make it difficult to collect particles

from aqueous solutions and control the reaction precisely. Therefore, other gentler

methods have been explored, and controlled reoxidization under well-controlled

conditions is proposed in the following to passivate the particles conveniently and

efficiently with oxygen [46].

Fresh Si NCs were exposed in air at room temperature, and the humidity was

controlled around 30%. This guarantees that oxidation evolves slowly over time.

FTIR spectra of Si NCs oxidized for different times are shown in Fig. 3a. The Si–O

stretching peak increases gradually with oxidation time, whereas Si–OH- and Si–

Hx-related peaks stay nearly constant. In addition, the ESR signal related to

dangling bonds decreases with oxidation time, as shown in Fig. 3b. The Si–O

stretching peak and ESR signal intensities are derived and replotted in Fig. 3c as

a function of oxidation time. It is explicit that Si–O stretching absorption increases,

whereas the dangling bond signal decreases monotonically with oxidation time,

demonstrating that, as illustrated in Fig. 3d, Si NCs are passivated effectively with

oxygen through controlled reoxidation.

4 Si NP Characterization

4.1 Size of Si NPs

The gas residence time in plasma has a strong influence on the size of resulted NCs,

while the hydrogen concentration and reactor pressure have a minor influence on

the size [32, 48]. Particle size can be adjusted from 3 to 15 nm through the gas

residence time, where the standard deviation of the NC sizes is less than ~20%.

Statistical size distribution of Si NCs was analyzed by counting more than 300 NCs

in atomic force microscope (AFM) image. Si NCs were deposited on a polished

silicon substrate by spin casting Si NCs solution dissolved in benzonitrile. Typical

AFM image of Si NPs is shown in Fig. 4a; the corresponding size distributions

are illustrated in Fig. 4b. It’s clear that here Si NCs have an average size of

~7.2 nm [49].

4.2 Crystallinity of Si NPs

Controlling over the crystallinity of NPs can be achieved through the plasma power

adjustment, where a range of nearly entirely amorphous to entirely crystalline

content is possible. This ability to control crystallinity is also desirable as it is
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another tunable dimension that influences the material properties. As an example,

three kinds of particles were fabricated by changing VHF power to 30, 50, and 65

watts, respectively, and corresponding Raman spectra of particles are shown in

Fig. 4c. The Raman peak can be deconvoluted carefully into two peaks centered

around 480 cm�1 and 520 cm�1, which are related to amorphous and crystalline

silicon phase, respectively [32]. Therefore, it’s becoming obvious that the crystal-

linity of Si NPs increases with VHF power, as the peak intensity related to

Fig. 4 (a) Typical AFM image and (b) size distribution of Si NPs; (c) Raman spectra, (d) XRD
patterns and (e) corresponding TEM images of particles fabricated under different VHF power

(Reprinted with permission from Ref. [49]. Copyright 2015 AIP Publishing LLC)
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amorphous phase decreases with VHF power and almost disappears when the

power increases to 65 W. In addition, X-ray diffraction (XRD) patterns of

corresponding particles were also shown in Fig. 4d; three peaks can be observed,

which are attributed to (111), (220), and (311) planes of silicon. It shows consistent

results with Raman spectra that crystallinity of Si NPs increases with VHF power.

Transmission electron microscopy (TEM) images of particles synthesized at dif-

ferent VHF power are shown in Fig. 4e. Consistent with the above analysis, no

crystals can be observed in NPs synthesized at 30 W, while similar single-crystal-

lized NCs can be observed in both particles synthesized at 50 and 65 watts.

4.3 Optical Properties of Si NPs

Light absorption spectra of Si NPs with different crystallinity are shown in Fig. 5a.

Si NPs have a strong light absorption especially in the short-wavelength region. In

addition, particles with lower crystallinity have stronger absorption. This implies

that amorphous particles can absorb more light, and by integrating them in solar

cells, higher solar cell efficiency might be expected. Figure 5b shows the light

absorption spectra of pure PTB7 and the corresponding blends of Si NPs/PTB7.

PTB7 is a polymer semiconductor, which is commonly employed in organic solar

cells as electron donor material. Spectra were initialized with the value around

670 nm, where PTB7 has the strongest absorption, while Si NPs absorb a little as

confirmed in Fig. 5a. It is undoubted that PTB7 has a weak absorption in short-

wavelength region. Fortunately, combining with Si NPs can compensate the light

absorption in this region. Moreover, as shown in the Fig. 5b, the blend containing Si

NPs with lower crystallinity has better absorption in short-wavelength region; this

is also consistent with the foregoing statements.

Figure 6 shows the photoluminescence (PL) spectra from Si NCs. Strong PL

with a near Gaussian profile is observed for Si NCs after exposure to air, while weak

PL with a similar profile is observed from as-produced NCs without oxidation. It

was not expected that even weak PL would be observed for Si NCs which have a

surface partially covered by chlorine, as halogens can effectively quench PL [50].

This would indicate that the non-radiative mechanism is not just dependent on the

presence of chlorine. The exact PL mechanism of Si NCs is difficult to determine

through steady-state PL measurements [51]. Similar steady-state PL has also been

observed from both interface defect states and NC core recombination [52]. Addi-

tionally, red PL has been attributed to Si = O-related emission centers in porous Si

and Si-rich oxides [45]. While here the PL peak wavelength can be adjusted through

the residence time, which has been shown above to adjust the NC size. Here we

observed peak wavelengths from �650 to 900 nm with full-width half maxima of

100–120 nm. Additionally, the size of NCs observed in TEM agrees well with the

predicted values from peak position due to the quantum confinement effects.
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4.4 Electrical Properties of Si NPs

Electrical properties of Si NPs were evaluated individually by fabricating Si NP-

based thin film transistors (TFTs), from which, carrier mobility of particles can be

derived. Si NPs films with the thickness of ~40 nm were deposited on p-type silicon

substrate by spin-coating method, above which a 150 nm-thick thermal oxide layer

had been prepared in advance and worked as the insulating layer. Two aluminum

electrodes were evaporated finally on the top, and channelW/L ratio of 2000/20 μm
was defined consequently as illustrated in Fig. 7. Figure 8 shows the typical output

and transform curves of Si NP-based TFTs, which were measured with Keithley

4200 analyzer in glove box [46, 49]. All TFTs show n-channel depletion type.

Fig. 5 Light absorption

spectra of (a) Si NPs-only,
(b) PTB7-only, and Si

NPs/PTB7 blends. Si NPs

were synthesized under

different VHF power of

30, 50, and 65 watts,

respectively (Reprinted

with permission from Ref.

[49]. Copyright 2015 AIP

Publishing LLC)
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Carrier mobility, μ, and the threshold voltage, Vth, can be derived from the Vg�Id
1/2

curve by fitting the linear region with a line as illustrated in Fig. 8. Vth equals the x

intercept of the linear function, and μ can be calculated through the following

relations [53]:

μ ¼ 2L

WCinv

∂
ffiffiffiffi

Id
p
∂Vg

� �2

ð1Þ

and

Cinv ¼ kE0
t
, ð2Þ

Fig. 6 PL of oxidized Si

NCs as a function of

residence time. Estimated

NC size from left to right is

3.4, 4, 5.4, and 8 nm

(Reprinted with permission

from Ref. [32]. Copyright

2011 IOP Publishing Ltd)

Fig. 7 Schematic diagram

of Si NP-based TFTs

(Reprinted with permission

from Ref. [46]. Copyright

2015 Elsevier Ltd)
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where L and W are the channel length and width, respectively. k is the relative

dielectric constant of the material (3.9 for thermal oxide), ε0 is the permittivity of

free space (8.85 � 10�14 F/cm), and t is the thickness of the capacitor oxide

insulator (here, 150 nm).

Carrier motilities of Si NPs derived from TFTs are listed in Table 1, and it

increases with particle crystallinity. This is reasonable as more dangling bonds and

defects should be observed in particles with poor crystallinity; in addition, carrier

scattering effect due to the disorder nature also affects the carrier transportation.

The relationship between film conductivity and crystallinity is empirically

expressed as follows [54]:

σ / exp ΧCð Þ, ð3Þ
where σ and ΧC represent film conductivity and crystallinity, respectively.

Fig. 8 Output and transfer curves of Si NP-based TFTs (Reprinted with permission from Ref.

[49]. Copyright 2015 AIP Publishing LLC)
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5 Hybrid Solar Cell Fabrication

As the attractive candidates of acceptor materials, inorganic semiconductor NCs are

being increasingly introduced into organic-based bulk heterojunction solar cells

[7, 55]. Compared to the organic counterparts, normally fullerene derivatives, NCs

have promising potential in more efficient light harvesting while keeping the supe-

riorities which organic materials possess such as light weight, flexibility, and solution

processable. In addition, NCs have several unique advantages. First, the shape can be

tailored through synthesis methods; this has been demonstrated useful for light

trapping, exciton dissociation, as well as carrier transportation [56, 57]. Also, when

the size is comparable or smaller than its Bohr radius, the quantum effect makes NC

work totally different from its bulk material. Bandgap increases with decreasing size;

this fact changes light absorption properties and provides the possibility of choosing

the spectral window of the complementary absorption profile. Meanwhile, continuous

energy bands start to shrink into discrete states. This suppresses the energy loss

through thermal relaxation and facilitates MEG process, an effective strategy

expected to promote solar cell PCE as mentioned above.

Recently, remarkable accomplishments have been achieved in NC/polymer

hybrid solar cells (HSCs). Among them, CdS- and PbS-based HSCs with PCE of

4.1% and 8.5% have been achieved, respectively [58, 59]. Employing wide bandgap

metal-oxide NCs such as TiO2 and ZnO has also achieved a PCE as high as 2% [60].

In addition to those discussed above, Si NC has been extensively studied and shown

feasibility as a proper acceptor material in HSCs. As discussed above, silicon is

environmentally benign and has strong light absorption especially in the UV region.

Furthermore, instead of the complicated solution process commonly employed for

NC synthesis (e.g., ZnO, PbS, and CdS.), mass production can be realized conve-

niently by means of the nonthermal plasma. In this section, the fabrication, char-

acterization, factors affecting device performance, and working principles of

Si NC-based organic/inorganic hybrid solar cells are investigated extensively.

5.1 Si NC-Based Hybrid Solar Cell Fabrication

Hybrid solar cell structure is illustrated in Fig. 9. Device fabrication and charac-

terizations were mainly performed in a nitrogen-purged glove box (<1 ppm water

and oxygen). Commercially available ITO glass with sheet resistance of 15 Ω/□

Table 1 TFT parameters derived from corresponding transfer curves [49]

TFTs Mobility [cm2 V�1 s�1] Vth [V] Off current [A] On current [A] On/off ratio

30 W 3.36 � 10�5 �0.48 1.06 � 10�10 5.16 � 10�8 487

50 W 1.95 � 10�4 �8.36 1.78 � 10�10 2.51 � 10�7 1407

65 W 9.42 � 10�4 �15.41 5.37 � 10�9 2.22 � 10�6 414
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and thickness of 250 nm was adopted as the substrate. The ITO was patterned with

photolithography, and wet etching was used to develop the electrodes. Poly(3,4-

ethylenedioxylenethiophene):poly(styrenesulfonic acid) (PEDOT:PSS, CLEVIOS

PH 1000, Heraeus) mixed with 5 wt% of dimethyl sulfoxide (DMSO, Sigma

Aldrich) and 0.1 wt% of Zonyl (FS-300, Sigma Aldrich) was spin casted on it at

4000 rpm for 1 min and annealed at 130 �C for 5 min. Si NC/polymer blend

solutions were prepared and stirred for 24 h prior to use and then spin casted at

1200 rpm. Finally, Al electrodes with thickness of 100 nm were evaporated through

a shadow mask (active area 4.6 mm2). Six devices were prepared to obtain the

standard deviations. Devices were annealed at 110 �C for 2 h before evaluation.

Photocurrent density–voltage (J–V) curves were measured under 1 sun (AM 1.5G,

100 mW/cm2) illumination with a Keithley 2400 digital source meter. Light source

was calibrated by Asahi Spectra Co., Ltd. Incident light power is checked before

every measurement by using a standard silicon photodiode. Devices were also

encapsulated to confirm J–V, and external quantum efficiency (EQE) spectra

were also obtained on a Hypermonolight system in open air (Bunkoukeiki, CEP-

25BX). Encapsulation avoids detrimental influences from oxygen and moisture.

Photos of devices before and after encapsulation can be found in Fig. 10.

Possible band alignment of the device is shown in Fig. 11, where, as an example,

P3HT was used as the polymer semiconductor. Type II staggered band alignment

without obvious potential barrier is established, enabling efficient charge separa-

tion, transportation, and collection. The conduction band of bulk silicon is ~4 eV

Fig. 9 Schematic diagram

of a hybrid solar cell with

structure of ITO/PEDOT:

PSS/ Si NC-polymer blend/

Al (Reprinted with

permission from Ref.

[46]. Copyright 2015

Elsevier Ltd)

Fig. 10 Photos of devices before and after encapsulation (Reprinted with permission from Ref.

[39]. Copyright 2015 Elsevier Ltd)
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with respect to vacuum and has a bandgap of ~1.1 eV. P3HT is expected to act as

the electron donor material and silicon as the electron acceptor. When the size of Si

NCs is less than the exciton Bohr radius (~4.1 nm), quantum confinement effects

increase the bandgap of Si NCs with respect to the bulk. Previously it was found

that for quantum confined Si NCs, the band shift of the valence band is as twice

large as the conduction band as illustrated with dotted line [61].

Nanoscale morphology arrangement plays a crucial role in polymer-related

devices because of its high exciton binding energy (~100 meV) as well as short

diffusion length (~10 nm) [62]. Materials need to percolate with each other to form

bulk heterojunction in order to achieve sufficient exciton dissociation. Figure 12

shows the typical cross-sectional TEM image of device; Si NCs are embedded

uniformly in conjugated polymer without remarkable agglomerations providing

sufficient opportunity for exciton dissociation around Si NC/polymer interfaces.

This has been further verified by elemental mapping as shown in Fig. 13. It is worth

to mention here that the uniform structure can be realized for all Si NCs with

different terminations examined here. Although significant agglomeration is absent,

a pathway of touching NCs is expected for this type of homogenous blend at proper

Si NCs ratios.

Fig. 11 Possible band

alignment of Si NC/P3HT

hybrid solar cells

(Reprinted with permission

from Ref. [38]. Copyright

(2013) The Japan Society

of Applied Physics)

Fig. 12 Typical cross-

sectional TEM image of a

hybrid solar cell with

structure of ITO/PEDOT:

PSS/Si NC-polymer blend/

Al (Reprinted with

permission from Ref. [37].

Copyright 2015 Elsevier

Ltd)
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5.2 The Influences of Particle Surface Elements

Figure 14 shows the J–V curves for devices fabricated with Cl:Si NCs, O:Si NCs,

and HF-etched Si NCs measured under AM 1.5G solar-simulated light at room

temperature. Device performance parameters with standard deviations of six

devices are summarized in Table 2. Devices with Cl:Si NCs have a low short-

circuit current (JSC) of 0.7 mA/cm2; this value drops to almost zero when Si NCs are

totally oxidized and then increases dramatically after etching. It can be enhanced to

Fig. 13 (a) Typical cross-sectional TEM image of device. (b–h) And corresponding elemental

mappings of Sn, In, O, C, Si, N, and Al on the same area. ITO, PEDOT:PSS, active layer, and Al

electrode can be clearly distinguished. Each layer has a uniform morphology and well-defined

interface. Si NCs distribute uniformly in the whole active region as shown in (f) (Reprinted with

permission from Ref. [39]. Copyright 2015 Elsevier Ltd)

Fig. 14 J–V curves of

hybrid solar cells under

1 sun illumination; see

legend for description of

curves (Reprinted with

permission from Ref.

[37]. Copyright 2015

Elsevier Ltd)
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as high as 1.2 mA/cm2 by only 0.5-h HF etching. This enhancement is because of

the removal of chlorine, which assists in effectively highly doping the NCs.

However, after a 0.5-h etching, open-circuit voltage (VOC) drops to 0.18 V. This

is because that Si NC surface is still covered by plenty of oxide even after 0.5-h

etching as verified in Fig. 2a. The surface oxygen is predicted to increase the

electron affinity and lower the conduction band [63]. It is therefore reasonable

that the VOC is lower due to the presence of a significant amount of oxide as the VOC

is mainly defined by the energy-level mismatch between the highest occupied

molecular orbital (HOMO) state of polymer and conduction band of Si NC [64].

For longer etching times, JSC and VOC increase, and a PCE of 0.5% has been

achieved after a 5-h HF etching, which is at least three times higher than the Cl:

Si NC-based device.

5.3 The Influences of Polymer Semiconductors

P3HT has been commonly employed as the donor material so far. It is also widely

used in other types of HSCs, because of its efficient light absorption and high hole

mobility [65]. However, it may not be the best choice in Si NC-based HSCs due to

its wide bandgap of 2.0 eV. Absorbance spectra of Si NCs etched for 5 h, P3HT, and

Si NC/P3HT blend films are shown in Fig. 15a semiquantitatively. P3HT shows a

strong absorption peak centered around 550 nm. Si NC films start to absorb light

gradually from the IR to the UV region. Absorption spectrum of Si NC/P3HT blend

film shows complementary absorption of the individual components. Unfortu-

nately, light with wavelengths greater than 650 nm is not effectively absorbed

and hence cannot contribute to the generation of excitons. Therefore, in Si NC-

Table 2 Hybrid solar cell performance with standard deviations [37]

Device PCE [%] JSC [mA/cm2] VOC [mV] FF [%] RSH [Ω�cm2] RS [Ω�cm2]

Cl:Si

NC/P3HT

0.10 � 0.05 0.70 � 0.36 347 � 13 39.9 � 1.7 1663 � 113 154 � 13

O:Si

NC/P3HT

N/A N/A N/A N/A N/A N/A

HF 0.5 h Si

NC/P3HT

0.06 � 0.01 1.21 � 0.21 179 � 14 29.0 � 0.8 248 � 42 112 � 20

HF 1 h Si

NC/P3HT

0.10 � 0.01 1.79 � 0.19 192 � 5 29.9 � 0.8 228 � 23 78 � 12

HF 2 h Si

NC/P3HT

0.45 � 0.06 3.63 � 0.18 299 � 4 41.9 � 3.8 520 � 144 29 � 1

HF 5 h Si

NC/P3HT

0.52 � 0.15 3.73 � 0.98 439 � 7 31.4 � 0.8 201 � 33 68 � 17

HF 5 h Si

NC/PTB7

2.25 � 0.18 9.97 � 0.41 579 � 2 38.9 � 1.8 148 � 30 24 � 1
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based HSCs, a donor material with a smaller bandgap is preferred, allowing light

with longer wavelengths to be converted.

PTB7 should be a more suitable donor material than P3HT with an effective

bandgap of ~1.8 eV [66]. Si NC/PTB7 blend films have sufficient complementary

absorption over the range of 300 to 800 nm as shown in Fig. 15a, which is expected

to produce higher photocurrents. Figure 15b shows the molecular structures and

corresponding energy levels of P3HT, PTB7, and Si NCs. The alignment of the

energy levels of P3HT and Si NCs is expected to form a type II heterojunction,

which is favorable for exciton dissociation at the interface. A similar alignment is

expected for PTB7 and Si NCs with a slightly large offset due to the HOMO level of

PTB7 being about 0.15 eV lower than that of P3HT. This enlarges the difference

between the HOMO level of PTB7 and the conduction band of Si NCs and leads to a

large VOC theoretically.

A typical J–V curve of Si NC/PTB7 device with Si NCs etched for 5 h is also

shown in Fig. 14. Compared to Si NC/P3HT devices, JSC is enhanced dramatically,

which is because of the improved light harvest as mentioned above. In addition,

VOC has a remarkable promotion. Besides the contribution from large offset

between HOMO level of PTB7 and the conduction band of Si NCs, enhanced JSC
also leads to a larger VOC according to the relation:

Fig. 15 (a) Absorbance
spectra of Si NCs, P3HT,

PTB7, Si NC/P3HT blend,

and Si NC/PTB7 blend

films. (b) Chemical

structures and energy-level

diagrams of Si NCs, P3HT,

and PTB7 (Reprinted with

permission from Ref. [37].

Copyright 2015 Elsevier

Ltd)
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VOC ¼ nkT

q
ln

JSC
J0

þ 1

� �

, ð4Þ

where J0 is the dark saturation current, n is the ideality factor, k is the Boltzmann

constant, q is the charge of an electron, and T is the temperature. Finally, a PCE of

2.2% has been achieved, which is four times higher than Si NC/P3HT device with

same Si NCs and at least ten times higher than Cl:Si NC-based device.

EQE spectra of typical Si NC/P3HT and Si NC/PTB7 devices are shown in

Fig. 16. Si NC/P3HT devices show photocurrent response to ~650 nm with a

maximum EQE of 50%, while Si NC/PTB7 devices extend the photocurrent

response to ~800 nm with a maximum EQE as high as 70%. Photocurrent response

ranges are consistent with the corresponding absorption spectra, and the theoretical

JSC values obtained by integrating the product of the EQE are in good agreement

with the measured value under 1 Sun.

5.4 The Influences of Si NC/PTB7 Mass Ratio

Figure 17 illustrates the device parameters as a function of Si NCs and PTB7 weight

ratio. A higher weight ratio indicates that more Si NCs have been introduced into

the device. Shunt resistance (Rsh), typically related to device defects, remains

almost stable, indicating that no more carrier traps have been introduced with

more Si NCs, which suggests that particle defects have been passivated effectively

after proper surface treatment, whereas the series resistance (Rs) decreases gradu-

ally with the Si NC/PTB7 weight ratio. Rs is commonly recognized as the internal

load of device and decided mainly by carrier mobility. It implies that the device

Fig. 16 Typical EQE

spectra for Si NC/P3HT

and Si NC/PTB7 devices

(Reprinted with permission

from Ref. [37]. Copyright

2015 Elsevier Ltd)
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carrier mobility has been improved with more Si NCs. A possible reason might be

because that Si NCs come closer mutually with the increasing of Si NC/PTB7 mass

ratio. Consequently, the carrier hopping efficiency through NCs will be enhanced

dramatically, which in turn results in increased carrier mobility. In addition, the fill

factor (FF) increases gradually with the mass ratio; this is convinced and mainly

benefits from unaltered defect concentration along with enhanced carrier transpor-

tation, as discussed above.

Device JSC increases until the weight ratio reaches to 0.8. The conjugated

polymer has relatively higher exciton binding energy hence an electric field; in

other words, a junction is necessary for exciton dissociation. By introducing Si

NCs, a new junction is established between PTB7 and Si NCs. Therefore, Si NCs

promote exciton dissociation process. As more Si NCs are incorporated, a larger

interface can be formed, and more excitons could be separated effectively. There-

fore, JSC increases with the weight ratio. However, excess Si NCs will reduce the

total light absorption of device because Si NCs have weaker light harvest compared

to PTB7. This is also responsible for the following reduction of current when this

ratio exceeds 0.8. VOC has a similar tendency with JSC, which is reasonable because
VOC is proportional to JSC according to the relation (4) shown above. Device PCE,

as the consequence of all parameters discussed, increases first and then decreases

when the ratio exceeds 0.8, yielding a maximum PCE as high as 3.0%.

Figure 18a shows the typical normalized EQE spectra of devices with different

mass ratios. Each spectrum was multiplied by a certain factor to normalize the value

Fig. 17 Dependencies of device parameters on Si NC/PTB7 weight ratio (Reprinted with per-

mission from Ref. [67]. Copyright 2015 IOP Publishing Ltd)
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based on the peak intensity at 650 nm. Each spectrum, respectively, shows two

peaks centered around 350 nm and 650 nm. The peak at 650 nm is known as the

contribution from PTB7. If one presumes that the contributions of PTB7 in all

devices are the same, the peak intensity around 350 nm will increase almost linearly

with the weight ratio as shown in Fig. 18b, suggesting that this peak is attributed to

the light absorption of Si NCs.

5.5 The Influences of Si NCs Crystallinity

Figure 19 shows the typical J–V curves of hybrid solar cells where Si NPs with

different crystallinity were integrated. Device parameters derived from J–V curves

Fig. 18 (a) Normalized

EQE spectra of devices with

different Si NC/PTB7

weight ratio. (b) Peak
intensity at 350 nm as the

function of Si NC/PTB7

weight ratio (Reprinted with

permission from Ref. [67].

Copyright 2015 IOP

Publishing Ltd)
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are summarized in Table 3. JSC, VOC, FF, and PCE increase with particle crystal-

linity. And device with amorphous Si NPs has the lowest PCE although they

possess the highest light absorption as shown hereinabove (Sects. 4.3 and 4.4).

This is mainly because that although amorphous particles demonstrate better light

absorption especially in short-wavelength region, however, photogenerated carriers

cannot be collected to the electrode efficiently, and most of them will be trapped

and recombined again in particles. As a result, corresponding solar cells show the

worse performance.

5.6 The Influences of Si NCs Surface Passivation

Typical J–V curves of devices with Si NCs oxidized for different time are shown in

Fig. 20. Solar cell parameters derived from corresponding J–V curves are summa-

rized in Table 4. In all devices, FF and VOC do not change drastically with oxidation

time and stay around 50% and 0.6 V, respectively.

Fig. 19 Typical J–V curves

of Si NP-based hybrid solar

cells devices, where Si NPs

with different crystallinity

were integrated (Reprinted

with permission from Ref.

[49]. Copyright 2015 AIP

Publishing LLC)

Table 3 Solar cell parameters derived from corresponding J–V curves [49]

Solar cells PCE [%] JSC [mA/cm2] VOC [mV] FF [%] J0 [mA/cm2]

30 W 0.98 5.00 567 32.0 �0.097

50 W 2.38 10.43 597 38.2 �0.419

65 W 3.36 10.94 628 43.4 �0.329
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On the other hand, as shown in Fig. 20, JSC and PCE increase until the oxidation

time exceeds 12 h. The average PCE has been improved considerably from 1.7% in

a device with fresh Si NCs to 3.3% after 12-h oxidization, which is enhanced almost

twofold, and undoubtedly, due to effective oxygen passivation. In addition, the best

PCE of 3.6% has been achieved eventually.

Both JSC and PCE then decrease with further oxidization. This tendency is

similar to that of electron mobility of Si NCs as shown in Fig. 21 and Table 5,

because the electron mobility has a strong relationship with device performance.

Unbalanced electron and hole mobility in solar cells should be avoided as it leads to

carrier accumulation, space-charge-limited photocurrent, and finally, results in

deteriorated device performance [68]. Hole mobility of PTB7 can normally be as

high as ~5� 10�3 cm2 V�1 s�1 [69], which is at least five times higher than the best

electron mobility of Si NCs we have achieved (~9.4 � 10�4 cm2 V�1 s�1).

Therefore, in present Si NC/PTB7 solar cells, unbalanced charge transport occurs,

and solar cell performance is still limited significantly by Si NC electron mobility.

6 Conclusions

In this chapter, advanced properties and fabrication methods of Si NCs were

described. Detailed synthesis process of Si NCs by using nonthermal plasma was

also discussed. Some basic interesting properties of resulted Si NCs, such as optical

and electrical properties, have been listed afterward. Finally, investigations focus-

ing on the design, fabrication, and performance characterization of Si NC-based

organic/inorganic hybrid solar cells were carefully carried out. Moreover, effects of

Si NCs on device performance were also studied extensively.

Fig. 20 Typical photo J–V
curves of solar cells

fabricated with Si NCs

oxidized for different time

(Reprinted with permission

from Ref. [46]. Copyright

2015 Elsevier Ltd)
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Organic–Inorganic Hybrid Silicon Solar

Yingfeng Li, Younan Luo, and Meicheng Li

Abstract The real challenge of solar cells can be summarized to reduce the cost

while increasing the conversion efficiencies. Organic–inorganic hybrid silicon solar

cell is a newly developed type of solar cells which is expected to realize above

requirement. It can inherit the high efficiency and reliability of the silicon material

and the flexibility, light weight, and affordability of the organic materials. In this

new type of devices, an organic layer is generally spread on the silicon to form the

heterojunction, where the silicon wafer is adopted as the optical absorber. To reduce

cost, ultrathin silicon wafer should be the best choice if only it can absorb enough

sunlight to support the high efficiency. Therefore, light-trapping nanostructures,

like silicon pyramid, nanowire, nanocone, and silver nanoparticle, have been

widely utilized to improve the light absorption. As a consequence, the preparation

of ultrathin silicon wafer and various silicon nanostructures is an important funda-

mental for the organic–inorganic hybrid silicon solar cells. In addition to form

heterojunction with silicon, the other function of the polymer layer is to transport

holes. So, the hole-transporting ability is one of the main criteria for choosing the

polymer. In these days, PEDOT:PSS is most widely used and thought to be the best

choice. Because silicon is inorganic, it is a challenge to form a perfect interface

contact with the PEDOT:PSS; thus, there always exists abundance of defect

structures and defect states on the organic–inorganic interface. These interface

defects are another limitation for the efficiency of the organic–inorganic hybrid

silicon solar cells. So, fabrication technology is another very important aspect to

ensure the high efficiency of such type of hybrid solar cells. It includes modifying

the surface wettability of silicon to improve the junction quality and importing
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effective passivation for the organic–inorganic interface to reduce the recombina-

tion centers. Considering these factors, in this chapter, firstly, some recent works on

the preparation of crystal silicon membrane and several silicon nanostructures have

been summarized by us; then, the basic process, especially the passivation technol-

ogies, in fabricating the heterojunction is given. We hope this summary is helpful

for the future development of organic–inorganic hybrid silicon solar cells.

1 Introduction

The real challenge of solar cells can be summarized to reduce the cost while

increasing the conversion efficiencies. Within current types of solar cells, silicon-

based devices dominate the market with over 80% share due to high efficiency,

reliability, and nontoxic Earth-abundant resources. However, the purification and

fabrication processes of solar-grade silicon are costly, which make for approximate

75% of the total cost. Additionally, the purification process of silicon is very energy

consumed and therefore caused deleterious environmental consequences. Despite

the thin-wafer or thin-film technologies used recently in the photovoltaic industry,

actually, they can’t solve the problem significantly.

The organic solar cell is another potential kind of photon-electric conversion

devices. They have several advantages, including mechanical flexibility, light-

weight, and simple production process under low-temperature; can be produced

in arbitrary colors; etc. The most crucial problem for this kind of photovoltaic

device is the low carrier mobility and conductance of organic materials. These

cause abundant carrier recombination thus low device efficiencies even for labora-

tory cells. Besides, stability is another problem that can’t be neglected for the

organic solar cells.

Organic–inorganic hybrid silicon solar cell offers a practical means to reduce

fabrication cost while getting considerable power conversion efficiencies. The

device structure of organic-inorganic hybrid silicon solar cells is rather straightfor-

ward. Conjugated polymers are spread on a silicon surface with low-temperature

and soluble processes; thus, a heterojunction can be formed. Therefore, the power

conversion efficiency of such type of photovoltaic devices is fundamentally deter-

mined by three main factors: (1) the optical absorption in the silicon absorber [1],

(2) the hole transport in the organic layer [1], and (3) the carrier recombination on

the silicon–organic interface [2].

Crystalline silicon thin membranes are generally adopted as the optical absorber

in organic–inorganic hybrid silicon solar cells, in order to reduce cost; and for

photon trapping, silicon nanostructures including silicon pyramids, silicon

nanowires, and silicon nanocones have to be fabricated on the thin membrane

[3, 4]. It has been demonstrated that the hole mobility in PEDOT:PSS is much

higher than that of most other polymers [4]; so, PEDOT:PSS is the mostly used

organic material in the organic–inorganic hybrid silicon solar cells, and actually,

the thickness of the PEDOT:PSS layer is generally limited to about 100 nm to
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reduce the transport distance of hole in it as far as possible. The carrier recombi-

nation on the silicon–organic interface is a key scientific problem [2]; therefore, the

passivation for this interface attracts increasing attentions [2, 5, 6]. Some passiv-

ation technologies, like natural oxidation, methylation, and amorphous silicon

layer, have been proposed.

In this chapter, the preparation of crystalline silicon membrane and several

silicon nanostructures, which are of great importance for the fabrication of flexible,

low-cost, and high-efficiency organic–inorganic hybrid silicon solar cells, will be

first introduced. Then, the basic fabrication process of organic–inorganic hybrid

silicon solar cells will be given, especially the passivation technologies for the

silicon–organic interface. For organic–inorganic hybrid silicon solar cell, the pas-

sivation technologies are the bottleneck to boost the efficiency.

2 Fabrication of Silicon Membrane and Silicon
Nanostructures

2.1 Ultrathin Silicon Wafer

The ultrathin silicon wafer is the basis for the fabrication of low-cost organic–

inorganic hybrid silicon solar cell. Till now on, the available fabrication technol-

ogies for ultrathin silicon wafer can be generally divided into two classes: mechan-

ical cutting þ grinding method and chemical etching method. However, using the

former technology, it is difficult to obtain silicon wafers with a thickness less than

100 μm; and it will import damage layer 0.2–2.0 μm, as shown in Fig. 1 [7].

The chemical etching method is the most advanced method to fabricate ultrathin

silicon wafer till now. It is a simple, low-cost, and low-damage method. Using this

method, the silicon wafer can be reduced to be several micrometers, and the

thickness can be easily controlled by just adjusting the etching conditions and/or

Surface #325 #2000

110

100

1mm 0.2mm

a b

Fig. 1 TEM image of monocrystalline silicon surface defects ground by traditional grinding

method [7]. (a) Ground by 325 mesh powder; (b) ground by 2000 mesh powder
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etching time. According to the composition of the etchant, the chemical etching

method can be classified into acid etching and alkaline etching methods.

For acid etching, the etching solution contains HF, AgNO3, H2O2, and H2O. The

actual etching is a metal-assisted chemical etching (MACE) process [8]. When the

silicon wafer is immersed into the etching solution, the Ag+ ions can seize electrons

from the valence band of silicon and thus form Ag nucleation which gradually

grows into Ag nanoparticles. After that, the formed Ag particles will act as the

catalyst: the Ag particles will seize electrons from the regions of silicon wafer

contacting with or around them; the seized electrons will reduce the H+ at the

surface of Ag, and the holes will be consumed by the oxidation of silicon. The

reaction equations can be summarized as follows [8]:

Reaction at metal (cathode)

H2O2 þ 2Hþ ! 2H2Oþ 2hþand 2Hþ þ 2e� ! H2 " ð1Þ
Reaction of Si etching (anode)

Siþ 4hþ þ 4HF ! SiF4 þ 4Hþand SiF4 þ 2HF ! H2SiF6 ð2Þ
From these equations, it can be seen that H2O2 can increase hole injection rate

thus leading to high etching rate. Another important feature in the MACE of silicon

is that the reaction rate shows great crystal orientation selectivity [9, 10]. This is

because the bond density along the different directions of silicon is quite different.

It has been demonstrated that the anisotropy in MACE of silicon can be effectively

regulated by the etchant concentration [11, 12].

Through adjusting the ratio of the HF, AgNO3, and H2O2, Bai et al. [13] have

realized the fabrication of ultrathin silicon wafer using the MACE method. They

have obtained ultrathin silicon wafer with a thickness about 30 μm, as shown in

Fig. 2. However, since the intrinsic anisotropic etching feature, the surface quality

of the obtained ultrathin silicon wafer is not very well. The average roughness is

about 13 nm. Besides, some Ag nanoparticles will be left on the surface of the

ultrathin silicon wafer after etching, which will affect the performance of solar cells

fabricated.

Alkaline etching is a more simple method compared with the acid etching

method [14–17]. In this method, the standard silicon wafer simply needs to be

immersed in an alkaline solution for sometimes to fabricate the ultrathin silicon

wafers. The reaction mechanism in alkaline etching process can be briefly summa-

rized as [18]

KOHþ H2O⟶Kþ þ 2OH� þ Hþ ð3Þ
Siþ 2OH� þ 4H2O⟶Si OHð Þ62� þ 2H2 " ð4Þ

When we put the silicon wafer into the solution, the silicon atoms on the surface

of the wafer will react with the OH� forming the complex Si(OH)6
2�. Such

complex is easy to be dissolved into water. What are given in Fig. 3 are the ultrathin
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silicon wafers fabricated using the alkaline etching method with a thickness about

10 μm. It can be seen that the silicon wafer of this thickness can transmit orange

light, and it shows very good mechanical flexibility. Its radius of curvature reaches

about 2 mm. This indicates the organic–inorganic hybrid silicon solar cells based on

such ultrathin silicon wafer can also have good mechanical flexibility.

Besides, using alkaline etching method, the ultrathin silicon wafer can be

reduced to about 2 μm, and the thickness can simply be controlled by adjusting

the concentration of the solution, the reaction temperature, and the time. Figure 4

52
5 
mm Original silicon wafer

Thin silicon wafer

30mm

Fig. 2 Cross-sectional SEM image of the contrast on the thicknesses of the original silicon wafer

and the acid thinned ultrathin silicon wafer

Fig. 3 Contrast on the thicknesses of the silicon wafers before and after the alkaline solution

thinning process and the physical properties of the ultrathin silicon wafer. (a) Cross-sectional SEM
image of the silicon wafers before and after thinning; (b) 4-inch ultrathin silicon wafer; (c)
flexibility of the ultrathin silicon wafer without substrate; (d) flexibility of the ultrathin silicon

wafer with the substrate; (e) ultrathin silicon wafer’s cutting
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shows silicon wafers with several thicknesses from 1.9 μm to 11.2 μm and their

corresponding light transmission properties. The light transmission properties

reflect the light absorption ability of the silicon wafers. This means that how

much solar light can be effectively absorbed in the organic–inorganic hybrid silicon

solar cells based on the ultrathin silicon wafer can be estimated according to these

figures.

Additionally, the surface quality of ultrathin silicon wafer fabricated by alkaline

etching method is much better than that fabricated by the acid method. As shown in

Fig. 5, the average roughness of the sample obtained by the alkaline etching method

is about 0.15 nm, which is quite smaller than that by the acid etching method,

13.8 nm.

The better surface quality of the ultrathin silicon wafer fabricated by alkaline

etching method can be mainly attributed to two reasons. The first one is that,

although the alkaline etching is anisotropic determined by the fact that the number

of Si–Si bonds along different crystalline directions are different, the reaction is a

homogeneous process. This is because there are no metal particles acting as the

reaction centers during the etching process due to that the alkaline solution is only

composed of potassium hydroxide and DI water. The second one is that the etching

rate of alkaline etching is much lower than that of acid etching. For the acid etching,

at a low temperature about 40 �C, the etching rate can also reach about 48 μm/min.

However, for the alkaline etching, even at a high temperature about 90 �C, the
etching rate is only about 1.3 μm/min.

It has demonstrated that adding isopropyl alcohol or n-butyl alcohol into the

alkaline etching solution as protectant is also helpful for obtaining samples of high

surface quality [14–17]. However, we have not found the similar results. The

samples fabricated with no protectant, with isopropyl alcohol added and n-butyl

alcohol added, are given in Fig. 6. The results show that the ultrathin silicon wafer

with no protectant owns the best surface quality.

Fig. 4 Corresponding relationship between the colors of the lights getting through the ultrathin

silicon wafers and their thicknesses
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2.2 Silicon Nanostructures

Fabrication of silicon nanostructures is another basic process for organic–inorganic

hybrid silicon solar cells, which undertake the responsibility to improve light

absorption. Silicon pyramid, silicon nanowire, and silicon nanocone are the three

most popular silicon nanostructures for light absorption enhancement. Therefore,

the recent progress on the fabrication of them will be summarized next.

2.2.1 Silicon Pyramid

Silicon pyramid is the anti-reflectance structure used currently in industrial crystal

silicon solar cells. After the silicon pyramid being fabricated, the reflectance of the

crystal silicon surface can be reduced to about 11% from 40% (polished silicon)

[19]. Such an anti-reflectance effect is not very good, but there are many advantages

for the silicon pyramid structure.

The main merit of silicon pyramid is that the fabrication process is very simple

and cheap. It can be fabricated by immersing the crystalline wafer into alkaline

Fig. 5 Optical micrograph and AFM image of ultrathin silicon wafer fabricated by the (a) acid
etching and (b) alkaline etching method, respectively. The amplification factor of the optical

micrographs is 200 times. Sq means the surface root mean square roughness
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solutions with solutes NaOH, KOH, NaHCO3, NaCO3, and NaSiO3. The details can

be found everywhere. The formation of a pyramid structure occurs because the bond

density on (100) crystal surface is much lower than that on (111) crystalline surface.

Therefore, during the etching process, the silicon atoms on (100) surface easily tend

to be removed but the ones on (111) surface tend to remain. Figure 7a shows the

SEM image of silicon pyramid structure fabricated using the KOH solution.We also

found that hierarchical silicon pyramid structure can be fabricated through control-

ling the concentration of KOH and the etching time, as given in Fig. 7b [20].

Another advantage of silicon pyramid utilized in organic–inorganic hybrid

silicon solar cells is its better surface quality compared as other silicon

nanostructures will be introduced below. This is attributed to the low height (the

general height of the silicon pyramids is about 5 μm) and large tilt angle (the tilt

angle is fixed to 30.3�). These features ensure that all the small facets of the pyramid

are exposed and there is no sharp valley on the silicon surface. High surface quality

is very helpful to obtain high conversion efficiency in photovoltaic devices.

Besides, the low height and large tilt angle can also contribute to fabricate high-

quality organic–inorganic contact interface directly on the silicon pyramid surface.

That is, an organic layer can be directly spun-coated on the silicon pyramid surface

to fabricate the heterojunction. This is of great significance since the good filling of

organic materials into silicon nanostructures is one of the biggest challenges for

fabricating organic–inorganic hybrid silicon solar cells with high efficiency. In this

point of view, the hierarchical silicon pyramid we fabricated should be of the

promising application as the hierarchical structure can catch the organic materials

more tightly.

Fig. 6 SEM (upper) and AFM images for ultrathin silicon wafers thinned without a protective

agent and with different protective agents in alkaline solution. (a) and (d) without a protective

agent; (b) and (e) with isopropyl alcohol; (c) and (f) with butyl alcohol
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2.2.2 Silicon Nanowire

Silicon nanowire exhibits much better light-trapping efficiency than silicon pyra-

mid structures. It can reduce the reflectance of the silicon surface to 2% even lower

[20–23]. Such an excellent anti-reflectance function of silicon nanowire is obvi-

ously very important for solar cells, thus attracting great attentions.

For the fabrication of silicon nanowire, generally, there are two types of

methods, the bottom-up and top-down ones. The “vapor–liquid–solid” (VLS)

growth is a representative method of the bottom-up scheme [24–29]. Using this

method, relatively high-quality silicon nanowires with controllable length and

diameter can be fabricated. The top-down scheme can then be divided into dry

and wet etching approaches. The inductively coupled plasma (ICP) etching is the

most commonly used dry etching approach [30, 31], and using any of them, the

density and size of silicon nanowires can be strictly controlled. However, no matter

the VLS or the ICP methods require large facility and high energy consumption.

Therefore, they are both not suitable for large-scale applications in preparing

materials for the organic–inorganic hybrid silicon solar cells. The MACE method

is a typical wet etching approach with special advantages for industrial applications

[32–40]. It only requires very simple equipment, the reaction temperature is lower

than 100 �C, and meanwhile the shape, size, and surface quality of the samples are

controlled. As a consequence, the MACE technique is thriving day-by-day advanc-

ing to a level where silicon nanowire of the desired shape, size, and surface quality

can be readily fabricated.

When using silicon nanowire for light trapping in solar cells, there are several

factors that need to be considered. The surface density is the first important factor as

silicon nanowire has excellent light concentration ability. According to our numer-

ical simulations [41], a single silicon nanowire can collect light in the area more

Fig. 7 SEM images of (a) silicon pyramid and (b) hierarchical silicon pyramid structures etched

in KOH solution
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than 300 times of its geometrical cross-sectional area due to leaky mode excitation.

This means the silicon nanowire array with fill fraction<5% can achieve near-unity

broadband absorption. Therefore, it is unnecessary to fabricate compact silicon

nanowire array to trap light for the organic–inorganic hybrid silicon solar cells,

which will conversely hinder the filling of PEDOT:PSS in it, and bring in a large

number of defects.

The surface density of silicon nanowires can be effectively controlled by the

so-called template method in MACE, where PS sphere is the most popular used as

the mask [42]. An overall process is illustrated in Fig. 8a, where (I) the PS spheres

are firstly assembled on the silicon surface, (II) then an RIE process is carried out to

form the spacing, (III) after that an Ag thin film is deposited and the PS spheres are

removed, and (IV) finally the silicon nanowire array is obtained by MACE. In such

template method, the surface density of the silicon nanowires can be controlled by

the diameter of the PS spheres and the RIE time. Silicon nanowire arrays of high

and low surface densities obtained by this method are shown in Fig. 8b, c [43, 44].

Diameter is another important parameter for the light-trapping effect of silicon

nanowire array. Our simulation results demonstrated that silicon nanowire with

diameter ~80 nm owns the best light-trapping ability [45]. As reflected in Fig. 9, the

resonant wavelength (peak position) for silicon nanowire of diameter 80 nm cor-

responds to the maximum irradiance in the AM1.5G spectrum; and silicon

nanowire with 80 nm diameter puts up the best light-concentration ability at the

resonant wavelength (peak intensity).

Diameter can be also perfectly controlled by the above template method by

adjusting the RIE time. However, it is unnecessary to use a so complex method to

control the diameter of silicon nanowire. In MACE of silicon using no template, the

diameter of the obtained nanowire can be generally controlled by adjusting

the deposition process in fabricating the catalyst (silver film, usually fabricated

by the magnetron sputtering). In our experiments and Leonard et al. report [46], the

diameter of the silicon nanowires can be controlled to a range 50–100 nm

[47]. Recently, through the more specific process, Um et al. [48] have controlled

the diameter of the silicon nanowires to a range 60–90 nm.

Fig. 8 (a) An illustration of the template method in MACE using PS spheres as the mask [42] and

silicon nanowire arrays of (b) high [43] and (c) low surface densities [44]
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Length is also a very important parameter since it dramatically determines the

amount of light being absorbed in the silicon nanowires themselves. For photovol-

taic devices with a p–n junction in the bulk part of the silicon substrate, a balance

between the light-trapping ability of the silicon nanowires and the amount of light

being absorbed themselves must be considered. For solar cells with the radial

junction, there will be a specific length of the silicon nanowire to achieve the

optimized light absorption efficiency. The simulation results indicate that the

silicon nanowire with length 3 μm owns the optimal light absorption efficiency

[49]. By comparing the photovoltaic output characteristics of radial p–n junction

solar cells fabricated on silicon nanowires with different lengths, Yang et al.

demonstrated that the enhanced light absorption in silicon nanowires with length

ranging from 2 to 5 μm can dominate over surface carrier recombination [50]. In our

MACE, we found that the length of silicon nanowire is nearly linear with the

reaction time even under different temperatures, as shown in Fig. 10. Therefore,

the length of silicon nanowire can be simply controlled by the etching time.

Due to the excellent light-trapping ability, a silicon nanowire is of great promise

to be used for conquering the inadequate light absorption in organic–inorganic

hybrid silicon solar cells. Besides, the numerical simulation results have demon-

strated that the collected light by silicon nanowire shows up very significant skin

effect [21]. That is to say, most of the collected light will be localized near the
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surface of the nanowire, which means silicon nanowire structure is very suitable to

be used in radial junction photovoltaic devices. The PCE of organic–inorganic

hybrid silicon solar cells with such radial junction architecture has reached to

13.6% [51]. However, since the inevitable metal residual and defects in silicon

nanowire fabricated by MACE and the difficulty in filling organics in the nanowire

structure, the fabrication of radial organic–inorganic hybrid silicon solar cells with

higher efficiency is still a great challenge.

2.2.3 Silicon Nanocone

Silicon nanocone is another nanostructure of excellent light-trapping ability, which

can be fabricated with the similar process as silicon nanowire. Besides, its shape is

similar as silicon nanowire with great aspect ratio; thus, it is also called as tapered

silicon nanowire elsewhere. The light-trapping effect of silicon nanocone is even

better than nanowire [52, 53]; therefore, its fabrication and application attract great

attentions.

Lin et al. [54] have developed a process to fabricate silicon nanocone with

uniform shape and regular arrangement, as shown in Fig. 11a, b. However, this

process is quite complex which needs a Ti/Au mesh film as the mask and several

repeated processes of depositing catalysts and etching. As an improvement, Bai

et al. [55] have developed a one-step template-free method to fabricate silicon

nanocone. The only thing to do is to immerse the silicon wafer with deposited silver

film in the HF/H2O2 solution. In their report, silicon nanocone array with length

~400 nm and continuously various diameters from 5–10 nm to 80–107 nm (tapering

degree about 12.7) are obtained, as shown in Fig. 11c, d. The main mechanism of

the tapering etching is the in situ oxidative dissolution of the silver network, which

means the silver network sinks and dissolves gradually during the etching process.

Fig. 10 Relation of silicon

nanowire length and

reaction time at different

temperatures
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Besides, Jung et al. [74–76] have demonstrated that silicon nanocone can be also

fabricated by etching the silicon nanowire in KOH solution for about 60 s. This

should be also a promising method as the processes for fabricating silicon nanowire

are mature now.

According to our simulations, due to the continuous diameter variation and

resonant wavelengths excited in nanocone, silicon nanocone shows better light-

trapping ability than silicon nanowire [53]. Meanwhile, we have found that the

average reflectance of a silicon nanocone array with length 1.47 μm in the

waveband 300–1000 nm can reach about 1.7%. Taking into account that the tapered

feature of silicon nanocone is beneficial for the filling of organics in the interval,

silicon nanocone should be also of great application prospect in organic–inorganic

hybrid silicon solar cells.

Fig. 11 SEM images of the silicon nanocone fabricated by (a and b are reproduced from Ref. [54]

with permission from The Royal Society of Chemistry) Lin et al. and (c) Bai et al. (d) TEM image

of one individual silicon nanocone in (c) (Image c and d are reproduced from Ref. [55] with

permission from The Royal Society of Chemistry)
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3 Device Fabrication and Passivation

As mentioned in the introduction, fabrication technology is very important to

ensure the efficiency of such type of organic–inorganic hybrid solar cells. Follow-

ing, the basic fabrication process of such hybrid device and point out, the key

factors improving the quality of the organic–inorganic hetero junction will be

given; and the passivation technologies of the organic–inorganic interface from

the recent reports in the device also will be summarized, which is necessary to

reduce the carrier recombination.

3.1 Fabrication Process of the Organic–Inorganic Hybrid
Silicon Solar Cells

The whole fabrication process can be generally divided into four main steps:

cleaning the substrate, modifying the wettability of the silicon surface and

PEDOT:PSS solution to improve the quality of heterojunction, fabricating the

organic–inorganic heterojunction, and preparing the front and back electrodes.

3.1.1 Substrate Cleaning

Substrate cleaning is the first and very important process in fabricating the organic–

inorganic hybrid silicon solar cells. In this step, the physical and chemical adsorbed

impurities on the wafer will be removed. The impurities can not only affect the film

quality of the organic layer but also bring in abundant carrier recombination. This

will dramatically reduce the conversion efficiency and even affect the lifetime or

stability of the fabricated organic–inorganic hybrid silicon solar cells. Therefore, a

rigid cleaning scheme for the silicon substrate is quite necessary. What’s given in

Fig. 12 is a mature cleaning procedure technology we used to ensure the formation

of the good organic–inorganic interface.

The silicon wafers (N (100), resistivity of 2–4 Ω.cm) are firstly cleaned by

acetone (5 min), anhydrous ethanol (5 min), and DI water (10 min) under ultrasonic

conditions step-by-step at room temperature. This step aims to remove the organic

impurities.

After that, a standard RCA cleaning process is executed [56]. It contains four

steps: (a) APM solution (H2SO4:30% H2O2 ¼ 1:3) is used to clean the surface for

10–15 min, which can remove the organic particles; (b) SPM solution with

(NH4OH:H2O2:H2O) ranging from (1:1:5) to (1:2:7) is used to clean the surface

for 10–15 min, which can reduce metal atom pollution; (c) soak the silicon wafer

with DHF(HF:H2O)¼ 1:(2~10) solution for 5 min to remove the Al, Fe, Zn, Ni, etc.

metal particles; and (d) HPM solution with (HCl:H2O2:H2O) ranging from (1:1:6)

to (1:2:8) is used to clean the surface for 10–15 min, to remove the Al3+, Fe3+, Mg2+,

Zn2+, etc. Besides, in the middle of each cleaning step, the silicon wafer must be
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rinsed clearly with super pure water (DI water). This rigid cleaning process can

ensure the cleanliness of the silicon wafer reaching a very high degree, which lays a

solid foundation for the next experiments. It should be noted that, if such cleaned

silicon wafers have been stored for a long time, they are better to be treated by

hydrofluoric acid again to remove the oxide layer.

3.1.2 Improve Quality of the Heterojunction

After being cleaned, the surface of the silicon wafer is hydrophobic. So, to form a

good heterojunction contact with the hydrophilic PEDOT:PSS, it is required to

modify the wettability of the silicon surface. Besides, as the PEDOT:PSS should be

dissolved in DI water and then be spin-coated on the surface of the silicon wafer to

form heterojunction with silicon, it is also possible to improve the quality of

heterojunction by modifying the surface tension of the water solution of PEDOT:

PSS.

The hydrophobicity of cleaned silicon surface can be directly reflected by the

fact that water dip on the silicon surface exhibits almost spherical: the measured

contact angle reaches about 70� [57]. This indicates that it is hard to form flat and

homogeneous PEDOT:PSS film through spin coating PEDOT:PSS aqueous solu-

tion on untreated silicon. After being oxidized under natural circumstances for

12–24 h, the surface of the silicon wafer changes to be well hydrophilic: a water dip

can be spread almost evenly on the silicon surface. This implies the PEDOT:PSS

Ultrasonic treatment in acetone at 25°C

Ultrasonic treatment in ethanol at 25°C

Ultrasonic treatment in DI water at 25°C

APM solution treatment at 65~80°C

SPM solution treatment at 100~130°C

DHF solution treatment at 20~25°C

HPM solution treatment at 65~80°C

Fig. 12 The cleaning

procedure for the silicon

wafer

Organic–Inorganic Hybrid Silicon Solar 219



aqueous solution can be also spun-coated homogeneously on the silicon wafer, to

form good heterojunction contact. Besides natural oxidation, the silicon wafer can

be modified by the ultraviolet/ozone treatment technology. The ozone atmosphere

can increase the oxidized rate dramatically and thus can obtain more uniform oxide

layer. Such uniform oxide layer can not only improve the hydrophily of the silicon

wafer but also is more effective in reducing the density of surface defects.

Modification on the surface tension of PEDOT:PSS aqueous solution is the other

effective method to improve the quality of the heterojunction. According to the

reports of Liu et al. [58], added Zonyl FSH (a kind of fluorocarbon surface-active

agents) to the PEDOT:PSS solution with 0.1% mass fraction can effectively reduce

the surface tension of the PEDOT:PSS solution. As shown in Fig. 13, the spread-

ability of the PEDOT:PSS aqueous solution can be obviously enhanced after the

Zonyl FSH is added. As a result, the surface wetting, leveling, and adhesion of the

PEDOT:PSS on the silicon surface are improved. This indicates that the quality of

formed heterojunction will be improved after adding appropriate surface-active

agents to the PEDOT:PSS water solution.

3.1.3 Fabrication of the Organic–Inorganic Heterojunction

The organic–inorganic heterojunction is generally fabricated by spin coating the

PEDOT:PSS aqueous solution on the silicon surface. In this fabrication process, it

is very important to control the thickness of the PEDOT:PSS layer. Since the only

function of the PEDOT:PSS film is to form a heterojunction with the silicon

substrate, the PEDOT:PSS layer should be deposited as thin as possible to reduce

the carrier transport distance and to reduce the light absorption loss, so long as no

leakage current. Depending on recent researches, the optimal thickness of the

PEDOT:PSS layer is about 100 nm.

The thickness of the PEDOT:PSS layer fabricated by the spin-coat process can

be controlled by the concentration of the solution and the spin rate, according to the

following equation [59]:

Fig. 13 Influence of Zonyl FSH on the surface tension of PEDOT:PSS solution. (a) Before Zonyl
FSH addition; (b) after Zonyl FSH addition
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hf ¼ KC2
0=

ffiffiffiffi

ω
p

, ð5Þ
where hf refers to the thickness of the obtained PEDOT:PSS layer, C0 is the mass

concentration of the solution, and ω is the spin rate. For the PEDOT:PSS aqueous

solution with concentration of 1.4% (bought from Heraeus, PH1000), a PEDOT:

PSS layer of thickness about 100 nm can be obtained under spin rate 3000 rev/min

for 1 min according to our experience. A tip is that fabricating PEDOT:PSS layer in

the N2 atmosphere can enhance the performance of the organic–inorganic hybrid

silicon solar cells (by about 71.3%) [60]. A reasonable explanation for this enhance-

ment is that the N2 atmosphere can protect the PEDOT:PSS layer from being

polluted.

After the PEDOT:PSS being spin-coated on the silicon wafer, a subsequent

annealing process is needed to remove the residual water vapor in the film. Notably,

the water vapor has great influence on the performance of the devices. So, in this

annealing process, we must ensure the water vapor in the PEDOT:PSS film is

completely removed, but avoid the architecture of the organic layer being damaged.

Therefore, a balance between eliminating the water vapor and maintaining the

structure of PEDOT:PSS must be struck. The usually adopted process is annealing

the samples under an N2 atmosphere at 140–150 �C for about 15 min [61].

Under the same consideration, the annealed organic–inorganic heterojunction

(and the final device) should be stored in conditions isolated from water vapor, as

PEDOT:PSS has good hydrophilicity. From Fig. 14 it can be seen that the conver-

sion efficiency of the organic–inorganic hybrid silicon solar cells reduces signifi-

cantly with time when the devices are placed in the natural environment (wet

circumstance). After 3 h, the efficiency of device preserved in wet circumstance

decreases about 70.8% (from 4.32% to 1.26%). In contrary, the efficiency of device

preserved in dry circumstance only decreases about 35.8% (from 4.32% to 2.77%).

This comparison proves the great affection of storage environment on the perfor-

mance of the solar cells.

Doping some functional materials in the PEDOT:PSS should be another effec-

tive way to improve the performance of the organic–inorganic hybrid silicon solar

Fig. 14 Comparison between the organic–inorganic hybrid silicon solar cells preserved in (a) wet
and (b) dry circumstance for 3 h
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cell. For instance, dimethyl sulfoxide (DMSO) is widely used to dope in the

PEDOT:PSS solution. It can make the PEDOT:PSS solution particles more clus-

tered, thus improving the compactness of the organic film. This can be reflected by

the average roughness of the film surface as shown in Fig. 15, where the surface

quality of the PEDOT:PSS film doped with DMSO has been greatly improved. A

compact PEDOT:PSS film is a benefit to forming tight contact with the silicon

surface, thus improving the quality of the heterojunction.

The ability to conduct hole is a key property of PEDOT:PSS, which limits the

efficiency of the organic–inorganic hybrid solar cells. It has been found that to dope

some functional materials can dramatically improve the conductivity of PEDOT:

PSS. As reported by Chou et al. [62], the conductivity of PEDOT:PSS can be

increased by two orders of magnitude by doping the volume fraction of 5% of

DMSO in the PEDOT:PSS solution. Meng et al. [63] have found that adding ZnP in

PEDOT:PSS can also improve its ability in guiding hole. They reported that the Voc

of the organic–inorganic hybrid silicon solar cell can be remarkably increased from

0.37 to 0.48 V after the PEDOT:PSS is doped with ZnP; meanwhile, the Jsc can be

increased from 1.94 to 3.81 mA/cm2. Consequently, the conversion efficiency can

be increased by more than two times. Sorbitol is also a widely used dopant in

PEDOT:PSS, which can enhance the conductivity of PEDOT:PSS thin films by

three orders of magnitude [64].

Some organic compounds can also protect PEDOT:PSS from being polluted by

water vapor; thus, it is helpful to improve the stability of the solar cells. For

instance, A.M. Nardes et al. [64] found that, if we add sorbitol in PEDOT:PSS

aqueous solution, the sorbitol can be dissolved out from the PEDOT:PSS material

and form an individual film during the annealing process. Such sorbitol film can

significantly reduce the tendency to take up water from the air, which increases the

environmental stability and improves the efficiency of solar cell. The conductivity

of such fabricated PEDOT:PSS film can almost be maintained constant for 2 h up to

45% relative humidity [64].

Fig. 15 AFM images of the PEDOT:PSS film. (a) Without and (b) with DMSO doped
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3.1.4 Preparation of Electrodes

The last step to fabricate the organic–inorganic hybrid silicon solar cells is to

prepare the front and back electrodes. The function of the front electrode is to

collect holes; meanwhile, ensure the area of the plate is facing the sun as much as

possible (not shelter by the front electrode). In the organic–inorganic hybrid silicon

solar cell, since the hole-transporting capacity of the PEDOT:PSS is not as good as

expected, an ITO layer should be deposited on the PEDOT:PSS layer firstly to

avoid the lateral transport of holes. Besides it can improve the hole collection

efficiency, and the ITO layer can also act to protect the PEDOT:PSS from the water

vapor. After that, the silver finger electrode (usually with 50 μm in width, 20 μm in

height) will be screen printed on the ITO layer.

The function of the back electrode is to collect electrons. The most simple and

common method is to plate an Ag or Al film with a thickness of about 100 nm on the

back of the solar cell directly. However, it is hard to fabricate solar cells of high

conversion efficiency using this method. This is because the thickness of the silicon

substrate in this type of organic–inorganic hybrid silicon solar cells is too thin; thus,

a large number of light-generated holes will diffuse to the region near the back

electrode. Therefore, there will be a large carrier recombination on the interface

between the silicon substrate and the back electrode.

An effective method to reduce the carrier recombination at this interface is to

introduce a back electric field to prevent the hole from spreading to the back

electrode. Through fabricating a back surface heavy doping layer (n+) before

depositing the silver rear electrode, He et al. [51] realized a 13.6% efficiency on

20-μm-thick organic–inorganic hybrid silicon solar cell. Zhang et al. [6] have

made many efforts on building the back electric field using simple solution

process under low temperature (~150 �C). They found that inserting a Liq

(8-hydroxyquinolinolato-lithium) layer ~2 nm between the rear side of Si and the

Al electrode can effectively enhance the Schottky barrier height and built-in

voltage, thus reducing charge recombination. This Liq insert can improve the

PCE of solar cells 29.5% (from 9.4% to 12.2%). A cesium carbonate (Cs2CO3)

layer has also been tried to insert between Si and the rear electrode Al. The charge

carrier recombination rates are effectively suppressed at the rear surface due to the

deflection of holes, and a high PCE of 13.7% is achieved.

It should be noted that the edges of the device must be cut out after the electrodes

have been fabricated to avoid short circuit.

3.2 Passivation Technologies on the Organic–Inorganic
Interface

Passivation on the organic–inorganic interface is a very important step in fabricat-

ing organic–inorganic hybrid silicon solar cells. From transient and steady output

characteristics measurement on the current density and voltage of the fabricated
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silicon/PEDOT:PSS devices, Sun et al. [2] have confirmed that the surface passiv-

ation dominated the charge recombination process, thus playing a critical role on

the device performance. Since it is inevitable to introduce abundant defects when

we directly spin coat the organics on the silicon, the carrier recombination can be

effectively reduced by passivation technique. Recent researches demonstrated that

effective passivation on the organic–inorganic interface should be the bottleneck

for achieving solar cells with high efficiency, and many passivation methods have

been attempted.

Native oxidizing passivation method is the most commonly adopted method in

the past organic–inorganic hybrid silicon solar cells. The cleaned silicon wafer only

should be put under clean air condition for 12–24 h, and a uniform silica layer about

1.5 nm can be formed on the silicon surface. Such a silica layer can effectively

passivate the surface defects, which results in that the minority lifetime on the

silicon surface can reach about 26 μs [5]. Ye et al. [65] have developed the surface

quality of the silica passivation layer using a simple and repeatable wet oxidation

method. They found that the oxidizing aqueous solution of HNO3 can introduce a

uniform and dense silica thin layer on the silicon surface, which can provide better

surface passivation and stronger wettability than that formed after native oxide. The

HNO3-oxidized device they fabricated displays better performance than in the

native oxide case, with the PCE is enhanced by 28.96% (from 8.53% to 11%).

Besides, Sun et al. [2] have found that organic compounds can also be used as the

passivation layer for the silicon/PEDOT:PSS interface. They have fabricated a

methyl/allyl organic monolayer on the silicon nanowires by immersing chlorine

terminated silicon nanowire substrate in an organic solution to graft the methyl/

allyl. The charge carrier lifetime of the hybrid devices can be extended to 29.3 μs,
and correspondingly the PCE of the device reaches 10.2%. Most recently, Li et al.

[5] have found that the intrinsic amorphous silicon (i a-Si) passivation technique

widely used in HIT solar cells can also perform well for the organic–inorganic

hybrid silicon solar cells. An i a-Si layer of about 2 nm has been inserted (PECVD

deposition) between the silicon surface and the PEDOT:PSS and obtained a minor-

ity lifetime about 45 μs. The short current density of the fabricated solar cell

reached 83.0% of the theoretical limit. This is the best passivation effect that has

been reported and thus should be a practical and effective passivation technique for

high-efficiency organic–inorganic hybrid silicon solar cells.

Using atomic layer deposition (ALD) to deposit an Al2O3 thin film as the

passivation layer is widely used to fabricate the organic–inorganic hybrid silicon

solar cells with the radial heterojunction. This is because a conformal thin film can

be achieved on high aspect ratio surface using the ALD method. Notably, the

thickness of the Al2O3 layer should be thinner than 2.5 nm to avoid hindering the

carrier transport. By depositing an Al2O3 passivation layer with thickness ~0.7 nm

between the silicon nanocone array and the PEDOT:PSS layer, Pudasaini et al. [66]

found that the interfacial defect density decreased 31.3%, and the PCE is enhanced

from 9.65% to 10.56%.
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3.3 Key Points in the Device Fabrication Process

As a summary, the fabrication of organic–inorganic hybrid silicon solar cells

includes six key points.

1. The cleaning step is the basic process and the prerequisite for obtaining high-

efficiency devices.

2. The modification of the silicon wafers and the PEDOT:PSS ensures the fabri-

cation of good organic and inorganic heterojunction.

3. In the case that the above two steps have been perfectly completed, the prepa-

ration of the PEDOT:PSS film on the silicon substrate is one of the most

important steps because the thickness of the film must balance the quality of

heterojunction and electrical conductivity.

4. Storage of the silicon wafer with PEDOT:PSS layer isolated from water vapor is

necessary since the PEDOT:PSS absorbs water which will seriously affect its

performance.

5. The preparation of electrodes has great influence on the PCE of the devices

obtained.

6. The passivation technique for the organic and inorganic interface should be paid

special attentions on, which has been demonstrated to be the bottleneck limiting

the PCE of the organic–inorganic hybrid silicon solar cells.

4 Conclusions

In this chapter, recent progress on the fabrication of ultrathin flexible crystal

silicon membrane and several silicon nanostructures for light trapping and the

detailed fabrication process including the key factors of organic–inorganic hybrid

silicon solar cells are summarized. Preparation of crystalline silicon membrane is

the premise as it is always adopted as the optical absorber in organic–inorganic

hybrid silicon solar cells, while the silicon nanostructures are necessary to make

up the insufficient light absorption in the ultrathin silicon. Till now, the fabrication

processes of the ultrathin flexible crystal silicon membrane and the silicon nano-

structures, using the wetting chemical etching methods, both have advanced to

a level where desired thickness, size, and surface quality can be readily fabricated.

The fabrication technique of the organic-inorganic hybrid silicon solar cells is

very important to ensure the high efficiency. The fabrication steps are described in

detail where six key points need to be paid attention are emphasized. For such

organic–inorganic hybrid silicon solar cells, passivation techniques on the organic/

silicon interface should be the bottleneck limiting the PCE. There are many efforts

that have been made on this issue, but it still far away from being solved perfectly.

We predict passivation must be the research highlight in the field of organic–

inorganic hybrid silicon solar cells. Organic–inorganic hybrid silicon solar cells

can reduce the cost, maintain high conversion efficiencies and good stability, and
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obtain good mechanism flexibility; therefore, they should be a promising type of

solar cells. We hope that the above contents can make a little bit of contribution to

the photovoltaic field.

Acknowledgments This work is supported partially by National High-Tech R&D Program of

China (863 Program, No. 2015AA034601), National Natural Science Foundation of China (Grant

nos. 91333122, 51372082, 51402106, and 11504107), PhD Programs Foundation of Ministry of

Education of China (Grant no. 20130036110012), Par-Eu Scholars Program, Beijing Municipal

Commission of Science and Technology Project (Z161100002616039), and the Fundamental

Research Funds for the Central Universities (2016JQ01, 2015ZZD03, 2015ZD07, 2017ZZD02).

References

1. P.C. Yu, C.Y. Tsai, J.K. Chang, C.C. Lai, P.H. Chen, Y.C. Lai, P.T. Tsai, M.C. Li, H.T. Pan,

Y.Y. Huang, C.I. Wu, Y.L. Chueh, S.W. Chen, C.H. Du, S.F. Horng, H.F. Meng, ACS Nano 7,
10780 (2013)

2. F. Zhang, D. Liu, Y. Zhang, H. Wei, T. Song, B. Sun, ACS Appl. Mater. Interfaces 5, 4678
(2013)

3. M. Sharma, P.R. Pudasaini, F. Ruiz-Zepeda, D. Elam, A.A. Ayon, ACS Appl. Mater. Inter-

faces 6, 4356 (2014)

4. J. He, P.Q. Gao, M.D. Liao, X. Yang, Z.Q. Ying, S.Q. Zhou, J.C. Ye, Y. Cui, ACS Nano 9,
6522 (2015)

5. Y. Li, P. Fu, R. Li, M. Li, Y. Luo, D. Song, Appl. Surf. Sci. 366, 494 (2016)

6. Y. Zhang, F. Zu, S.T. Lee, L. Liao, N. Zhao, B. Sun, Adv. Energy Mater. 4, 2195 (2014)

7. W. Qiu, Dissertation, SiChuan Normal University, (2014)

8. F. Bai, M. Li, D. Song, H. Yu, B. Jiang, Y. Li, J. Solid State Chem. 196, 596 (2012)

9. T. Huang, T. Yen, MRS Proceedings, 1302, mrsf10–1302-w1309–1304 , (2011)

10. C.Y. Chen, C.S. Wu, C.J. Chou, T.J. Yen, Adv. Mater. 20, 3811 (2008)

11. L. Li, Y. Liu, X. Zhao, Z. Lin, C.-P. Wong, ACS Appl. Mater. Interfaces 6, 575 (2013)

12. Z. Huang, T. Shimizu, S. Senz, Z. Zhang, N. Geyer, U. Gosele, J. Phys. Chem. C 114, 10683
(2010)

13. F. Bai, M. Li, D. Song, H. Yu, B. Jiang, Y. Li, Appl. Surf. Sci. 273, 107 (2013)

14. S. An, S.G. Lee, S.G. Park, E.H. Lee, O. Beom-Hoan, Sensor. Actuat. a-Phys. 209, 124 (2014)
15. K.P. Rola, I. Zubel, J. Micromech. Microeng. 21, 115026 (2011)

16. I. Zubel, M. Kramkowska, Sensor. Actuat. a-Phys. 101, 255 (2002)

17. I. Zubel, K. Rola, M. Kramkowska, Sensor. Actuat. a-Phys. 171, 436 (2011)

18. A. Splinter, J. Stürmann, W. Benecke, Mater. Sci. Eng. C 15, 109 (2001)

19. K. Sato, M. Shikida, T. Yamashiro, M. Tsunekawa, S. Ito, Sensor. Actuat. a-Phys. 73,
122 (1999)

20. B. Fan, F. Peng-Fei, C. Peng, H. Rui, L. Rui-Ke, Z. Zhi-Rong, Y. Hang, Z. Yan, S. Dan-Dan,

L. Ying-Feng, J. Infrared Millim. W. 34, 471 (2015)

21. K. Peng, Y. Xu, Y. Wu, Y. Yan, S.T. Lee, J. Zhu, Small 1, 1062 (2005)

22. Y. Li, L. Yue, Y. Luo, W. Liu, M. Li, Opt. Express 24, A1075 (2016)

23. Y. Li, M. Li, R. Li, P. Fu, T. Wang, Y. Luo, J.M. Mbengue, M. Trevor, Sci. Rep-Uk 6, 24847
(2016)
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Recent Advances in the Use of Silicon-Based
Photocathodes for Solar Fuel Production

Ahmad M. Mohamed, Basamat S. Shaheen, Aya M. Mohamed,

Ahmad W. Amer, and Nageh K. Allam

Abstract With the substantial decrease in the world’s reservoirs of fossil fuels, the
need to develop industrial-scale energy-harvesting systems that rely on more

sustainable sources is dire. With solar energy being the cheapest, and most giving,

research progress utilizing it to replace fossil fuels, as well as to counterbalance the

effects of using such fuels, is divided into three tracks: finding cheap and efficient

photoabsorbers, devising industrially compatible fabrication procedures, and devel-

oping the proposed systems for higher efficiency. Being an abundant element with

well-known chemical and electrical properties and well-established fabrication

procedures, silicon may be the quickest solution for developing efficient solar

energy conversion systems. Indeed, for H2 production and CO2 reduction in par-

ticular, Si-based materials with different morphologies, structural forms, and com-

binations were studied for decades. In this chapter, the recent studies for Si

photocathodes are demonstrated in a way to classify the different systems and

compare their performance. The use of plain and decorated nanostructured Si, as

well as SiC nanostructured crystalline photocathodes for solar H2 production, is

briefly presented. Brief insight about amorphous Si and its use for the same purpose

is also discussed. Finally, light is shed on the use of Si photocathodes in CO2

reduction.

1 Introduction

With the dependency of the world’s energy economy on oil products faltering,

challenges facing the oil economy today, such as sustainability and eco-stability,

are no longer tolerable. It is thus a global ultimatum either to redesign the existing

systems to clean up the carbon footprint from the Earth’s atmosphere or to design
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new systems capable of emission-less production of energy. Indeed, both endeavors

have been under way for more than 40 years.

On one hand, hydrogen, being one of the main sources that is expected to

maintain supplying energy to the world for the next decades [1], has captivated

global attention since the Second World War. The major advantage of hydrogen is

that abundant and clean water is both the source and the product. However, the

extraction of hydrogen gas from water is an energy-hungry process [2]. Thus, ever

since the 1972 Fujishima-Honda experiment [3], researchers have been optimizing

devices that can split water using off-the-grid methods, such as solar energy. In such

photoelectrochemical cells (PECs), photo-active electrodes (mainly photoanodes)

are used to drive forward the redox reactions of water splitting using merely the

energy of the sun. Current problems facing the industrialization of PECs can be

summed up as the ability of designing photoelectrodes that can absorb most of the

visible region of sunlight (~40%) with a high quantum efficiency. In addition, the

need of applying external bias to push the splitting reactions forward persists in

order to raise the work function of the metallic cathode and initiate the hydrogen

evolution reaction [4]. Indeed, several trials were reported in the literature in order

to get rid of this external bias through forming a p–n junction inside the PEC, i.e.,

incorporating a photo-active cathode instead of a metallic one [5–12]. However,

general problems facing the use of photocathodes are their instability in aqueous

media, which leads to photo-corrosion, or their wide bandgaps, which render their

use as photo-active electrodes inefficient [13]. Researchers thus attempt the fabri-

cation of multi-component, bio-mimicking systems, in which a non-stable, yet

highly absorbing photocathode is covered with a protection layer that assists in

pushing the electrons into the electrolyte [14–22]. On the other side, researchers are

developing systems that can absorb the greenhouse gas CO2 from the atmosphere to

decrease its persisting side effects.

Silicon is considered a reference material in the solar industries due to its near-

optimum bandgap [23], which offers Si a strong absorption in the visible region, as

well as its fast charge dynamics [24] and very high diffusion length [25]. In

addition, the commercially available fabrication technologies render Si a very

promising material for photoelectrodes.

This chapter focuses on the use of crystalline Si (c-Si) and amorphous Si (a-Si)

as photocathodes in PECs, as well as sheds light on the recent studies using Si

for CO2 reduction. Herein, some of the most important routes for the

modification of crystalline Si to be a successful candidate in water splitting will

be reviewed. Likewise, for amorphous Si, this chapter discusses its points of

strength and weakness and the various modification pathways researched in the

literature.
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2 Plain Crystalline Silicon: Nanostructuring
for Higher Efficiencies

2.1 Nanowires

Making advantage of nanotechnology, forming p-Si photocathodes in nanostructures

was found to be a way for enhancing the absorption and charge separation. Nanowires

(NWs) were shown to be a promising architecture for their ability to decouple the

directions of absorption and charge transfer, the increased surface area, and effective

light trapping. This can in turn allow the use of low-purity Si, which reduces the cost

of the system, while keeping the efficiency of the cell intact [26]. Sim et al. [27]

showed that nanostructuring single crystalline Si by metal-catalyzed electroless

etching for different durations produces a change in the photocurrent density as

shown in Fig. 1. Besides the photocurrent, overpotential is another important quantity

that determines the photoelectrochemical behavior. Precious metals such as platinum

were usually deposited on c-Si structures to lower the overpotential, which affects the

cost of the device. In this study [27], porous nanostructures were formed at etching

times shorter than 120 min, followed by the formation of NWs at longer times. At

120-min etching, both of the nanoporous layers and NWs existed.

Table 1 summarizes the results of the photocurrent, the onset potential (which is

related to the overpotential), and the solar-to-hydrogen (STH) conversion efficiency

obtained for the nanoporous and NW structures as compared to planar Si and

structures decorated with Pt. STH conversion efficiency is calculated from an

equation combining the onset potential (Vos), the photocurrent at short circuit

(Jsc), and the fill factor (FF), i.e.,

Fig. 1 SEM micrographs of cross-sectional views of p-type (100) Si wafers etched in 5 MHF and

0.02-M AgNO3 solution at different etching times: (a) 30 min, (b) 120 min, (c) 300 min, and (d)
480 min. (e) The photocurrent density of the Si electrodes formed at different etching times was

measured at light intensity of 100 mW/cm2 using an air mass 1.5 filter with 4 cycles for statistical

reliability [27]
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STH conversion efficiency %ð Þ ¼ VOS � JSC � FF

Pin

� 100 ð1Þ

¼ Vmax � Jmax

Pin

� 100: ð2Þ

The highest STH conversion efficiency (1.19%) was obtained for the

nanostructures obtained at 120-min etching and deposited with Pt [27]. The depo-

sition of Pt had the effect of increasing the STH conversion efficiency for all the

structures. Without the usage of Pt catalyst, the efficiency of the 29.3 μm SiNWs

increased to 70% of that of planar Si decorated with Pt, accompanied by an increase

in the onset potential (decrease in the overpotential). It is important to note that the

dimensions of the structure also have important effects on the PEC behavior. As it

can be observed from Table 1, the limiting current density increases till the length

of the NWs reaches 150 μm, after which a decrease in photocurrent density is

observed.

This decrease was attributed to increased surface defects, wide depletion region,

and the high rates of recombination, all factors that decrease the current density.

These opposite effects of nanostructuring Si show the magnified effect that the

Table 1 Photocurrent density, onset potential, and solar-to-hydrogen (STH) conversion effi-

ciency obtained for Si nanoporous and nanowire structures as compared to planar Si and structures

decorated with Pt [27]

Structure

Limiting

current density

[mAcm�2]

Current density at

0 V vs RHE

[mAcm�2]

Onset

potential

[V]

STH

conversion

efficiency [%]

Planar Si �34.1 �0.25 0.13 0.03

Planar Si with Pt �29.0 �12.3 0.28 0.69

Porous Si (10-min

etching)

�32.1 �3.21 0.19 0.10

Porous Si with Pt (10-min

etching)

�14.9 �12.13 0.23 0.81

Porous and 1.5-μm
nanowire (120 min

etching)

�54.1 �3.02 0.23 0.12

Porous and 1.5-μm
nanowire with Pt

(120-min etching)

�18.4 �16.4 0.26 1.19

29.3-μm Si nanowire

(300-min etching)

�21.4 �10.65 0.38 0.48

29.3-μm Si nanowire with

Pt (300-min etching)

�14.3 �12.81 0.48 1.20

38.0-μm Si nanowire

(480-min etching)

�11.1 �0.86 0.25 0.11

38.0-μm Si nanowire with

Pt (480-min etching)

�7.2 �6.54 0.32 0.70
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nanostructures and their dimensions have on the efficiency in general and on its

components (photocurrent and onset potential) in specific.

In this sense, Kelzenberg et al. [28] studied the optical absorption of Si wire

arrays grown by using the vapor-liquid-solid (VLS) process with seven different

tilting patterns as shown in Fig. 2 (first two rows). The transmitted optical diffrac-

tion patterns and the angularly resolved measurements are shown in Fig. 2 (third

and fourth rows), respectively. All the arrays had lower light absorption at normal

angle of incidence than at other angles. Arrays having periodic arrangement of

wires showed higher absorption than the arrays with quasiperiodic or random

arrangements. The authors suggested the reduction of Si surfaces as well as

randomization of the path of light between the wires as causes of maximizing the

absorption.

2.2 Micro- and Nanoholes

Trying out different structures, Ji et al. studied Si microholes (MHs) as photocath-

odes for hydrogen production [29]. As shown in Fig. 3 panels a and c, the highly

ordered MHs were fabricated with different diameters on a Si substrate by com-

bining nanosphere lithography and metal-assisted etching processes. The length of

the MHs was also controlled by the etching parameters as shown in Fig. 3 panels b

Fig. 2 Representative composition and optical properties of each wire-array tiling pattern. The

scale bars in the left column apply to all images across each row. Top row: SEM images of

as-grown wire arrays viewed from a top-down perspective. Second row: SEM images viewed at a

20� angle. Third row: transmitted diffraction patterns of polymer-embedded wire arrays on a

quartz slide, observed at λ ¼ 488 nm. The axes indicate 4000 cm�1 in the direction of kx and ky.
Bottom row: integrated transmission of each wire array observed at λ¼ 550 nm as a function of the

beam incidence angle (x, y) [28]
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and d. Figure 4 shows the J–V curves for planar Si, Si MHs, and Pt–Si MHs

composite electrodes. As shown in Fig. 4a, the MH structure provided antireflection

property within the wavelength range of 300–1000 nm compared to planar Si. As a

result, the measured photocurrent and efficiency was enhanced, and the

overpotential was decreased compared to the planar structure as shown in Fig. 4

panels b and c.

Building on the same structure, Jung et al. [30] developed tapered Si nanoholes

(NHs) that become narrow from top to bottom gradually, as shown in Fig. 5, by

controlling the silver deposition and etching time in metal-assisted etching process.

The tapered feature led to the enhancement in light absorption through gradation in

the refractive indices between Si and air. Theoretical calculations and experimental

measurements showed that the specular reflectance spectrum is dependent on the

depth of the tapered NH. At depths of 150–200 nm, the tapered NHs showed high

antireflection behavior compared to untapered NHs with lower depths. This effect

was attributed to the formation of multiple dielectric layers as the depth increases.

Although nanostructures promote the suppression of light reflection and better light

management, their high surface area causes high recombination loss. Thus, Jung

et al. studied the surface area and the filling ratios of the tapered NHs of depth

200 nm at different hole diameters to reach a balance between the surface area and

Fig. 3 Typical top-view (a) and cross-sectional (b) SEM images of SiMH arrays fabricated using

1-μm nominal diameter of polystyrene nanospheres. Also shown is the typical top-view (c) and
cross-sectional (d) SEM images of SiMH arrays fabricated using polystyrene nanospheres with

500-nm nominal diameter [29]
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the reflectance aiming for the highest photocurrent. Figure 6a shows the change of

the photocurrent measured for tapered Si NHs with different depths compared to

planar Si. As shown, the highest photocurrent was obtained at a depth of 200 nm.

For this particular depth, an Ag deposition time of 1 s showed the best photocurrent

density too. Tauc plots measured for the tapered NHs showed a slight increase in

the bandgap compared to that of planar structure, as shown in Fig. 6b. These results,

accompanied by Mott–Schottky measurements, explained that the enhancement in

the photocurrent could also be due to the suppression of electron-hole recombina-

tion at surface traps. The slight increase in the bandgap of the tapered NHs created a

band offset at the interface with planar Si, which formed an electric field by the

accumulation of charges. This, in turn, created a passivation effect preventing

recombination. Figure 6c compares the probability of recombination in planar Si

with the passivation effect that occurred at the interface between planar Si and the

tapered Si NHs.

Fig. 4 (a) UV-Vis-NIR reflection spectra of Planar Si and SiMHs showing the enhanced

antireflection of SiMHs. (b) Photoelectrochemical J–E curves of planar Si, SiMH, and Pt/SiMH

photocathodes during the water splitting reaction to produce hydrogen (both illuminated and dark)

in aqueous solution of H2SO4 and 0.5-M K2SO4 (pH 1) and (c) photoconversion efficiencies vs

bias potential of planar Si, SiMH, and Pt/SiMH at 100 mW/cm2 of light power [29]
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2.3 Nanobelts

In attempts to attain a higher photocurrent density, Bao et al. [31] used metal-

assisted etching process of prepatterned silicon to form Si nanobelt (NB) arrays.

The morphology is shown in Fig. 7 panels a–c, in which the NBs are tilted relative

to the Si substrate with short porous rods on their top. The measured photocurrent

for the Si NBs was higher than that for planar Si and SiNWs fabricated by the same

procedure [32]. The authors explained that the enhancement is a result of the belt-

like structure that allowed the multireflection of the coupled light absorbed by the

top rod structure, as illustrated in the inset schematic of Fig. 7d. The photocurrent

enhancement of the Si NBs is shown in comparison with the planar structure in

Fig. 7d.

2.4 Black Silicon

Another approach for surface treatment is to form black Si structures that have

minimum reflectivity in the visible and infrared region. An advantage of these

structures is the possibility of obtaining them at the macroscale with cheap, well-

established methods. For instance, Ao et al. [33] achieved macroporous Si via

Fig. 5 (a) Top-view and (b) cross-sectional SEM images of the Si NH array fabricated by metal-

assisted etching method. (c) Magnified view of the yellow box in (a). All scale bars are 500 nm

[30]
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electrochemical etching with diluted hydrofluoric acid. The reflectance varied

according to the morphology, while the macroporous black structure showed total

reflectance that was below 5% over the region from 400 to 100 nm, as shown in

Fig. 8a. For constructing the photoanode, the authors used black n-Si and p-Si

coated with TiO2. Figure 8b shows the enhancement in the photocurrent achieved

by the black structure.

In summary, nanostructuring and surface treatments are necessary to increase

the light trapping and surface area of Si photocathodes allowing higher conversion

efficiency and reduced overpotential. However, the morphology needs to be con-

trolled, and a thorough understanding of its effects is dire to avoid the negative

consequences of the surface defects and the recombination centers in nanostruc-

tured films.

Fig. 6 (a) J–V curves of planar Si (black) and Si NH arrays with depths of 70 nm (red), 200 nm

(blue), and 400 nm (green) (b) J–V curves of tapered Si NH arrays obtained with Ag deposition

times of 1 s (black), 5 s (red), 10 s (blue), and 30 s (green). The gray line displays the dark current

density of Si NHs. (c) Tauc plot of planar Si and Si NH arrays showing their optical bandgap. (d)
Schematic illustration showing the band structure of planar Si and tapered Si NH photocathodes in

contact with the electrolyte. The Si/SiMH heterojunction was formed through bandgap widening

of Si NHs [30]
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3 Decorated Silicon

3.1 Platinum Nanoparticles

Indeed, platinum is one of the most used materials for cathodes in water splitting.

This fact emerges from the position of its work function, where a very small

overpotential would be needed to initiate the water reduction reaction. Thus,

decorating Si with Pt is a very promising area of research. In this sense, Warren

et al. [34] took out a comparative study between Pt and Ni as two candidate

catalysts decorating Si. They made use of the merits of the microwire morphology,

Fig. 7 Morphology and microstructure of the as-fabricated ordered array of tilted Si NBs. (a) and
(b) Overview and zoomed view SEM micrographs of the array. (c) Stitched TEM micrograph of a

single NB. (a) J–U characteristics of the planar Si (circles), Si NB (stars), and Pt/Si NB (diamonds)

array electrodes measured in 0.5-M K2SO4 solution under dark (solid symbols) and 100-mW/cm2

illumination (open symbols) conditions. The inset shows schematic illustration of multireflection

of the incident light within the tilted NB arrays [31]
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such as the high surface area of the rods, to lower the flux of the charge carriers over

the rod arrays’ surface, which in turn lowers the photocurrent density at the solid–

liquid junction, resulting in reducing the demand for electrocatalysis. Thus, Si

microwires were fabricated via vapor–liquid–solid mechanism (VLS) to study the

effects of decoration with Pt and Ni nanoparticles. Galvanic displacement was used

to form separate Pt- and Ni-coated Si arrays. As shown in Fig. 9, coating the

microwire arrays with Ni nanoparticles relatively enhanced the photovoltage of

p-Si. On the other hand, Pt showed a more significant enhancement in the

photovoltage by reducing the kinetic barrier for the charges to pass across the

semiconductor/liquid interface.

With Pt proving potential, Oh et al. [32] focus on the effect of nanostructuring on

the enhancement witnessed in Pt-decorated Si, where they were one of the first

groups to investigate the generation of H2 on p-SiNWs decorated with Pt NPs. As

aforementioned, decorated NW electrodes were fabricated via metal-catalyzed

electroless etching followed by impregnation of Pt NPs as the electrocatalyst.

Figure 10 shows the results of PEC measurements. The enhancement in the VOS

was estimated by observing the positive shift in its value. The VOS for SiNW was

0.2 V, which was more positive than that for the planar Si. The Pt/SiNW showed a

VOS of 0.42 V, compared to 0.33 V for the Pt/Si planar electrodes. This enhance-

ment in photovoltage was attributed to the much smaller size of the Pt NPs coating

the SiNWs, due to its rough surface, as compared to those coating the planar Si

substrate. This enhancement in the photovoltage assisted in relieving the burden on

the photoanode in the tandem cell configuration. It is notable that the Pt/SiNW

structure showed a robust stability of photocurrent at a longer time scale, yet

showed a decreased photocurrent density.

Fig. 8 (a) Total reflectance from bare silicon (dotted gray line), silicon with inverted pyramid-like

pits (dotted blue line), silicon with straight pores (dotted red line), and black macroporous silicon

(solid blue line). (b) Photocurrent density versus the bias potential measured in 1-M KOH

electrolyte at light intensity of 85 mW/cm2 for TiO2-coated n-Si (gray lines) and TiO2-coated

p–n-Si (blue lines) showing the enhanced photocurrent after black Si etching (solid lines) in

comparison with the samples with inverted pyramid-like pits (dashed lines). For reference, the J–V
curve for hydrogen evolution at the Pt electrode is shown (dark red) [33]
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Fig. 9 Comparison of Ni and Pt nanoparticles on planar Si photocathodes in pH 6.2 phosphate

buffer. All samples were illuminated with 100-mW/cm2 ELH illumination, and the system was

continuously purged with H2. Both the Ni- and Pt-decorated electrodes passed cathodic currents at

potentials positive of the thermodynamic hydrogen potential in the solution (indicated by dashed

line) [34]

Fig. 10 Photoelectrochemical H2 generation on p-type SiNW array electrode (both illuminated

and dark) in a stirred solution of H2SO4 þ 0.5-M K2SO4 (pH 1). Same measurements on planar

p-type Si are performed for reference. (a) Bare SiNW and planar Si photocathodes. While planar Si

gives little photocurrent in positive photovoltage region, SiNW shows a dramatic boost in

photocurrent of H2 generation. (b) When SiNWs are impregnated with Pt nanoparticle by

electroless deposition, overpotential for H2 generation is significantly reduced both for SiNWs

and planar Si. Photovoltage of SiNWs is ~0.2 V larger than that of planar Si. The inset shows the

dark current densities of PtNP-impregnated SiNWs and planar Si electrode in the same electrolyte

[32]
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Following on the previous results, Ji et al. [35] prepared p-type SiNW arrays

decorated with discrete Pt NPs using the same method. As apparent in Fig. 11a,

similar results were also obtained, where a large positive shift in VOS was

witnessed, which means that a lower bias was required to reduce H+ at the same

rate, as well as a decrease in the photocurrent, which meant deterioration in the

photocatalytic performance. This reduction in photocurrent was explained in terms

of the decrease in the amount of photogenerated carriers due to the reduction in the

amount of photons absorbed by the SiNW arrays as a result of the coating NPs, in

addition to the recombination of photogenerated carriers at the Pt/Si interface. This

adverse effect was overcome by decreasing the Pt deposition time as shown in

Fig. 11b.

In an attempt to study the effect of the deposition method, Dasgupta et al. [36]

deposited Pt NPs on SiNW arrays via atomic layer deposition (ALD) starting from

as little as one cycle. The combination of highly uniform coating and precise

control of the NP size and loading in the ALD process proved to be a powerful

tool that can take advantage of the benefits of the NW geometry while minimizing

the total volume of Pt required. Most notable is that controlling the Pt loading and

particle size was easily available by controlling the number of cycles in the ALD

process, as presented in Table 2. Furthermore, the stability of the NW arrays against

oxidation was enhanced by ALD of TiO2 on the SiNW, forming SiNW/TiO2 core–

shell structures, followed by ALD of Pt. It was found that TiO2 thin layer was

needed to get a positive photovoltage with Pt catalyst on the Si surface. As the

number of Pt ALD cycles increased, the cathodic current also linearly increased.

Using this method, the onset voltage was positively shifted up to 0.25 V vs RHE. It

is worth noting that Dasgupta et al.[36] also studied the effect of the NW surface

area on the catalytic activity by applying the ALD/TiO2/Pt coating on NW arrays

fabricated via gas-phase etching and others fabricated via electroless etching, as

Fig. 11 (a) J–V curves of SiNW arrays and Pt/SiNW array electrodes. The curves were measured

in a solution of H2SO4 and 0.5-M K2SO4 (pH ¼ 1) under illumination of 100 mW/cm2. (b) J–V
curves of Pt/SiNW array electrodes with different Pt NPs electroless deposition time. The curves

were measured in a solution of H2SO4 and 0.5-M K2SO4 (pH ¼ 1) under illumination of 100 mW/

cm2 [35]
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shown in Fig. 12 panels a and b, respectively. The electroless etched NW arrays

exhibited a higher surface roughness, leading to a decrease in photocurrent due to

surface recombination caused by the large surface area.

3.2 Additions/Alternatives to Pt

3.2.1 Gold Nanofilms

Kye et al. [37] prepared planar silicon structures, which were decorated by a gold

nanostructured film (Au NF) via galvanic displacement technique. After that, a Pt

monolayer was deposited on Au NF using galvanic exchange of copper by platinum

in order to get Pt/Au NF/Si photocathode, as shown in Fig. 13a. Photoelectrochemical

measurements showed a significant enhancement in the photocurrent and the onset

Table 2 Summary of electrochemical and photoelectrochemical performance of Pt catalysts

formed by ALD [36]

No. of Cycles Surface Pt Loading (ng/cm2) jo (μA/cm2) Jsc (mA/cm2)a

1 13 � 3 27 � 4 7.1

2 24 � 5 59 � 9 8.3

3 34 � 7 85 � 10 12.5

10 105 � 21 130 � 20 20.7
a Current density at 0 V versus RHE

Fig. 12 Photoelectrochemical performance of Pt cocatalysts loaded via ALD in 0.5-M H2SO4

electrolyte. (a) HER performance (under 1 sun illumination) of SiNW array photocathodes

synthesized via gas-phase etching and loaded with ALD Pt cocatalyst. (b) HER performance of

a SiNW photocathode synthesized via electroless etching under the same condition as in (a) [36]
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potential in the presence of AuNF on Si due to the catalytic effect of Au clusters. This

catalytic effect was further enhanced by the deposited Pt monolayer on the surface of

Au NF (Fig. 13b). In order to determine whether the increased activity and the

reduction in overpotential in case of Pt/Au NF/Si are either due to geometric effects

or electronic effects, both factors were studied separately.
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Fig. 13 (a) The fabrication schematic of Pt monolayer-decorated Au nanofilm on p-Si. First, Au

deposition occurs by immersion of a Si substrate into a mixture of HF and metal salts, which are

reduced with the oxidation of silicon. A monolayer of copper is then underpotentially deposited on

the Au nanofilm under illumination. Finally, Pt monolayer is deposited with labile copper

monolayer by galvanic exchange. (b) Photoelectrochemical H2 generation on planar p-Si elec-

trodes with various catalysts under illumination in a stirred solution of H2SO4 þ 0.5-M K2SO4

(pH 1). Scan rate was 0.02 V/s [37]
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Utilizing the data obtained from estimating the electroactive surface area of the

catalysts (Pt/Au NF and Pt nanoparticles – Pt NP) and from analyzing their Tafel

plots, as presented in Table 3, it was concluded that the enhancement was due to the

nature of the catalyst (electronic effect). Accordingly, Key et al. [37] proposed that

the deposition of Pt monoatomic layer on the metal catalyst (Au) could be a good

alternative for pure Pt NP alone.

3.2.2 Molybdenum Sulfide

With the main aim of studying MoSx as an alternative catalyst to Pt, Seger et al. [38]

firstly sought to solve the problem of the spontaneous oxidation of Si on contact

with water. They found that, in order to prevent Si oxidation during H2 evolution,

the concentration of the dissolved O2 must be lower than 15 ppb, which is

inapplicable in a water-splitting system. The authors also mentioned that electro-

deposition of a catalyst at oxidative potentials would not work effectively as the

photoabsorber will undergo oxidation during the deposition process. This problem

was solved by depositing a conductive and protective thin layer of Ti on Si (n+p-Si)

in order to effectively enhance the stability, such that when Ti undergoes oxidation,

it will form the semiconducting TiO2 instead of the insulating SiO2. With this

problem out of the way, the photoelectrodeposition of the MoSx catalyst was done

on the Ti-protected Si (Ti-n+p-Si), as illustrated in Fig. 14a, in order to form MoSx–

Ti-n+p-Si. Table 4 summarizes the enhancements in the onset potential of the novel

electrode, also shown in Fig. 14b, as compared to Pt–Ti–n+p-Si. As shown,

although the Pt-decorated samples showed a more positive VOS, the photocurrent

density of the MoSx-decorated samples was higher, which showed promise for this

catalyst.

Hou et al. [39] also fabricated planar silicon (100) and structured silicon pillars

(100) decorated with Mo3S4 clusters. These clusters were designed to be soluble in

polar organic solvents but insoluble in water. As shown in Fig. 15, Mo3S4 clusters

enhanced the onset potential of both the planar and the pillar structures by shifting

the onset potential to more positive values. However, and in contrast to the results

obtained by Seger et al. [38], the photocurrent decreased slightly. This was attrib-

uted to the adhering of the hydrogen bubbles on the electrode’s surface, which

resulted in decreasing the active surface area.

Table 3 Comparison of electrode parameters for photoelectrochemical H2-evolving photocath-

odes with various catalysts [37]

Sample Au NFs Pt/Au NFs Pt NPs

Eos (mV) 137 249 252

JPh (mA/ cm2) 24.5 24.4 26.6
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3.2.3 Cuprous Oxide

Xiong et al. [40] fabricated SiNW/Cu2O core–shell structures via metal-assisted

electrochemical etching of Si wafers, followed by the electroless deposition of

Cu2O on the SiNWs (Fig. 16a–d). As shown in Fig. 16e, SiNWs/Cu2O core–shell

structure increased the photocatalytic performance compared to SiNWs alone by

50%. Moreover, loading the core–shell structure with Pt NPs via potentiostatic

electrodeposition resulted in a significant enhancement in the H2 evolution reaction,

as apparent in Fig. 16f. Also shown in Fig. 16f is the superiority of Cu2O over Pt

NPs in terms of hydrogen evolution, which makes this material very promising for

the decoration of Si.

Fig. 14 (a) Scheme of a MoSx–Ti–n
+p-Si electrode showing how photo-irradiated electrons react

with protons to evolve H2. e
�/h+ refers to the photogenerated electron-hole pair. (b) Cyclic

voltammograms of the photoelectrocatalytic HER of various n+p-Si electrodes. The samples

were irradiated with red light (AM1.5 cutoff < 635 nm, 38.6 mW/cm2) and scanned at 50 mV/s.

(c) Photocurrent before and after a 1 h chronoamperometry test at þ200 mV versus RHE [38]

Table 4 Comparison of electrodes onset potential for photoelectrochemical H2 evolving photo-

cathodes with various catalysts [38]

n+p-Si Ti–n+p-Si MoSx–n
+p-Si Pt–Ti–n+p-Si MoSx–Ti–n

+p-Si

�0.25 V �0.1 V ~ �0.1 V 0.47 V 0.33 V
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3.2.4 Graphene

Huang et al. [41] studied the effect of decorating SiNWs with graphene. They

fabricated the SiNWs via metal-assisted chemical etching and then used spin

coating of reduced graphene oxide (rGO) to get a composite of SiNWs/rGO.

Coating the SiNWs with rGO enhanced the short-circuit photocurrent density

(at 0 V vs RHE) by a factor of four times larger than that of the pristine SiNWs,

as shown in Fig. 17a. This enhancement was attributed to the fact that rGO

exemplifies a channel that provides fast electron transfer between SiNWs and the

electrolyte. Furthermore, the open-circuit potential was positively shifted by 20 mV

in the case of the SiNWs/rGO composite as compared to pristine SiNWs. Huang

et al. [41] explained the fluctuation in the photocurrent density around �0.4 V

(vs RHE) in terms of accumulation of the hydrogen bubbles at the surface of the

SiNWs/rGO photoelectrode, which resulted in the reduction of the active area of the

surface and/or scattering of the incident illumination through its path in the elec-

trolyte to reach the sample. Figure 17b shows the stability of SiNWs/rGO; it was

found that the degradation in the photocurrent density with time can be neglected,

which indicates the enhancement done by addition of rGO to SiNWs. To study the

interface physics, the flat band potentials and band bending values were calculated
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Fig. 15 Photoelectrocatalytic activity measurements on planar and pillared Si together: the

potentiodynamic runs on the photoelectrodes. Steady-state current density–voltage (left axis) is

run in aqueous 1.0-mol/l HClO4 solution under red-light irradiation (λ >620 nm, 28.3 mW/cm2)

with the calculated IPCE shown on the right axis. The almost horizontal dashed lines denote the

current measured in darkness (almost 0 mA/cm2) [39]
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using Mott–Schottky plots, shown in Fig. 17c. Indeed, better charge separation

requires larger band bending values associated with higher flat band potentials. In

the case of the SiNWs/rGO composites, a flat band potential smaller than pristine

SiNWs was observed, indicating the negative effect of rGO in charge separation.

Moreover, electrochemical impedance spectroscopy (EIS – Fig. 18d) revealed that

SiNWs/rGO exhibited smaller-charge transfer double-layer capacitance (around

four times smaller than SiNWs) and so a higher HER rate. Using EIS and J–V
curves, Huang et al. [41] derived the relation between current density, the charge

transfer resistance (Rct), and the amount of coated rGO, showing that a sample

coated with 200 μL of rGO would exhibit the best photocurrent density due to the

smallest Rct values (Fig. 17e). Further coating will result in increasing the series

resistance of rGO. Table 5 shows the reported short-circuit photocurrent for differ-

ent modified Si-based composites.

Fig. 16 Schematic diagram of the fabrication process for the SiNW/Cu2O core–shell nanosystem:

(a) Si wafer, (b) SiNWs fabricated via metal-assisted chemical etching, (c) Cu2O nanocrystallites

deposited on SiNWs via electroless deposition, and (d) SiNW/Cu2O core–shell nanosystem with

Pt loading. (e) Photocatalytic H2 evolution of SiNWs, planar Si/Cu2O structure, and SiNW/Cu2O

core–shell nanosystem under simulated sunlight irradiation. (f) Photocatalytic H2 evolution of

SiNWs and SiNW/Cu2O core–shell nanosystem with Pt nanoparticles as cocatalyst under simu-

lated sunlight irradiation [40]
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4 Silicon Carbide

Silicon carbide (SiC) occurs in more than 200 crystal structures [42]. Although all the

crystal structures have the same 1:1 ratio of Si to C, each structure offers its own

electrical properties. The most common structures of SiC that were studied for

electrical applications are 3C-SiC (β phase), 4H-SiC, and 6H-SiC. Table 6 states the

Fig. 17 (a) Photoelectrochemical behavior of SiNWs and SiNWs/rGO samples. (b) Transient J–V
behaviors of SiNWs and SiNWs/rGO samples under chopped illumination at Va ¼ 0.09 V

(vs RHE). (c) Mott�Schottky plots of SiNWs and SiNWs/rGO samples. (d) EIS spectra of

SiNWs and SiNWs/rGO samples measured at Va ¼ �0.11 V (vs RHE). (e) Variation of Rct,dl

and photocurrent density at �0.11 V (vs RHE) with the amount of rGO [41]
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electronic properties of these three different structures of SiC compared to Si. These

have respective bandgaps of 2.3, 3.2, and 3.0 eV. Compared to 1200 cm2 V�1 s�1 for

Si, the electron mobility (at ND ¼ 1016 cm�3) of the 3C-SiC and 4H-SiC structures is

lower, having values of 750 and 800 cm2 V�1 s�1, respectively. The 6H-SiC structure

Fig. 18 (a) Photocurrent density–potential curve of the p-SiC film on p-Si substrate under chopped

light illumination. The light intensity was set at 100 W/m2. Energy diagrams of PEC components

under illumination are also shown: (b) photocathode (p-SiC on p-Si) and anode (Pt) with an external

negative bias and (c) with an external positive bias. (d) Photocathode (p-SiC on n-Si) and anode

(Pt) with an external negative bias and (e) with an external positive bias [46]

Recent Advances in the Use of Silicon-Based Photocathodes for Solar. . . 249



has an electron mobility of 60 cm2 V�1 s�1 parallel to the c-axis and 400 cm2 V�1 s�1

perpendicular upon the c-axis [42]. Furthermore, Si structures also show higher hole

mobility (420 cm2V�1 s�1), compared to 3C-SiC (40 cm2 V�1 s�1), 4H-SiC (115 cm2

V�1 s�1), and 6H-SiC (90 cm2 V�1 s�1) [42].

Kato et al. [43] studied the photocatalytic behavior of the three structures; 3C-,

4H-, and 6H-SiC grown by molecular epitaxy for hydrogen production in a

two-electrode system without applying any external bias. The highest STH effi-

ciency (0.38%) was measured for the 3C-SiC film due to its low bandgap compared

to the other two structures. Hao et al. [44] showed that the surface modification of

3C-SiCNWs by acid oxidation increased the rate of hydrogen production by 76.1%

higher than the unmodified NWs due to the increase in the hydrophilicity.

Table 6 A comparison of the band gap and the mobility of electrons and holes in Si as well as the

three major polytypes of SiC at 300 K [42]

Property Si 3C-SiC 4H-SiC 6H-SiC

Bandgap (eV) 1.1 2.3 3.2 3.0

Electron mobility at ND = 1016 cm�3

(cm2 V�1 s�1)

1200 750 // c-axis: 800

┴ c-axis: 800

// c-axis: 60

┴ c-axis: 400

Hole mobility at NA = 1016 cm�3

(cm2 V�1 s�1)

420 40 115 90

Table 5 Reported Jsc (photocurrent density at RHE) of photoelectrochemical hydrogen produc-

tion of SiNWs or Si microwire-based composites as presented in Ref. [41]

Ref Semiconductor Modification Strategy Jsc (mA/cm2)

1 CVD-grown silicon microwires, core–

shell p–n þ junction

Pt Electrocatalyst 15

CVD-grown p-type silicon microwires 7.3

Planar silicon p–nþ 28

Planar p-type silicon 23

2 P-type silicon micropillar Mo3S4
cluster

Electrocatalyst 10

P-type planar silicon 8

3 P-type SiNWs fabricated by MACC Pt Electrocatalyst 17

P-type planar Si 27

4 CVD-grown silicon microwires, core–

shell p–n þ junction

Ni–Mo Electrocatalyst 9.1

5 P-type SiNWs fabricated by MACC MoS2 Electrocatalyst 1

6 P-type planar silicon/ZnO nanowires

array

Pt Electrocatalyst 1

Pd 0.5

Ni 0.5

6 P-type SiNWs fabricated by MACC Branched

ZnO

Energy band

engineering

0.1
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In another study, Hao et al. [45] showed the effect of the morphology on the average

hydrogen production rate of 3C-SiC.

Usually SiC and other p-type semiconductors are grown on a substrate which can

be p- or n-type. These multilayers work as a whole as a photoelectrode for water

splitting. Ma et al. [46] analyzed the photoresponse from p-type 3C-SiC films

grown on p-Si and others grown on n-Si. The p-SiC film on p-Si generated a

cathodic photocurrent as a photocathode when exposed to negative bias and

generated an anodic photocurrent as a photoanode when exposed to positive bias,

as shown in Fig. 18a. However, the anodic photocurrent was found to be much

lower than the cathodic photocurrent. On the other hand, the p-SiC film on n-Si was

shown to generate appreciable anodic photocurrents at positive potentials but very

weak cathodic current at negative potentials. Depending on the measurements of

incident photon to electron conversion efficiency (IPCE) and gravimetric analysis

for the resulting gases, the behavior of p-SiC on p-Si and n-Si was explained upon

applying negative and positive bias by the energy diagrams shown in Fig. 18 panels

b–e. Upon illumination, both p-SiC and p-Si or n-Si absorb photons generating

electrons and holes. For p-SiC on p-Si at negative external potential (Fig. 18b), the

electrons from p-SiC are derived to the hydrogen redox potential producing hydro-

gen. When the applied negative bias increases, electrons from p-Si can pass the

conduction band barrier toward p-SiC to undergo the reduction of water, which

increases the cathodic photocurrent. At positive external potential (Fig. 18c), the

holes from p-Si cannot pass to p-SiC due to the large valence band barrier.

Therefore, the anodic photocurrent is weak as it is only generated from the SiC

holes that are driven to the oxygen redox potential producing oxygen. For the p-SiC

on n-Si at negative external potential (Fig. 18d), the photogenerated electrons from

n-Si cannot pass to SiC due to the large barrier between the conduction bands. At

positive external potential (Fig. 18e), the photogenerated holes from SiC are driven

to oxidize water, and the holes from Si contribute to the anodic photocurrent. In

conclusion, the p-SiC on p-Si can be used as a photocathode, and p-SiC on n-Si can

be used for photoanodes. These contrasting effects originate from the fact that SiC

on Si substrate doesn’t act as a single electrode but rather as a heterojunction

semiconductor.

In summary, ever since it was originally shown to have promise in water

splitting in 1990 by Nariki et al. [47], SiC has not been extensively studied for

that purpose. Therefore, further studies are required to understand the effect of the

rich chemistry of SiC on its photocatalytic performance.

5 Amorphous Si

Crystalline semiconductors including Si and Ge are gaining a lot of attention in the

field of photovoltaic and solar energy conversion [48–50]. For c-Si, one atom of Si

is covalently bonded to four other atoms in a regular patterned lattice. On the other

hand, a-Si lacks the highly ordered pattern, and there instead exist a number of bond
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angle variations and disorders that disrupt the crystalline structure. Historically,

a-Si gained an interest in the middle of the twentieth century, when amorphous Se

and Si were first used in xerography; the flexible structure of the amorphous atoms

allowed the production of different sizes of the semiconductors. Today, a-Si is

widely used in the design of Si solar panels.

Indeed, the structure and properties of a-Si have been widely studied

[48, 51]. Unlike c-Si, a-Si is characterized by a large number of dangling bonds

that originate from different bonding angles in the structure, which can lead one

atom to bond with only three covalent bonds [51]. These dangling bonds increase

the resistance and the internal strain throughout a-Si structure limiting its usage in

photovoltaic applications [48, 51]. Thus, it is of engineering importance to bond the

dangling bonds to dopant atoms in order to improve the electrical properties of a-Si.

Indeed, this was achieved by sputtering silane gas over a-Si [52], where hydrogen

atoms got attached to dangling bonds resulting in an amorphous structure with

comparable electrical properties to its crystalline counterpart. The electrical con-

ductivity enhancement is directly related to the origin of the gases used to react with

a-Si [53]. A mixture of gases such as phosphine and silane can be used for

enhancing the conduction of electrons (n-type), while diborane with silane is used

for enhancing the mobility of holes (p-type) [48]. The most effective method for the

efficient doping of hydrogen is plasma-enhanced chemical vapor deposition, where

plasma of different gases is heated at 450 �C to allow doping of a-Si [48, 51]. This

type of a-Si bonded to hydrogen through its dangling bonds is called hydrogenated

silicon (a-Si:H), and it is the mostly used form nowadays.

5.1 Properties

As a photocathode, a-Si:H is considered to have advantageous properties when

compared to c-Si. Firstly, a-Si is characterized by having a larger bandgap than c-Si

due to the fact that the Si–H bond has a higher binding energy than Si–Si bond

[48]. Furthermore, because binding energies vary directly with bandgaps, a-Si has a

bandgap ranging from 1.6 to 1.8 eV [54], while that of c-Si is about 1.1 eV

[48]. This increase in the bandgap offers a greater opportunity for a-Si, such that

the conduction band of a-Si will exceed the hydrogen reduction band in water

splitting [55], decreasing the amount of external bias needed. In addition, c-Si is

known to have an indirect bandgap due to its rigid, highly ordered structure that

conserves momentum K of both valence and conduction bands [51]. With nano-

crystalline Si in particular (especially quantum dots), there is a debate between the

direct and indirect bandgap mechanisms, as the electrons and holes under strong

quantum confinement reduce the phonon relaxation mechanisms [56]. But for a-Si,

the highly ordered structure is absent, which leads to breaking the K conservation

momentum rule that originally renders a-Si a direct bandgap semiconductor.

This, in turn, leads to great enhancements in the absorption coefficient if

compared to c-Si. Figure 19 shows the difference in absorbance coefficients in
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both a-Si and c-Si [48]; it is clear that a-Si can absorb most of the solar irradiance

above 1.9 eV. Thus, in order to make c-Si absorb the same amount of solar

irradiance as a-Si, the thickness of c-Si must be increased, which means higher

cost. This is why a-Si:H is advantageous, in several aspects, as a photocathode.

5.2 Staebler–Wronski Effect

The main problem arising with the usage of a-Si as photocathodes is its stability, as

it was found by operation that the photo and dark conductivities decline after 1000 h

of illumination, so-called the Staebler–Wronski effect [54]. This effect arises

mainly due to several factors, which are represented by various theories

[57–59]. Although those theories are different, they are all based on a similar

background. The introduction of new defect states in the bandgap of a-Si results

in an increase in the recombination rate, which leads to breaking of the Si–Si bonds.

Most models assume that weak bonds that are present at the band tail, which mainly

originate from configurational disturbances in the ground state, are the main source

of the dangling bonds. Those configurational disturbances are less likely to occur in

c-Si with its four-bonded structure; due to the highly ordered structure, very high

temperature (~1000 �C) is required to create a defect in Si–Si bond. On the other

Fig. 19 The difference in

absorbance coefficient

between a-Si and c-Si. It is

clear that a-Si can absorb

most of the solar irradiance

above 1.9 eV [48]
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hand, for amorphous Si, defects are more likely to occur due to the flexible

structure. As a result, the bonding disorder increases in a-Si, increasing the strain

on the weak band tail bonds, which in turn leads to their breakage and formation of

dangling ones. Thus, besides the low-energy barrier potential for dislocation in the

amorphous structure, weak band tail bonds are considered to be the precursors of

the dangling bonds.

Staebler and Wronski [54] noted that this photodegradation is attributed to the

introduction of the metastable defects in the mid-gap of a-Si after prolonged

illumination. They also found that annealing the a-Si above 150 �C reverses this

process and returns the structure to its prior photoconductivity. Inspired by the

different morphologies of a-Si that are represented by the highly disordered struc-

ture difference in the dopant concentration (hydrogen) and impurity concentration,

several models were proposed in order to properly understand this process. Because

such models have a direct effect on the performance of a-Si in

photoelectrochemical cells, these models will be briefly presented herein.

5.2.1 Impurity-Related Model

Ishii et al. [60, 61], who proposed the impurity-related model, suggested that the

produced electrons by photo-illumination would be captured by an incorporated

positively charged oxygen ion (acting as an impurity) that is coordinated by three Si

atoms. This absorbed electron will neutralize the oxygen atom and will result in

forming neutral, threefold-coordinated Si dangling bonds. However, this model

showed contrast with experimental results performed later in 1996, whereby in

incorporating a very low impurity concentration (smaller than the density of the

produced dangling bonds), the density of dangling bond increased, which meant

that there was no direct relation between the impurities present and dangling bond

formation.

5.2.2 Change in the Charge State

Another model [62–64] suggested that, depending on the change in the charge state,

the Si–H bonds are randomly distributed. Thus, given the ability of the hydrogen-

rich regions to capture electrons, it was proposed that the absorbed electrons would

neutralize the dangling bonds. However, this model was also disapproved when the

charged dangling bonds concentration was measured in a photodegraded sample

and after it annealing (where annealing removes the dangling bonds produced by

illumination); it was found that the concentration didn’t change [65]. This showed
that there is no relation between the charged dangling bonds and the

photodegradation.
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5.2.3 Breaking Si–Si Bond

Stutzman et al. proposed a new model depending on the breaking of the weak Si–Si

bond [66, 67]. Upon illumination, electrons and holes are produced; some electrons

will bind non-radiatively with the dangling bonds in the mid-band, producing

phonons with sufficient energy to break the weak Si–Si bond in the band tail. The

deduced relation assumed that the rate of neutral dangling bonds formation, which

results from breaking of weak Si–Si bonds, should be proportional to the electron

and hole densities, i.e.,

dNs

dt
α dt α np α

G

N2
, ð3Þ

where Ns is the density of neutral dangling bonds, t is the illumination time, np is the
holes density, and G, which is proportional to the generation rate, is the light

intensity. Once bond breaking takes place, Si–Si should recombine again. However,

Stutzman et al. proposed that, if there was a hydrogen atom within the surrounding

0.4 nm, it would stabilize the system, and then an exchange will take place between

Si–H and the Si dangling bonds. It was also supposed that bond switching can take

place with neighboring atoms. This model was highly appreciated till 1998, where

Branz produced a new model, known as the hydrogen collision model. Figure 20

shows the mechanism of the Si–Si breaking and formation of dangling bonds.

Fig. 20 The mechanism of

the Si–Si breaking and

formation of dangling

bonds [59]

Recent Advances in the Use of Silicon-Based Photocathodes for Solar. . . 255



5.2.4 Hydrogen Collision Model

The hydrogen collision model [67–69] solved the problems of the Stutzman model,

by assuming that the neighboring hydrogen atom is not the only case for this

mechanism to take place. Instead, Branz proposed that the excited electrons and

holes (biexcitons) could produce mobile hydrogen atoms (low-barrier potential

associated with biexciton absorption), which can bind to different dangling bonds

originally present on the surface of a-Si. A lower concentration of H atoms,

however, can bind to other H atoms resulting in forming a metastable state of two

Si–H atoms. By this, the hydrogen collision model solved the problem of the Si–Si

breakage model. Furthermore, another point where both models differed was the

dependence of the excitation rate of hydrogen on Ns. Instead, Branz assumed that it

depended on G.

dNm

dt
¼ KHNHG� KsNmNs � 2KcN

2
m, ð4Þ

where Nm is the density of mobile hydrogen, NH is the density of Si–H bond, KH is a

constant responsible for creating mobile hydrogen, and Ks is the rate of trapping

mobile hydrogen by a dangling bond. Although this model resolved different unclear

issues such as themechanism of breaking bonds and creation of dangling bonds at low

temperature (4.2 K), it dismissed a direct relation between G and Ns, disapproving

different theories that were proposed by Zhang et al. and Stutzman et al.

5.2.5 Floating Bond Model

The floating bond model [67, 70, 71] aimed to solve some of the raised problems

against H collision model. Simply, a floating bond is a fivefold coordinated Si atom,

surrounded by Si neighbors. This over-coordinated Si atom is characterized by

having lower energy than a dangling bond and thus can be mobile and mediate the

dangling bond – same as H atoms in the hydrogen collision model. This process

continues by bond switching, where the floating bond can lose one Si atom to form a

dangling bond. This model depended on Stutzman’s rate of generation rule and

refuted the relations in Branz’s model [49, 67, 72, 73]. Figure 21 shows an

illustration of the floating band model.

5.2.6 Microvoid-Induced Dangling Bonds

In 1986, Carlson introduced a model that relied on what was called hydrogenated

microvoids [74]. Although this model was not popular as other models, toward the

end of 2014, a group of scientists at Helmholtz Institute Jena were able to prove this

model experimentally [75]. Near microvoids, where weak Si–Si bonds reside,
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photoexcited holes become trapped, which results in the release of hydrogen atoms.

This release forms a dangling bond that can act on other Si–Si bonds leading to an

increase in the density of the dangling bonds. By annealing, hydrogen atoms return

to their normal energy positions. Figure 22 illustrates the microvoid effect in

absorbing holes.

5.3 Band Edge and Band Tail

For a crystalline semiconductor [59, 61], the positions of the valence and conduc-

tion bands can be sharply determined. In the case of amorphous structures, there is

an associated tail known as Urbach tail [2, 51, 76] that can be expressed by an

exponential distribution of band tail states. For a valence band tail, it can be

calculated from the following equation [48]:

g Eð Þ ¼ Evexp �E� Ev

ΔEv

� �
, ð5Þ

where g(E) is the density of the electronic states and Ev and Ec are the valence and

conduction band energies, respectively. In the case of a-Si, the typical value forΔEv

is about 5 � 10�3 eV and for ΔEc about 22 � 10�3 eV.

Fig. 21 A detailed mechanism for formation of the dangling bonds in the proposed floating band

model [59]
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Because the presence of band tails is assured, the discussion of band edges would

be inappropriate. However, a considerable number of scientists consider that band

edges as the energy bands that separate between discrete and localized energy

levels. Indeed, there are several ways to determine band edges in semiconductors,

the most popular of which is by the well-known Tauc procedure [56].

5.4 Band Defects

a-Si:H is characterized by having dangling bonds. These dangling bonds are

amphoteric in nature; they are classified into positive, neutral, and negative

[48, 59–61]. Those three types can be divided into two groups, from negative to

neutral and from neutral to positive. The positive zero level roughly lies below the

negative zero level by 0.3 eV, which is called correlation energy of d centers

[59, 60]. Doping is an efficient technique to enhance photoelectrical properties, as

it can directly reduce the bandgap and either changes the semiconductor to p-type or

n-type. Doping c-Si is accompanied with a number of problems [48]. First, the

accommodation of phosphorous, for instance, is problematic; it will induce

de-bonding to allow the presence of dangling bonds in the structure in order to

accommodate its additional electron [57, 76]. These dangling bonds result in charge

recombination and reduce the effectiveness of the doping process. In a- Si, phos-

phorus atoms can form three bonds in the p-level with the threefold Si, and the

additional two electrons become stuck to s-level and do not participate in bonding

[58, 60, 62]. This is more favorable for a-Si with its less rigid structure. Street et al.

Fig. 22 A schematic illustration showing the role of microvoids in a-Si [75]
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[64] proposed a mechanism for that, where fourfold phosphorus is formed inde-

pendently with a dangling bond. Thus, no additional electrons are contributed in

this case to a-Si, rendering doping obsolete when it comes to enhancement.

5.5 Application in Water Splitting

Multijunction solar cells (tandem cells) have recently been gaining an increasing

interest [48, 55, 77, 78], as they can be tuned in order to absorb most of the visible

spectrum. The idea of using tandem solar cells can be extended to photoelectrodes.

Relying on tandem photocathodes in water splitting applications can eliminate the

need of the applied external bias required to reduce the protons into hydrogen gas

[55]. However, there are a lot of problems that arise with tandem solar cells such as

high cost and crystalline mismatch, which can lead to higher recombination

rates [77].

Being a cheap, Earth-abundant, nontoxic, and an amorphous material (where the

crystalline mismatch problem is absent), a-Si proves promising in the field of

photoelectrodes. In addition, well known for its high absorption coefficient, a

very thin film (less than 1 μm) of a-Si can suffice for efficiently capturing light

across the solar spectrum [48, 77, 78].

In that sense, Javari et al. [78] produced a novel technique to use a-Si tandem

photocathode p-i-n, with a protection layer of TiO2, as to stabilize the photocathode

from corrosion or various reductions in photocurrent. They used ZnO as a conductive

substrate and Ni–Mo as a catalyst for hydrogen evolution reaction together with

platinum. The final form of the tandem photocathodes, shown in Fig. 23, was ZnO/p-

Fig. 23 (a) Photocurrent density transients for a-Si photocathodes. (b) Design of the photocath-

ode with ZnO as a conducting substrate, a-Si as light absorber, TiO2 as a protective layer, and

hydrogen evolution cocatalyst (either Pt or Ni–Mo). The cathode is illuminated through the ZnO

side. Also shown is an SEM image of the cross-section of the photocathode system [78]
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i-n a-Si/TiO2/Pt. They were able to produce the highest recorded photocurrent at

positive bias. Photocurrent obtained was compared between using platinum as a

catalyst and using Ni–Mo.

Finger et al. [79] introduced a new system to get rid of the high recombination rates

in a-Si photocathode systems occurring at the electrode/electrolyte interface. The

charge transfer from the electrode to the electrolyte was directed instead to the inside

of the semiconductor, which is made out of a-Si/a-Si tandem cell (homojunction); see

Fig. 24. His group used silver as a back contact, platinum nanoparticles as a catalyst,

and ruthenium dioxide as a counter electrode. It was reported that this system

produced STH 5.5% without any external bias.

Although the aforementioned a-Si tandem cell photocathode showed superior

properties, Finger et al. [80] introduced another mixture by using a-Si:H with

microcrystalline Si as a tandem photocathode (configuration: a-Si:H(n)/a-Si:H(i)/

Fig. 24 (a) a-Si a-Si
photocathode tandem cell.

(b) J–V plots of tandem cell

[79]
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μc-Si:H(i)) so as to provide higher efficiency and lower light degradation that is

characteristic of a-Si photocathodes. This tandem system produced over 1.5 V as

well as a photocurrent efficiency over 11% for a thickness less than 1 μm.

6 Silicon-Based P-Type Photocathodes for Carbon Dioxide
Reduction

CO2 reduction into useful fuels is another approach for the photoelectrochemical

conversion of solar energy. Kumar et al. [81] studied the performance of planar

p-type silicon with hydrogen termination in the presence of Re(bipy-But)(CO)3Cl

as an electrocatalyst for the selective photoreduction of CO2 to CO. Although the

conduction band edge of the Re catalyst is above that of the H–Si as shown in

Fig. 25a, reduction occurred due to Fermi-level pinning/unpinning of band edges as

shown in Fig. 25b. The junction achieved quantum efficiency of 61% for light-to-

chemical energy conversion at short-circuit condition with good stability [81]. In

another study, iron porphyrin simple electrocatalyst was used with hydrogen-

terminated p-type Si for the photoconversion of CO2 to CO [82].

LaTempa et al. [83] presented a p–n junction photoelectrochemical cell that was

composed of p-type Si nanowires as photocathode and n-type TiO2 nanotubes as

photoanode, as illustrated in Fig. 26a, for CO2 conversion into hydrocarbon fuels.

To evaluate the performance of the p–n junctions, the formation rates of the

different products were compared to that obtained by an electrolysis cell composed

of copper cathode and platinum anode. Figure 26b reveals that the formation of

methane is higher for the Si–TiO2 photoelectrochemical cell. The rate of formation

of methane was also increased by the electrodeposition of copper nanoparticles on

the Si nanowires photocathode for up to 30 sec [83]. One alternative approach for

the direct reduction of CO2 into fuels is the photofixation of CO2 and using it as a

carbon source to form useful organic compounds, which is mimicked from natural

photosynthesis. In that sense, Liu et al. [84, 85] proposed the use of p-type Si

nanowire photocathodes for CO2 photofixation as illustrated in Fig. 27.

7 Conclusions

The use of silicon in the production of solar fuels is a global aim that has been the

focus of many researchers throughout the past four decades due to its Earth

abundance, as well as its readily available fabrication technology. The most impor-

tant research efforts aiming at modifying the electronic/chemical/optical properties

of Si photoelectrodes have been briefly reviewed in this chapter. It can be concluded
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With respect to SCE
a With respect to SCE; in accetonitrile with glassy

Carbon / Pt working electrode

p type Silicon

Acetonitrile with

tetraethyl ammonium

perchlorate (TEAP)

electrolyte

CB–0.85 V

+0.27 V

0 V

–0.85 V

+0.27 V

0 V

ª–2.00V

ª–1.48V

VB

1st reduction is ligand based reduction C0 ÆC-1 is

quasi-reversible;

2nd reduction is metal based reduction C-1 ÆC-2 is

partial-reversible;

Ef

C-1 ÆC-2

C0 ÆC-1

b
With respect to SCE

–0.85 V

+0.27 V

0 V

1st reduction is ligand based reduction C0 ÆC-1 is

quasi-reversible;

2nd reduction is metal based reduction C-1 ÆC-2 is

partial-reversible;

C-1 ÆC-2
CB

VB

Ef

C0 ÆC-1

Fig. 25 (a) Band edge position of conduction band (CB) and valence band (VB) of p-type Si and

redox potentials of Re catalyst before contact. (b) The band edge positions after coming into

contact with respect to saturated calomel electrode (SCE); where Ef is the Fermi level of p-type Si

[81]
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that, when it comes to plain p-Si, nanostructuring is always a good strategy to obtain

higher efficiencies, with nanobelts showing the highest photocurrent attainable. On

the other hand, decorating Si with platinum, with the minimum overpotential,

results in photocathodes that emerge as the most efficient and the most stable in

the tested electrolytes today. However, with Pt being relatively expensive, other

cheaper materials, such as molybdenum sulfide and graphene, show promise as

decorating materials for Si as well. However, it can be inferred from the literature

that further research on the modification of such decorating materials is required if

these materials are to compete with or outperform Pt. Likewise, silicon carbide is a

relatively cheap form of Si that may replace Si in the near future, again given

further research is conducted.

Amorphous Si is indeed preferred over its crystalline counterpart due to its

larger, variable bandgap, which renders its band positions more preferable over

c-Si, especially in water decomposition systems. Also, its absorption coefficient is

much better than that of c-Si. However, the Staebler–Wronski effect makes its use

in industrial systems inefficient. It can be concluded from the results reviewed

herein that passivation of dangling bonds may be the most promising strategy to

elevate a-Si to industrial standards, just like its crystalline form.

Fig. 26 (a) The photoelectrochemical cell composed of p-Si nanowire photocathode illuminated

with simulated AM 1.5G sunlight and n-TiO2 nanotube photoanode illuminated with a UV light

source in CO2-saturated 1-M NaHCO3 electrolyte. (b) Product generation rates for a Cu cathode/Pt
anode electrolysis experiment compared with p-Si nanowire/n-TiO2 nanotube

photoelectrochemical cell under varying potential illuminated for 30 min [83]
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Fig. 27 The use of p-type Si nanowires for CO2 photofixation in (a) carboxylic reactions [84] and
(b) catalyzed process [85]
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Silicon Nanowire Solar Cells

Guijun Li and Hoi-Sing Kwok

Abstract Over the past decade, silicon nanowire solar cells have been intensively

explored as potential platforms for the next-generation photovoltaic

(PV) technologies with high power conversion efficiency and low production

cost. This chapter discusses the details of the silicon nanowire solar cells in terms

of their device structures, fabrication and characterization, electrical and optical

properties benefited from the nanowire geometry. These benefits are not only

expected to increase the power conversion efficiency, but also considered to reduce

the requirement for the material quantity and quality, allowing for potential effi-

ciency improvements and substantial cost reductions.

1 Introduction

Over the past few decades, great effort has been expended to develop photovoltaic

technologies with high power conversion efficiency and low production cost.

Today, photovoltaics is the third most important renewable energy after hydro

and wind power. In 2014, worldwide installation of photovoltaics has increased

to supply 1% of global electricity demands. In many countries, photovoltaic

(PV) electricity has levelized its cost to “grid parity” so that it can now compete

with traditional electricity.

In order to sustain the extremely fast growth of the PV industry and be more

successful competing against traditional energy, substantial further power conver-

sion efficiency improvement and production cost reduction are needed, both of

which are key levers for the entrance of the multi-terawatt electricity markets.

Specifically, improving the solar cell conversion efficiency is preferred, because

G. Li (*)

College of Electronic Science and Technology, Shenzhen University, Shenzhen, China

e-mail: gliad@connect.ust.hk

H.-S. Kwok

Department of Electronic & Computer Engineering,The Hong Kong University

of Science and Technology, Hong Kong, China

© Springer International Publishing AG 2018

S. Ikhmayies (ed.), Advances in Silicon Solar Cells,
https://doi.org/10.1007/978-3-319-69703-1_10

269

mailto:gliad@connect.ust.hk


high efficiency devices can not only help to reduce the module price but also lower

the price of balance of system (BOS), especially in the cases of expensive land or

building roofs. In principle, for high efficiency devices, solar cells have to be thick

enough to absorb sunlight sufficiently while thin enough to separate and collect the

photo-generated carrier effectively. In traditional wafer based solar cells, light

absorption can be easily resolved by using a thick absorbing layer. However, the

thick absorber deteriorates the charge carrier separation and collection because the

direction of the separation/collection process and light absorption is the same. The

simultaneous requirement of needing to be optically thick and electrically thin is a

paradox in the design of high conversion efficiency solar cells. In thin film solar

cells, which adopt an ultra-thin absorber, their ultra-thin thickness assures the

requirement of being electrically thin, but additional advanced light trapping

strategies are required to make them optically thick, which absolutely increase

the production cost and complexity.

Despite a great amount of progress that has been achieved to increase solar cell

efficiency so far, the efficiency of conventional solar cells has been limited to the

Shockley Queisser limit [1]. Recently, a number of unconventional strategies which

may promise either significantly higher efficiencies or extremely lower production

cost have emerged. Of particular interest are the PV technologies based on the

nanostructures or nanomaterials, which may hold great promise for third-generation

photovoltaics and for powering nanoelectronics [2, 3]. Semiconductor nanowire,

which is a structure with a diameter in the order of nanometers and a length upwards

of a few micrometers [4], is a prototypical example, from a broad number of novel

photonic and electronic device, primarily due to its unique electrical, optical,

magnetic and mechanical properties.

For a solar cell, which is an optoelectronic device, the nanowire geometry

provides advantages because it allows strong light absorption owing to its nanoscale

structure and efficient carrier separation and collection due to the direct short path

for charge transport [5]. Indeed, one of the most important key attributes of the

nanowire solar cell is that, in some structures (i.e., radial junction), it decouples the

light absorption from the carrier collection, which means the light absorption occurs

in one direction while the carrier collection occurs in another direction. Subse-

quently, a solar cell can be made optically thick and electrically thin simulta-

neously. In addition to the decoupling, the use of nanowires as the building

blocks of solar cells present other advantages: (a) Nanowire solar cells lower the

requirement for the material quality, and as a result, a wide variety of materials

including silicon [6], germanium [7], a-Si [8], μc-Si [9], copper zinc tin sulfide/

selenide (CZTS) [10], Cu2S/CdS [11], cadmium telluride [12], cadmium selenide

[13], copper oxide [14, 15], and many polymers [16, 17] can be used to make

nanowire solar cells with the potential for high efficiency and low production cost,

helping to drive large-scale implementation with versatility. (b) Nanowire solar

cells are expected to favor the lattice strain relaxation, giving a great degree of

freedom to the design of solar cells with lattice-mismatched materials [18]. (c) The

seamless integration of nanowire solar cells with electronic and photonic devices

also affirms them as power suppliers for these devices. (d) The bottom-up and
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top-down designs allow the rational control of some PV parameters, such as the

dopant profile/composition, junction shape/size, and interface gradient. (e) The

studies of solar cell properties in the nanoscale geometries provide a platform for

exploring physical limits and novel device concepts for solar cells [19].

Among different types of PV materials, silicon (Si) is the most widely used, not

only because it is Earth-abundant and non-toxic, but also due to the well-established

Si manufacturing technology in today’s semiconductor industry. Furthermore, Si

can be made with different forms such as amorphous, nanocrystalline, microcrys-

talline, polycrystalline and single crystalline, providing a great freedom for the

electronic and photonic devices. An Si nanowire solar cell was initiated with the

theoretical demonstration of the benefit of such a configuration by Kayes, et al. in

2005 [5]. However, it wasn’t until the year 2007 that a single coaxial Si nanowire

solar cell was demonstrated by Tian et al. with a power conversion efficiency of up

to 3.4% [3]. Almost in the same year, the first attempt at a vertical Si nanowire array

solar cell was reported by Tsakalakos et al. using a conformal plasma–enhanced

chemical vapor deposited n type amorphous silicon (a-Si) and a p-core Si nanowire

grown by means of a vapor-liquid-solid (VLS) process on stainless steel foil

[6]. After that, Si nanowire solar cells with different structures and different

fabrication methods were widely reported. But, even with these efforts, the

resulting Si nanowire solar cells showed very low efficiency, primarily limited by

their low open-circuit voltage (Voc) and poor fill factor (FF) [20]. In the year 2010,

nanowire solar cells with an efficiency above 5% were realized by Garnett et al.

using a process combining nanosphere lithography, deep reactive ion etching and

high temperature dopant diffusion [21]. Ultra-high density silicon nanowire arrays

of 10.8% were fabricated by parallel electron lithography afterwards [22]. In

addition to c-Si, a-Si nanowire solar cells were also demonstrated with the silicon

or ZnO acting as the cores, with an efficiency of around 6% [8].

Although a power conversion efficiency up to 11% can be achieved in Si solar

cells with a microwire radial junction structure and 13% in hybrid organic/silicon

nanowire solar cells [23, 24], the conversion efficiencies of Si nanowire solar cells

still are not able to compete with that of planar Si solar cells. In this chapter, we will

start with the introduction of basic aspects of Si nanowire solar cells, including

devices structures, fabrication and characterization methods, and optical and elec-

trical properties. In addition, the challenges and future works of silicon nanowire

solar cells are also addressed in the last part of this chapter.

2 Device Structures

Device structure can be related to its geometrical and physical aspects. According

to the geometry, nanowire can be classified into three type of structures: radial

junction, axial junction and substrate junction, as shown in Fig. 1. Additionally, the

junction can be made with a homo-junction or hetero-junction, with p/n or p/i/n

structures, etc.
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2.1 Radial Junction

In a solar cell, an incident photon creates an e-h pair; the e-h pair is separated by the

build-in-field, and collected by electrodes, respectively. A comparison of conven-

tional planar p/n junction solar cell and a radial junction nanowire solar cell is

shown in Fig. 2. In a conventional planar structure, the semiconductor thickness

L should be larger than the optical thickness Lα to maximize the light absorption,

otherwise, the light absorption will be insufficient, decreasing the photocurrent of

the solar cell:

L > Lα: ð1Þ
The optical thickness Lα is generally defined as 1/α, where α is the integration of

the wavelength-dependent absorption coefficient over all wavelengths. Alterna-

tively, the optical thickness can also be defined as the thickness of the material

required to absorb 90% of the incident photons with an energy above the band-gap

energy. With this definition, silicon has an optical thickness of 125 μm.

In terms of the carrier collection, the minority carrier diffusion length Ln must

also be greater than the device thickness L to make sure the carrier can be collected

effectively by the electrodes:

Fig. 1 Device structure of nanowire solar cells. (a) Radial junction, also called core-shell

structure, has a core wire inside and a shell outside. The junction is formed along the core/shell

interface in the axial direction. Nanowire arrays with radial junctions have the advantages of

enhanced light absorption and efficient charge collection. (b) Axial junction is formed in a similar

way to the planar structure solar cell with a stacking sequence of the p-type and the n-type

segments. The junction is formed at the core/shell interface in the radial direction. Axial junction

solar cells lose the advantages of lateral charge separation and collection but keep the advantages

of improved light absorption. (c) Substrate junction is formed between the substrate and the

nanowire. Substrate junction cells lose the charge separation and collection advantages, but have

the advantages of light trapping and lattice relaxation
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Ln > L: ð2Þ
In a solar cell with p type silicon as the absorbing layer, Ln is defined as the

electron diffusion length. Si has an electron mobility of 1350 cm2/Vs and carrier life
time of 1 μs, the electron diffusion length is therefore calculated to be 53 μm, which

is smaller than the optical thickness. A possible way to overcome the above

dilemma is by orthogonalizing the directions of the light absorption and carrier

collection. Fortunately, in nanowire solar cells with radial junction, as shown in

Fig. 2b, incident light is absorbed axially, while photo-generated minority carriers

are collected in the radial direction, through this way, the light absorption and

carrier extraction are decoupled into orthogonal spatial directions.

The radial junction structure consists of a densely packed silicon wire array

grown directly on a substrate. Unlike the planar structure, the p/n junction in a

radial structure is formed in a core-shell geometry, and extends along the length of

the nanowire. In general, the core is the absorber and the shell is the emitter. In

order to reduce the parasitic optical loss in the emitter, the emitter should be as thin

as possible. When light incidents on the device, electrons and holes will be

generated in the core of the wire, in the direction of the nanowire. Meanwhile,

photo-generated carrier separation and collection takes place in the radial versus the

longer axial direction. The maximum length for the minority carrier diffusion is

thus the radius of the wire, generally, quite a lot shorter than the length of the wire

(with radius from tens of nanometers to hundreds of micrometers). Because light

absorption occurs in the direction of the nanowire, it can be as long as needed to

Fig. 2 Schematic of optical and electrical behavior in solar cells with (a) a conventional planar
structure; and (b) a radial junction structure. L is the thickness of semiconductor, Lα is the optical
thickness equals to 1/α and Ln is the minority diffusion length. In principle, L should be larger than

Lα to fully absorb the light, while Ln must be longer than L to ensure the photo-generated carrier

can reach the junction before recombination

Silicon Nanowire Solar Cells 273



absorb most of the light. Therefore, the decoupling of the light absorption and

carrier collection has the possibility of optimizing both optical and electrical

aspects of solar cells.

The decoupling of the light absorption from carrier separation and collection is

very interesting and important for solar cells. Firstly, high photocurrent, and a large

Voc and FF are expected; secondly, the requirement that the diffusion length is

larger than the radius is easily satisfied, which increases the defect tolerance. As a

result, low-quality materials can be used.

2.2 Axial Junction

Within the nanowire array geometry, one can envision forming a solar cell with an

axial junction which has a similar stacking sequence to the p-type and the n-type

segments as in the planar structure solar cell, as shown in Fig. 1b. In an axial

junction structure, e-h pairs are generated throughout the device upon absorption of

light and swept in the direction of the electric field, namely, the direction of the

nanowire. So, it loses the advantage of the radial junction that light absorption and

carrier collection are spatially orthogonalized. Compared with the planar structure,

an axial junction holds the enhanced light trapping properties as in the radial

junction.

The main drawback of the axial junction is the additional surface recombination

and junction loss, both of which are much worse than those in the radial junction. In

the radial junction, the depletion region is embedded within the material and the

minority carrier cannot see the nanowire outside surface and can only be swept

across the core. However, in the axial junction, the depletion region is exposed

outside, and the minority carrier in both the p and n sides can see the outside surface

and be possibly recombined or trapped due to the high surface defect density of

nanowires. In this sense, the material requirement and surface passivation for the

axial junction are extremely high. Additionally, in order to suppress the recombi-

nation, the p and n type regions should be made arbitrarily short in length and large

in diameter. Going to a small diameter nanowire has no benefits to its electrical

performance, provided the surface passivation can be well done or light trapping

effects dominate the cell performance.

The above results suggest that high efficiency solar cells can be obtained with a

radial junction, which is true for silicon solar cells. In other cases, if one is able to

grow nanowire materials of high quality in a simple or inexpensive way, or

passivation of the wire surface is easier than the formation of a high quality p/n

junction in the radial ways, axial junction solar cells may be of particular impor-

tance. In practice, axial junction solar cells play an important role in nanowire solar

cells, such as GaAs and InP. For instance, a p–i–n InP axial junction nanowire solar

cell with an efficiency of up to 13.8% was reported [25]. In 2016, a GaAs nanowire

array solar cell with an independently verified solar energy conversion efficiency of
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15.3% and open-circuit voltage of 0.906 V was fabricated, which is the best result

on nanowire based solar cells so far [26].

With respect to the III-V semiconductor nanowire solar cells, there are seldom

reports of silicon nanowire solar cells with axial junction, primarily due to

unwanted impurities, defects and stacking faults, which are quite easily introduced

at the core-shell interface during the nanowire growth [27]. These factors also limit

the application of tandem or multi-junction structures with a radial junction con-

figuration, since an axial junction is more favorable for tandem or multi-junction

solar cells.

2.3 Substrate Junction

When the epitaxy of a thin film layer on a substrate is difficult, substrate junction is

an option. The small diameter of nanowires makes it possible to grow large lattice

mismatch material on top of a substrate. The schematic of the substrate junction

solar cell is shown in Fig. 1c, where a p/n junction is formed between the substrate

and the wire. Similar with the other nanowire structures, a substrate junction also

shows its advantages of enhanced light trapping properties, and a tolerance of the

stress and strain relaxation.

In addition to the geometrical junction, physically, solar cells can be formed with

a p/n junction or a p/i/n junction. Compared with the p/n junction, a p/i/n junction

exhibits high performance in terms of Voc, FF and Jsc [28]. As shown in Fig. 3a, the
insertion of an intrinsic layer causes 40–140 mV improvements in Voc. Further-

more, the p/i/n device exhibits a substantially high fill factor (FF) of 73%. The

improvement in Voc is directly related to the dramatic reduction in leakage current

(Fig. 3b).

Fig. 3 (a) J-V curves for single-nanowire solar cells with four distinct diode geometries. (b) Voc

versus the logarithm of the ratio of Isc to I0 for different diode structures. Isc is short-circuit current
and I0 is the dark saturation current (Reprinted with permission from Ref. [28]. Copyright © 2012,

National Academy of Sciences)
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Compared with the homo-junction, a hetero-junction is another widely used

structure in nanowire solar cells. A-Si, poly-Si and organic materials can be used

with c-Si to make a hetero-junction device. In some cases, a hetero-junction is a

good choice because it can provide surface passivation to the nanowire and device.

For instance, a core–shell hetero-junction solar cells with an efficiency of up to

7.29% was obtained [29]; using a single crystalline n-core/p-a-Si/TCO structure; a

hybrid nanowire solar cell with Si/PEDOT:PSS structure was also reported with a

high efficiency of 13% [24].

Multi-junction solar cells provide us with a viable approach to achieve efficien-

cies higher than the Shockley–Queisser limit. Nanowire can also be made with

tandem or multi-junction structures. In practice, nanowire multi-junction solar cells

can be made in a multi-core-shell structure, a stack axial structure or a nanowire/

planar structure, as shown in Fig. 4. Nanowire solar cells with a multi-junction

structure were reported previously, with GaAs nanowire as the top cell and Si as the

bottom cell. The cell had an efficiency of 11.4% [30]. An axially connected

nanowire core-shell p-n junction, which combines the radial and axial junction

geometry, was also proposed as a composite structure for high-efficiency solar

cells [31].

3 Fabrication and Characterization

The development of nanowires as building blocks of photovoltaic devices began

with the demonstration of controlled growth of nanowire with morphologies,

composition and doping variation [32–34]. In general, nanowire solar cells fabri-

cation consists of three primary steps: nanowire synthesis, junction formation, and

contacting.

Fig. 4 Multi-junction nanowire solar cells with (a) a multi-core-shell structure; (b) a stack axial

structure; and (c) a nanowire/planar structure
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3.1 Nanowire Fabrication

There is an overwhelming amount of literature describing the nanowire synthesis

over the last few years. Generally, nanowire fabrication can be classified into two

basic techniques. They are the bottom-up and top-down approaches. The bottom-up

approach is a process to grow silicon nanowire from a precursor with a silicon

element, while the top-down approach is a process to prepare silicon nanowire by

etching bulk silicon with nanowire geometry.

3.1.1 Bottom-Up Approach

Bottom-up fabrication is an additive process that starts with precursor atoms or

molecules to build up the designed objects such as nanostructures and

nanomaterials. In the beginning, most of the nanowire fabrication methods were

based on the bottom-up approach that nanowires are epitaxially grown, or formed,

on a substrate via the reaction between the substrate and precursors. From the point

view of the growth mechanism, bottom-up approaches contain vapor phase depo-

sition (i.e., chemical-vapor deposition (CVD), atomic layer deposition (ALD),

molecular beam epitaxy (MBE), metal-organic chemical vapor deposition

(MOCVD)), liquid phase deposition, and electrodeposition, etc.

The most extensively explored bottom-up approach is the vapor phase deposi-

tion. In vapor phase synthesis, the substrate is exposed to the reaction chamber

flowing with a chemical precursor, mostly in the form of vapor. The precursor

reacts and/or decomposes on the substrate and the desired film can be deposited. In

order to promote one-dimensional nanowire growth instead of uniform thin film

deposition, the deposition condition must be regulated to allow the nanowire

growth mechanism to predominate and to suppress secondary nucleation

[35]. The mechanism includes: growing an intrinsically anisotropic crystal struc-

ture; directing the formation of a one-dimensional nanostructure with templates;

introducing a liquid/solid interface to reduce the seed symmetry; and controlling the

growth rates of various facets of a seed using an appropriate capping reagent.

One of the most successfully employed vapor phase deposition techniques of

making silicon nanowire is the Vapor-liquid-solid (VLS) method. This process was

originally suggested and investigated more than 40 years ago by Wagner and Ellis,

and was developed to explain the growth of Si whiskers [36]. Then the thermody-

namics and kinetics were justified, and reexamined by Lieber, Yang and other

researchers [32, 34, 37]. Now VLS has been demonstrated to be able to synthesize a

wide range of nanowire materials, such as GaAs, InP, GaP, ZnO and other nitride

compounds. As shown in Fig. 5, the VLS process starts with introducing a metal

catalyst deposited on the wafer substrate. Upon decomposition and dissolution of

gaseous reactant at a temperature higher than the metal-Si eutectic point, metal-Si

alloy droplets are formed on the substrate by absorbing the vapor component. The

liquid droplet is a preferred site to limit the lateral growth of an individual wire. It
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easily becomes supersaturated and overcomes the nucleation barrier to precipitate

and lead to nanowire growth at the solid-liquid interface. With continued exposure

to the silicon vapor precursor, a wire tends to grow underneath the metal with the

continuous precipitation of silicon.

A phase diagram is usually used to illustrate the thermodynamic process of

nanowire growth in the VLS method. A typical phase-diagram of an Au-Si system

is shown in Fig. 6. From the diagram we can see that the eutectic point temperature

of a Au-Si system is 363 �C, somewhat lower than the melting points of pure gold,

1064 �C, or pure silicon, 1414 �C. At the beginning, the process temperature is set

above the eutectic temperature, and silicon from the substrate or from the silicon

precursor will diffuse into the gold nanoparticle. As the percentage of the silicon in

the Au-Si alloy increase to a certain level, a liquid Au-Si alloy will be produced.

Because of the surface and interface energy, Au-Si alloy tends to be distributed as

droplets. With continued absorption of the silicon atoms from the gaseous reactant,

the liquid droplet becomes supersaturated, leading to the nucleation of the solid

silicon.

There are two interfaces during the nanowire growth [38]. The solid-liquid

interface acts as a sink for the growth of nanowire in the wire direction and the

Fig. 5 Schematic of Si nanowire growth by VLS method. (a) The deposition of metallic

nanoparticles on the substrate; (b) metal-Si alloy droplets formation; (c) silicon deposited prefer-

entially at the nanoparticle-substrate interface; and (d) silicon nanowire growth
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gas-solid interface favors the vapor-solid growth in the radial direction. These two

interfaces are competing during the nanowire growth. Precipitation through the

solid-liquid interface results in axial growth, while adsorption on the gas-solid

interface results in growth in the radial direction. Varying the process conditions

can therefore be used to control the shape of the nanowire, and of multi-core-shell

structures. For example, tapered silicon nanowire can be grown by controlling the

simultaneous growth in both the axial and radial directions [39]. Uniform axial

nanowire can be grown with the introduction of H2 as the carrier gas to suppress

either the adsorption of the reactants by terminating the Si surface or the dissoci-

ation of silane [40–42].

With control of the substrate, precursor, temperature, catalyst, and concentra-

tion, silicon nanowire can be grown with rational precise control of chemical

composition, structure, size and morphology. In particular, nanowire hetero-

junctions can be achieved in a rational way.

Beside the VLS method, other techniques are also proposed to grow silicon

nanowire. These include vapor-solid (VS), vapor-solid-solid (VSS) etc. The vapor-

solid-solid (VSS) process is similar to the VLS process, except that the metal

catalyst remains a solid instead of forming an eutectic liquid droplet.

3.1.2 Top-Down Approach

Top-down techniques provide a different path for fabricating high density, uniform

distributed and vertically aligned Si nanowire arrays. Compared with the bottom-up

approach, top-down fabrication is a subtractive process in which macroscopic

(bulk) material is removed to produce features of a controlled shape and size.

Bottom-up grown semiconductor nanowires typically lack the periodic ordering

and placement for large-scale devices, while the top-down method is capable of

producing well-aligned semiconductor nanowires with large-scale application.

In a top-down approach, an aligned pattern is often created on the substrate at the

beginning, by using photoresist (PR) or other polymer materials. Lithography is one

such method to make periodic patterning. The most used lithography techniques are

those developed in the microelectronics industry, such as photolithography and

electron-beam lithography. However, new areas of research in soft lithography,

imprint lithography, and various types of self-assembly methods have also emerged

as useful tools for realistic implementations in wide-ranging classes of applications.

For example, nanoimprinting is a relatively low cost technology that allows high-

resolution, high-throughput and large-area patterning in industry. Nanosphere

lithography is another widely used technique for fabricating precisely controlled

patterns by using self-assembled monolayers of spheres (i.e., polystyrene) as masks.

After the formation of the pattern, an etching step is needed to remove the

unwanted silicon. Reactive ion etching (RIE) is a standard dry etching process used

in microfabrication. It uses a strong electromagnetic field to generate chemically

reactive plasma to attach and react with materials deposited on a wafer and then

remove them. Combing RIE with different lithography techniques, ordered arrays
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of silicon nanowire can be easily produced with controlled size, length, shape and

density. However, the dry etching process often induces defects and impurities,

which can seriously degrade the optical and electrical performance of the device.

An additional oxidization step is thus needed to remove these surface defects and

impurities.

Wet chemical etching is another way to remove the silicon. It is a process that

uses liquid chemicals to remove Si not protected by masks on a wafer. Generally,

there are three basic steps during wet etching: (a) the liquid etchant diffusion to the

structure, (b) the reaction between Si and the etchant, and (c) diffusion of the

byproduct from the reacted surface. Depending on the chemical used, wet etching

can be classified into isotropic and anisotropic etching. In practice, isotropic etching

can be achieved with a mixture of hydrofluoric acid, nitric acid, and acetic acid

(HNA), while anisotropic etching can be achieved with potassium hydroxide

(KOH), ethylenediamine pyrocatechol (EDP), or tetramethylammonium hydroxide

(TMAH). Metal-assisted chemical etching of Si is a typical, simple, low-cost and

useful method in patterning Si nanowire arrays using wet etching. In a typical

process, a Si substrate covered with a noble metal pattern is subjected to a chemical

solution containing HF and an oxidizing agent such as H2O2. Because Si beneath

the noble metal has a high dissolution rate, pores will be generated at the site of the

metal. As a result, Si nanostructures such as nanowires, nanoholes, and nanopillars

can be obtained [43, 44].

3.2 Junction Formation

After the formation of the nanowire array, the second step is to form a junction to

separate charge carriers and promote carriers collection. The junction formation

process is slightly different in bottom-up and top-down processed nanowires.

In the VLS method, the formation of a junction can be achieved by rationally

controlling the deposition conditions during the nanowire growth. Generally, when

the vapor reactant is introduced preferentially for forming a junction at the same

nanocluster catalyst, crystalline grows along the axial direction and an axial

junction can be obtained. On the other hand, when the new reactant uniformly

reacts with the wire on the side, a shell will grow on the original nanowire surface.

Therefore, alternating reactants can produce super-lattice (axial) or multi-core-shell

structures (radial). In both junction processes, low temperature deposition is pre-

ferred, because the metal catalyst has the potential to be incorporated into the

silicon as an impurity at high temperature.

In practice, a p-i-n axial heterojunction can be obtained via the procedures

described in Ref. [45]. Au nanoparticles are firstly deposited on a substrate with a

preferred pattern, and then the substrate is transferred to a vacuum chamber with the

pressure and temperature kept at 40 Torr and 450 �C, respectively. Precursor gases
such as diborane (B2H6), silane (SiH4), and phosphine (PH3) are introduced as

appropriate to form p-type, intrinsic, and n-type wires. With the same temperature
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and pressure, axial p-i-n wire can be grown axially by varying the precursor gases

with a sequencing of B2H6 (5 sccm), SiH4 (2 sccm), and PH3 (1 sccm). Tandem

structures or multi-junction structures which have two or more p-i-n nanowires

connected in series can also be formed easily in this way. During the process, the

doping concentration and profile can be well controlled by adjusting the gas flow

rate or the doping gas. However, in these sequential deposition processes, cross

contamination is possible. Eliminating this cross contamination will lead to high

performance devices.

The strategies for forming a radial junction are based upon the control of radial

versus axial growth. We know that the silicon core is obtained when the reactant

activation and deposition condition occurs at the solid-liquid interface (catalyst

site) and not on the gas/solid interface (nanowire surface); correspondingly, the

shell is grown by altering the condition to favor homogeneous vapor-phase depo-

sition on the nanowire surface, analogous to the layered growth of planar hetero-

structures. For example, in the growth of a p-i-n radial junction silicon nanowire,

the p-type core is deposited at a relatively low temperature to favor the growth at the

solid-liquid interface, while the deposition of the i and n shells is at a high

temperature and lower pressure region to drive the deposition on the p-type core

surface. The high temperature and low pressure used here help to inhibit axial

growth along the silicon nanowire during the shell deposition.

Junction formation in a top-down approach is simpler than that in the bottom-up

method. Typically, in an axial junction, the p-n junction can be formed as in the

planar structure before the lithography process. After the etching step, an axial

junction is obtained; while in a radial junction, after the formation of the nanowire

array, high temperature dopant diffusion or implantation processes are usually used.

After the junction formation, a sequential passivation step is essential to passiv-

ate the extrinsic surface to prevent the current shunting. As in conventional Si solar

cell technologies, SiO2, SiNx and a-Si are widely used as passivation layers. The

high-aspect-ratio of the nanowire geometry requires controlling the process to favor

the conformal deposition or increasing the thickness of the shell to eliminate or

migrate the shunting problem.

Doped a-Si can be used as the shell to form a hetero-junction structure with the

c-Si core. Because of the low temperature processing of a-Si, this type of hetero-

junction solar cell has a high degree of freedom in the device design. In addition,

organic functional material can also be used to passivate the Si surface and make a

hybrid junction with a c-Si core. The organic functional material shows superior

surface passivation for the c-Si core, and it is a low temperature process for polymer

deposition, making this type of solar cell fabrication compatible with low-cost

substrates such as glass, plastic and aluminum foil.
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3.3 Contact Formation

Contact formation is the last step to finish the nanowire solar cell fabrication.

Methods of making the contact in nanowire solar cells is similar to that in planar

solar cells, and some strategies are the same, such as heavy doping, interfacial

engineering, and transparent conductive coating. However, in nanowire solar cells,

multiple lithography and etching steps are usually needed to make the pattern to the

side of nanowires. In addition, conformal deposition is preferred; because contact

formation on nanowires can be challenging due to the high-aspect-ratio of

nanowires. A thicker contact layer or a suitable deposition process (i.e., sputtering,

or electrodeposition) are commonly suggested.

In some cases of single silicon nanowire devices, the nanowire has a small

radius, and the metal contact defining by the lithography is much larger than the

nanowire. An interconnection method is suggested through the selective transfor-

mation of silicon nanowires into metallic metal silicide (NiSi) nanowires [46].

After the nanowire synthesis, junction formation and contacting, nanowire solar

cells fabrication is finished. A typical process for radial nanowire solar cells using

the top-down approach is shown in Fig. 7 [47]. First, a SiO2 layer is thermally grown

on top of a p-type Si wafer, then photoresist is spin coated on top of SiO2, followed

by the photolithography patterning and deep reactive ion etching. After the removal

of SiO2, an oxidizing step is used to passivate surface defects and impurities.

The oxidizing step also creates a layer of oxide on the back side of wafer. In order

to protect the back side of the wafer, prior to stripping off the oxide by HF, a

photoresist layer is needed on the back side of wafer. N-type shells are formed by

the high temperature diffusion using POCl3 as the doping gas at a temperature

around 900 �C. The junction depth can be controlled by the diffusion temperature

(a) (b) (c) (d)

(e) (f)

ITO

n-shell

Fig. 7 Schematic of the formation of silicon nanowire solar cells by top-down approach. (a)
Photolithographic patterning; (b) deep reactive ion etching; (c) high temperature POCl3 diffusion;

(d) front and rear sides contacting; (e) Ti/Au evaporation; and (f) SEM image of a fabricated

nanowire array (Reprinted with permission from Ref. [47]. Copyright © 2012, Wiley-VCH )
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and process time. Right after the dopant diffusion, oxide grown during the diffusion

process and native oxide are removed by buffered HF. Finally, transparent conduc-

tive oxide (i.e. indium tin oxide (ITO), aluminum doped zinc oxide (ZnO:Al)) and

aluminum are sputtered on the front and back sides, respectively.

3.4 Characterization

In device-scale nanowire arrays, the characterization techniques such as the I-V

measurement, light absorption, and external quantum efficiency (EQE) are the same

as in planar cells. In single nanowire solar cells, because of the nanoscale geometry,

traditional characterization methods cannot be implemented with the resolution

necessary to obtain meaningful results.

In order to extract the carrier concentration profile and surface state density in a

radial silicon nanowire device, capacitance-voltage (C-V) measurements [48], local

electrode atom probe (LEAP) microscopy, [49] Kelvin probe force microscopy

(KPFM) [50], and high-angle annular dark-field (HAADF) imaging [51] have

shown their ability. In addition, E-beam-induced current (EBIC) measurements

provide the information of recombination by determining the minority carrier

diffusion length.

4 Optical and Electrical Properties

The potential advantages of silicon nanowire solar cells are primarily their light

absorption, defect tolerance and strain relaxation. This section describes their

optical and electrical properties.

4.1 Optical Properties

Light absorption in nanowire device obeys Beer’s law that light intensity is

attenuated exponentially as a function of material thickness.

Iout ¼ 1� Rð ÞIinexp �αdð Þ, ð3Þ
where R is the surface reflectivity, Iout is the light intensity after it passes through

the sample, Iin is the initial light intensity, d is the material thickness, and α is the

absorption coefficient. The total absorption is then given by the following equation:

Iabs ¼ Iin � Iout ¼ Iin 1� 1� Rð Þexp �αdð Þ½ �, ð4Þ
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where Iabs is the light absorbed by the material. The total absorption of a piece of

nanowire is then dependent on the surface reflectivity R and the thickness d. In
order to enhance the light absorption in the device, one has to suppress the light

reflection at surface and increase the thickness or the light path length.

As is well known, light reflection arises from a difference in the refractive index

between two media. In conventional technologies of bulk silicon and thin film solar

cells, surface reflection is addressed by using an antireflection coating. The refrac-

tive index of the antireflection coating is between that of the semiconductor layer

and the air, with the optimum value given by the geometric mean of the two

surrounding indices. For example, in a bulk silicon solar cell, SiO2 or Si3N4 are

widely used as an antireflection coating. In some cases, an antireflection coating

with multilayers is used to reduce reflection over a broadband wavelength. Even in

that, the effect is still limited to a specific wavelength. Another way to achieve the

broadband antireflection is using a texturing surface. If the wavelength is greater

than the feature size of the texture, the texture provides a gradual index change to

reduce reflection. Effective medium approximations can be used to calculate the

reflection. If the wavelength is smaller than the texturing size, rays will be multiply

reflected, as a result, light reflection is reduced, which can be estimated with the

help of geometric optics (i.e., the ray tracing method). For example, in bulk silicon

solar cells, the use of microscale pyramids (or inverted pyramids) is proven to be a

very successful approach; while in thin film solar cells, nanoscale structures such as

nanoporous, nanocones, nanopyramids, and nanopillars were reported to be very

effective to suppress the light reflection [52–55].

The nanostructured Si solar cells include nanoporous, nanopyramides,

nanopillars, nanocones, nanowires, et al., and most of the nanostructures are formed

on the top of Si surface, which is slightly different from the nanowire structure.

Because of the nanoscale feature of nanowire, it can help to reduce surface light

reflection. The antireflection effect of nanowire solar cells is also the first observed

light trapping property at the beginning of the development of nanowire solar cells

[6]. However, the antireflection effect in nanowire is not significant compared with

the other nanostructures such as nanoporous, nanocones or nanopyradmids, most

probably due to the steep change of its geometry, which cannot provide a soft

gradual change of refractive index given by the weighted average of the material

and air [56]. Therefore, nanowires with a controlled shape of the tip (i.e., tapered)

were proposed to greatly reduce the reflection [57]. Silicon solar cells with con-

trolled nanowires or other nanostructures at the surface have also been developed

over the last few years. These solar cells are called “black-silicon solar cells” since

the silicon surface is modified with very low reflectivity and correspondingly high

absorption of visible (and infrared) light. In the year 2012, an independently

confirmed 18.2%-efficient nanostructured ‘black-silicon’ solar cell was reported.

In the year 2015, black silicon solar cells with interdigitated back-contacts achieved

22.1% efficiency, demonstrating the ability of reducing the surface reflection of the

nanowire arrays [58]. The surface morphology and light reflection are shown in

Fig. 8. As can be seen, extremely low reflection could be achieved in the

300–1000 nm wavelength range.
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Another way to overcome the light absorption loss is to increase the thickness of

the absorbing layer. However, this is not a straightforward way because of the

limitation of the carrier diffusion length, which is required to be larger than the

physical thickness of the absorber to assure efficient carrier collection. A common

method is to increase the light path length without increasing the physical thickness

by using light trapping schemes. Theoretically, with a perfectly implemented

Lambertian light trapping scheme, a maximum light path length can be enhanced

with a factor of 4n2 [59].

The light path length enhancement in nanowire solar cells is primarily achieved

through the guided resonant modes which are excited when incoming light interacts

with nanowire structures. Semiconductor nanowire geometry is a subwavelength

optical cavity that can support resonant modes. The possible resonance modes are

shown in Fig. 9. In the axial junction nanowire, when the condition mλeff ¼ 2πr is
satisfied, Mie resonance is excited. Because the Mie resonance is only dependent on

the diameter, it can occur in both radial and axial junction nanowires. In radial

junction solar cells, when the refractive index of outside and inside media is

different, plasmon resonance is possible. Furthermore, Fabry-Perot mode can also

be excited in radial junction structure solar cells.

Through numerical full-field electromagnetic simulations and measurements,

light absorption behavior in nanowire can be clearly understood. For example, the

Mie-type resonances were observed in random nanowire arrays by using broadband

enhanced backscattering spectroscopy, and the resonance can be controlled over the

entire visible spectrum [60]. The Fabry-Perot and whispering-gallery resonant

absorption modes were identified within the hexagonal Si nanowire structure. The

experimental and simulated external quantum efficiencies (Fig. 10a, b) show

several peaks with identical peak positions [28]. The 1, 2, 4 and 5 peaks can be

assigned to wavelength dependent Fabry-Perot resonance, while 3 and 6 peaks are

Fig. 8 (a) Scanning electron microscopy image of a black silicon surface with controlled

nanowire structure; (b) measured light reflectance spectra in the 300–1000 nm wavelength range

(Reprinted with permission from Ref. [58]. Copyright © 2015, Nature Publishing Group)
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Fig. 9 Possible guided resonant modes in nanowire solar cells. (a) Mie resonance; Mie resonance

occurs in both axial and radial junction nanowires. Its resonant properties depend on the nanowire

diameter. (b) Plasmon resonance; Plasmon resonance occurs only in core-shell nanowires. Its

resonant properties depend on the refractive index of the core and shell. (c) Fabry-Perot modes.

Fabry-Perot resonance occurs only in core-shell nanowires. Its resonant properties depend on the

shell thickness

Fig. 10 (a) Experimental and simulated external quantum efficiency (EQE) for a p/in nanowire

solar cell. (b) Experimental and simulated external quantum efficiency (EQE) for a p/pin nanowire

solar cell. (c) FDTD simulations of resonant mode profiles for p/in (profiles 1–3) and p/pin

(profiles 4–6) structures. (d) Electric field distribution for nanowire and bulk silicon at a wave-

length of 445 nm (Reprinted with permission from Ref. [28]. Copyright © 2012, National

Academy of Sciences)
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related to whispering-gallery resonance. These resonant information and electrical

field distribution are further illustrated in Fig. 10c,d by the FDTD simulation. With

the Lorentz-Mie scattering calculations and finite difference time domain simula-

tions, Cao, et al. found that the photocurrent shows strong enhancement peaks in the

absorption spectra (Fig. 11) [61]. The absorbed incident photons beyond its phys-

ical cross section at a specific wavelength is because of an optical antenna effect

caused by the subwavelength diameter of the nanowire, the same as the Mie-type

resonance. By coating the wires with conformal dielectric shells of SiNx or SiOx,

the optical antenna effect in NW can be dramatically enhanced, along with a� 80%

increase in short-circuit current density in Si photovoltaics [62].
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intensity distribution for typical TM leaky modes (Reprinted with permission from Ref.
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In addition to the scattering and resonance, the diffraction effect from a periodic

array of nanowires can also contribute to the light absorption enhancement. For

instance, by measuring the photocurrent of solar cells made with different silicon

nanowire length, Gernett et al. found a strong correlation between path length

enhancement and roughness factor (proportional to nanowire length), as well as

path length enhancement factors exceeding that of the randomized case (Fig. 12)

[21]. Furthermore, waveguiding modes were also identified in a periodic array [63].

Because most of the resonant modes are dependent on nanowire geometry, the

morphology of nanowire (i.e., size, cross-section, length, filling ratio) can also

influence the light absorption characteristics. By varying the diameter from

170 nm to 280 nm and 380 nm, the number of measured peaks increases and,

absorption modes shift to longer wavelength [64]. The over integrated photocurrent

is also increased. In addition to the diameter, the shape-dependent absorption

behavior has also been studied. For example, FDTD simulation shows that rectan-

gular NW has high absorption compared with that of a hexagonal NW [64].

4.2 Electrical Properties

In addition to good light absorption performance, a solar cell must separate and

collect carriers to generate power. As discussed above, the nanowire with a radial

junction geometry is especially beneficial for the charge separation and carrier

collection, due to the fact that the direction of light absorption and carrier collection

are decoupled into orthogonal directions. Therefore, in single nanowire radial

junction solar cells, the efficiency shows an increase of approximately a factor of

five compared with the axial junction cells [3, 45]. In addition, in a previous report,

simulation using density functional theory has predicted that a spontaneous poten-

tial gradient can be generated without doping in nanowires, primarily due to

difference of degree of quantum confinement along the wire [65]. Varying strain

along the nanowire can also be used to separate charges in a similar manner

[66]. However, these carrier separation mechanisms have not yet been proven

experimentally.

In order to gain a quantitative understanding of the electrical performance,

Kayes et al., has developed a model to characterize carrier collection in a cylindri-

cal coordinated system [5]. Figure 13 shows the schematic of a nanowire radial

junction geometry and its corresponding energy band diagram. The junction is

formed between the nanowire core and shell. The diffusion length occurs in the

radial direction, which is set equal to the nanowire length. Although the carrier

collection is independent on the nanowire length, it should be noted that the

nanowire length has an impact on the junction area, and as a result, the electrical

performance is also dependent on the nanowire length. In silicon nanowire solar

cells, the depletion region recombination is one of the most significant loss factors.

For example, as shown in Fig. 13, in the radial p-n junction, the Voc decreases as the

cell thickness increases because the junction area increases, so the trap density near
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the core-shell interface should be low enough that depletion region recombination

does not dominate, otherwise large Voc losses are expected. Simulation results also

show that a silicon solar cell with a radial junction has a high tolerance of the bulk

defect so that when the minority carrier diffusion length is reduced to the physical

length, the efficiency degrades slightly with decreasing lifetime, whereas planar

junction solar cells shown severe degradation. In terms of the photocurrent, Jsc of
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Fig. 13 (a) Schematic of a single rod from the radial p-n junction nanorod cell and its

corresponding energy band diagram; (b) short-circuit current density Jsc, open-circuit voltage
Voc vs cell thickness L and minority-electron diffusion length Ln for a conventional planar p-n

junction silicon cell and a radial p-n junction nanorod silicon cell (Reprinted with permission from

Ref. [5]. Copyright © 2005, American Institute of Physics)
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nanowire solar cells is essentially independent of the trap density, in striking

contrast to the planar one. Kayes’ results indicated a guideline in designing high

performance nanowire solar cells.

Device physics simulations by Fan shown that the space charge and carrier

collection region is significantly enlarged in a radial nanowire geometry [67]. Fig-

ure 14 shows that when the minority diffusion length is smaller than the absorber,

the collected charges increase dramatically with nanowire length. However, longer

nanopillars will reduce the efficiency as a result of the increased interface recom-

bination, which agrees with Kayes’ results.
In order to overcome the large leakage current induced by the large high-aspect-

ratios of nanowire solar cells, surface passivation is a critical step. However,

nanowire surface passivation is a challenging task due to their small size and the
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fact that multiple facets are exposed. In radial junction nanowire solar cells, surface

passivation quality can be quantified with the measurement of the surface recom-

bination velocity S, which can be obtained by the following equation:

S ¼ D

4

1

τeff
� 1

τb

� �
, ð5Þ

where τeff is the effective carrier lifetime,τb is the carrier lifetime in bulk silicon

with the same impurity concentration, and D is the nanowire diameter.

A-Si is often used to make a heterojunction with crystalline silicon. It can

provide good passivation for the single crystalline nanowire cores. Experiment

using near-field scanning photocurrent microscopy reveals a � 100-fold reduction

in surface recombination using a thin layer of amorphous silicon (a-Si) coated on a

single-crystalline silicon nanowire [68]. In addition to a-Si, a-SiNx can further

reduce the surface recombination velocity to 70 cm/s compared to a value of

450 cm/s provided by a-Si [69]. In recent years, organic such as PEDOT:PSS and

organic-inorganic perovskite were also used to make hybrid silicon nanowire solar

cells [24, 70], and an efficiency as high as 13% was able to obtained in these types

of solar cells partly due to the excellent surface passivation.

The enhanced recombination in nanowire may also result from the metal catalyst

used in nanowire growth, especially those metals which can introduce mid-band

gap trap state in silicon. However, this possibility was excluded by using Al catalyst

to replace the Au catalyst [71]. Totally removing the Au catalyst did not help to

further improve the Voc. These results affirmed that the quality of the core/multi-

shell structure is the most important driver of good electrical performance.

Because of the largely reduced requirement of the minority diffusion length,

solar cell materials with a low carrier diffusion length are preferable to be used in

nanowire geometry. For example, Zinc oxide and titanium oxide nanowire/nano-

tube are widely reported in dye-sensitized solar cells. The nanowire/nanotube

dye-sensitized solar cells often show higher carrier collection efficiency and

reduced surface recombination rates compared with the nanoparticle case.

4.3 Ultimate Efficiency

The ultimate efficiency of nanowire solar cells can be studied with the Shockley-

Queisser detailed balance analysis. N. Anttu calculated the Shockley-Queisser

efficiency limit for an InP nanowire array solar cell through electromagnetic

modeling. It was shown that nanowires longer than 4 μm can produce an efficiency

limit of up to 32.5%, despite producing a lower short-circuit current, where the

conventional planar InP solar cell shows a Shockley-Queisser efficiency limit of

31% [72]. The same process can be applied to calculate the Shockley-Queisser

efficiency limit for a Si nanowire array solar cell. The improvement of the effi-

ciency, as also indicated by the report in [73], results from an increase in the open-
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circuit voltage, instead of the light absorption. However, the ultimate efficiency of

the nanowire solar cell with radial and axial junctions is not expected to exceed that

of the Shockley-Queisser limit of thin film design [74, 75].

In order to clarify the point that the intrinsic nanowire properties allow them to

have higher Voc than that of planar cells, we have to go back to the thermodynamic

limitation of the Voc, which is given by [76]

qVoc ¼ kTc

R
A Eð Þφsun Eð ÞdE
A Eð Þφbb Eð ÞdE � εin

εout
� εoutA Eð Þφbb Eð ÞdE

Scellw 1�prð ÞRrad

� 1�prð ÞRrad

Rnradþ 1�prð ÞRrad

� �
:

ð6Þ
The detailed definition of parameters above can be found in [76]. The first term

of Eq. (6) accounts for the different temperatures of the incoming and the outgoing

photons. It relates to a radiative recombination limited maximum Voc obtained for

ideal solar cells when considering the imperfect absorption photons and thermali-

zation losses. The second term is related to the étendue expansion between the

incident and emitted photons, in other words, it describes the energy loss caused by

the angular dependent photons emission. The third term of Eq. (6) is the ratio

between the outgoing flux of photons and the radiative recombination within the

solar cell. It describes light concentration by an external lens. The last term

describes the energy loss due to the non-radiative recombination process.

In planar solar cells, the emission occurs in an isotropic way, the loss in the

second term contributes to about 300 mV of the Voc loss. On the other hand,

nanowires have intrinsic wave guiding properties, the photon emission is angularly

restricted, which is believed to be of great benefit to high Voc. Fig. 15 shows the

calculated photon emission rate of nanowire arrays as a function of the emission

angle with a nanowire diameter of 170 nm and pitch of 400 nm. More than a 10%

enhancement of the Voc could be obtained with a nanowire length smaller than 4 μm
and nanowire diameters from 100 nm to 200 nm, for a nanowire solar cell.

5 Applications

Single nanowire solar cells are an ideal platform for the fundamental research of

optical, electrical and other aspects of the photovoltaic device. Individual and

interconnected silicon nanowire photovoltaic elements can serve as robust power

sources to drive functional nanoscale electronics, such as sensors, logic gates and

other nanoelectronics. As similar to planar solar cells, nanowire array solar cells of

a large-scale can be used in generating electrical power from light. For example,

they can be used in large-scale territorial application, providing their conversion

efficiency can be competitive with commercial technology.

At present, although the nanowire geometry promises to lower the cost by

relaxing the material purification requirements, expanding the available materials,
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reducing the material usage, or simplifying the fabrication process, nanowire solar

cells are still far from practical application due to their low conversion efficiency

and the complicated fabrication process involved, which limits the commercializa-

tion of nanowire solar cells.

6 Challenges and Outlook

To compete with conventional technology, solar cells should be made with an

extremely high conversion efficiency and extremely low production cost. In terms

of the low production cost, silicon nanowire opens up the possibility to use low

quality materials for efficienct solar cells and to grow high single crystalline silicon

on inexpensive substrates such as glass and stainless steel. In addition, nanowire
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[72]. Copyright © 2015, American Chemical Society )

Silicon Nanowire Solar Cells 293



solar cells promise the potential of superior light absorption and excellent electrical

properties. The present achievement cannot make it be realized commercially,

however, some daunting challenges have been addressed for the future; these

include (a) the development of robust methods for large-scale assembly;

(b) improvement in the large-scale uniformity of nanowire devices; (c) the

approach to reduce the surface and interface recombination; (d) the rational control

of the morphology, and doping profile; and (e) addressing nanowire mechanical

properties. In addition, particle issues such as modules integration and device

packaging have also been seriously explored.
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Si Nanowire Solar Cells: Principles, Device
Types, Future Aspects, and Challenges

Mrinal Dutta, Lavanya Thirugnanam, and Naoki Fukata

Abstract Dream of low-cost and high-efficiency Si solar cells is going to see

daylight through the advent of Si nanowire (SiNW)-based solar cells due to the

unique three-dimensional structures over planar solar cells. SiNW arrays are

designed to increase light absorption beyond the bandgap limitations by efficient

light trapping and antireflection. Junction fabrication technique has made it possible

to make very short carrier collection pathways that provide the opportunity to use

lower-grade Si material and also reduce material quantity while maintaining high-

quality photovoltaic performance. Additionally, peeling off and transfer of SiNW

arrays or in situ growth of SiNWs directly on low-cost substrates can introduce

another major cost reduction in photovoltaic industry. This chapter focuses on the

recent progress and photovoltaic aspects of the state-of-the-art technologies for

SiNW-based solar cell fabrication. Fabrication and performance of different types

of photovoltaic devices based on SiNWs are summarized. The challenges face by

the fabrication processes and drawbacks of these kinds of devices due to the use of

SiNWs are also discussed. Several possible new techniques to face the problems of

this emerging field are also included.

1 Introduction

In the last 45 years, demand of energy around the globe has been accelerated world

energy consumption by more than double [1]. World’s four-fifth consumption of

energy comes from fossil fuel combustion, resulting in a 5.8% increase of CO2

emissions. Currently, the renewable energy shares 19% of global energy consump-

tion in 2012 and continued to grow strongly in 2013 [2]. Apart from other renewable
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energy sources, conversion of solar energy has experienced a rapid growth in the last

decade. By early 2014, at least 53 solar PV plants larger than 50MWwere operating

in at least 13 countries. The world’s 50 biggest plants reached cumulative capacity

exceeding 5.1 GW by the end of 2013 [2]. Worldwide growth of photovoltaics,

becoming a mainstream electricity source, has been fitting an exponential curve for

more than two decades. By the end of 2014, cumulative photovoltaic capacity

increased by 38,700 MW and reached at least 177 GW, sufficient to supply 1% of

the world’s total electricity consumption of currently 18,400 TWh [1, 2].

Silicon is currently the most dominant nontoxic commercial material for the

production of solar cells due to its specific benefits over other materials. Si wafer-

based solar cells accounted for about 90% of the total production in 2013. However,

the vast majority of these commercial Si solar cells have been based on crystalline

Si that can provide enough high efficiency for practical usage but not yet cost-

competitive, chiefly due to the high cost of solar-grade Si wafers; half of the

production cost (~ 1$ per watt) alone shares by Si wafers [3–5]. Highly efficient

commercial Si solar cells require relatively large amounts of high-purity solar-

grade Si to fully absorb incident sunlight, since Si has low absorption in the visible

and near infrared region of the solar spectrum; these Si solar cells must also have

long minority carrier diffusion lengths to ensure minimal carrier recombination and

enhanced carrier collection [6–8]. In view of low-cost, abundance, and nontoxicity,

use of polycrystalline and amorphous Si thin films is advantageous in the produc-

tion of solar cells [9, 10]. However, these benefits are outweighed by their short

carrier diffusion length and thus much lower efficiency than crystalline Si solar

cells. Increasing effort has been devoted to address these problems in recent years

by fabricating Si NW (SiNW) based solar cells. These SiNW solar cells exhibit a

higher absorbance per unit thickness than commercial Si solar cells due to incident

light trapping within the NW arrays and antireflection effect [7, 11]. SiNW radial p–

n junction offers a shorter transportation length of photogenerated charge carriers

[12]. As a consequence of this, it is possible to use lower-grade Si material with

short minority carrier diffusion length for fabrication of these solar cells with

sufficient conversion efficiency. Thus the use of lower grade and less amount of

material opens a path to low-cost Si solar cell production.

2 Advantage of NW Geometry

In any solar cell, conversion of solar energy to electricity involves five funda-

mental physical steps: (1) absorption of photons, (2) exciton creation, (3) exciton

separation into free electron and hole, (4) transport of free carrier to respective

electrodes, and (5) collection of free carriers. Each step is subjected to losses.

Efficiency of each of the steps controls the conversion efficiency of the cell.

Instead of crystalline wafers or thin films, the use of NWs provides possibilities to

minimize losses in each step at low cost. The potential cost benefits come

primarily from the use of lower-grade Si material and reduction of amount of

material reasonable to get moderate efficiencies.

300 M. Dutta et al.



2.1 Absorption and Exciton Formation

Absorption loss in planar Si solar cells arises mainly due to the reflection of solar

light from the surface. As for an example, in the absence of any antireflection

coating, planar Si solar cell losses more than 30% of incident light due to reflection

from its surface [13]. This reflection at the interface arises from a difference in

refractive index between Si and air medium [14]. As a common approach to reduce

reflection, materials with refractive index between Si and air are used for

antireflection coatings. Double and triple layers of coating are used instead of

single-layer coating to enhance the antireflection property; however ideal condition

needs continuous layer-graded refractive index. Yablonovitch et al. first derived the

limit of a maximum light intensity enhancement 2n2 corresponding to a path length
enhancement of 4n2 (�50 for silicon, depending on wavelength) compared with the

incident beam for perfectly implemented randomized scheme, where n is the

refractive index of the medium [15]. Garnet and Yang showed that the path length

of incident solar radiation of SiNW array films in the AM1.5G spectrum increased

by 73 times [16]. Several groups have reported the excellent antireflection and

light-trapping properties of SiNW arrays [17–20]. Figure 1a shows the absorption

and reflection properties of SiNW arrays fabricated on glass substrates

[17, 18]. NW arrays showed low reflectance of less than 10% with a strong

broadband optical absorption. This absorption by NW arrays was found to be higher

than Si films of equivalent thickness.

Reflectance measurements of SiNW arrays on Si wafers fabricated by metal-

catalyzed electroless etching technique showed suppression of light reflection over a

wide spectral range compare to polished Si wafers (Fig. 1b). For SiNWs fabricated

on single-crystal Si wafers, the reflectance is lower than 1.4% in the range of
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Fig. 1 (a) Optical transmission (T ), reflectance (R), and absorption (A ¼ 1–T–R) of SiNWs

prepared by etching of 2.7-μm-thick Si layers on glass (Reprinted with permission from Ref.

[17]. Copyright (2009) American Chemical Society). (b) UV–vis reflection spectra of planar Si

substrate and Si NW arrays with different lengths (Reproduced with permission from Ref.

[20]. Copyright 2015, Elsevier)
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300–600 nm. This antireflection as well as light-trapping property of SiNW arrays

strongly depends on NW lengths, diameters, alignment, and spacings. Figure 1b

shows the dependence of reflectance on NW array lengths [20]. Reflection decreases

with the increase of NW length. In a more detailed experiment on VLS-grown Si

wire arrays embedded in transparent polymer polydimethlysiloxane (PDMS),

researchers from California Institute of Technology found that NWs obtained by

quasi-periodic or random motifs led to lower overall optical absorption than well-

aligned periodic wire array [21]. This group also has demonstrated a remarkable

near-complete absorption of sunlight above the Si bandgap by using SiNx

antireflection layer coated with Si wire arrays embedded in PDMS matrix structure

filled with Al2O3 nanoparticle light scatterer. The absorption of the Si wire array in

this structure exceeded the ray optics light-trapping limit for infrared wavelengths

(> 800 nm) in planar structures. This remarkably low reflectance of the SiNW array

is attributed to the advantage of incident light-trapping within the NW arrays. As a

result collective light-scattering interactions among NWs that compelled the light to

travel much longer distance by many turns than the NW array length and the

ultrahigh surface areas of high-density SiNWs increase the absorption.

In Si core-shell NWs, over 100% enhancement of photocurrent can be obtained

compare to only NWs without shell [22]. Simulation on the optical absorption of

single core-shell NW revealed that by optimizing core diameter, shell thickness,

and refractive index, this enhancement could be achieved. Conversion efficiency

increases from 3.32% to 9.24% when periodically aligned Si nanopillar arrays

fabricated on Si substrate, by a metal-catalyzed chemical etching process via the

diameter-reduced polystyrene spheres as mask, were used as an antireflection layer

of a planar p–n junction solar cell [23].

2.2 Charge Separation and Transportation

A group of researchers from the University of California and Lawrence Berkeley

National Laboratory has shown, using ab initio calculations, that axial charge

separation in intrinsic SiNW of small diameter is possible by varying strain along

the NW length [24]. In another report, the same researchers have shown theoreti-

cally that structural tapering of SiNW can also produce a strong electrostatic

potential gradient by varying quantum confinement with diameter which can

spatially separate the highest occupied and the lowest unoccupied states along the

wire axis [25]. Thus designing solar cells by morphology control and separation of

charge carriers by thermalization can open a new horizon for solar cells with

minimum Auger recombination, a strong limiting factor for obtaining high effi-

ciency. However these theoretical predictions are yet to be experimentally verified.

In radial p–n junction core-shell structures, excellent carrier separation and

propagation take place via the built-in electric fields of radial p–n junctions

[12, 26]. This short carrier collection in radial direction enables not only the

effective collection of photogenerated charge carriers separated at the p–n junction
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via the electrodes but also the suppression of carrier recombination, because the

carriers can be collected at the electrodes via a short transportation distance. This

effect of radial junction in separation and transportation of charge carriers will be

discussed in Sects. 4 and 5.

2.3 Carrier Collection and Cost

Proper absorption of solar light in planar p–n junction solar cell demands increase

in thickness of the base region with a carrier collection efficiency limited by

minority carrier diffusion in the base region. This limitation restricts the use of

low-cost and lower-grade Si materials having low minority carrier diffusion

lengths, as absorbing base in planar p–n junction solar cells. In a theoretical

work, Atwater and Lewis group [27] has shown that an array of radial p–n junction

nanorods provides the solution to this problem by decoupling light absorption and

carrier collection into orthogonal spatial directions. In this kind of device geometry,

proper absorption of light occurs in long arrays in the direction of light with the

benefit of short carrier collection in radial direction that allows effective collection

of photogenerated charge carriers. These short collection lengths facilitate the use

of materials with low minority carrier diffusion lengths maintaining high efficiency.

3 NW Synthesis Techniques

Since the first report on vapor–liquid–solid (VLS) mechanism of silicon wire

growth by Wagner and Ellis [28] in 1964, significant progress have been made to

develop facile and controlled methods for the fabrication of SiNWs in the last few

decades. These several methods can be basically divided in two basic approaches:

bottom-up and top-down. The bottom-up approach is an assembly process joining

Si atom by atom for the growth of Si wires with diameters ranging from a few

nanometer to several hundreds of nanometers, whereas in top-down approach

dimensional reduction of bulk Si wafer fabricates SiNWs. Bottom-up approach

includes methods like chemical vapor deposition (CVD) [28–43], molecular beam

epitaxy [44, 45], reactive atmosphere annealing [46], laser ablation [47–49], and

SiO evaporation technique [49–52] where VLS mechanism is a dominant growth

mechanism, and apart from these some other techniques such as oxide-assisted

growth (OAG) [53, 54], supercritical-fluid-based [55, 56], and solution-based

growth [57] are also reported. On the other hand in top-down approach lithography

[58, 59], reactive ion etching (RIE) [16, 60, 61] and metal-catalyzed electroless

etching [62–70] are the commonly used techniques for the fabrication of SiNWs.

Throughout details of these growth techniques would be beyond the scope of this

chapter. Only widely used NW synthesis techniques for the fabrication of NW solar

cells will be discussed in this chapter. Interested readers are referred to the review

articles of Schmidt et al. [43] and Singh et al. [71] and the references therein.
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3.1 Bottom-Up Fabrication

3.1.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) technique is particularly interesting not only

because it is used to produce dense, high-aspect-ratio, and vertically aligned NW

arrays but also because it is applicable to large-scale production in the semicon-

ductor industry. Inside the CVD chamber, gaseous Si precursor, such as silane

(SiH4) or silicon tetrachloride (SiCl4), is transported to the substrate surface for

deposition. Depending on precursor type and temperature, the wire growth rate

varies from nearly 10�2 to 103 nm min�1 [30, 32]. CVD has the advantage of tuning

the wire diameter within a wide range from below 10 nm to several hundred

micrometers and also can control the length of the wires by scheming the reaction

time. CVD also offers the opportunity of controlling the doping profile inside NWs

in both radial and axial direction by introducing extra precursor gas and changing

the flow rate [33, 34, 39].

In VLS mechanism Si from vapor phase enters into the metal-Si alloy liquid

droplet above the eutectic temperature. When this droplet becomes supersaturated,

Si freezes out at the interface of droplet and Si (Fig. 2a). In lower temperature

another growth mechanism comes into play called vapor–solid–solid (VSS) mech-

anism which deals with the metal catalyst particle in solid state instead of liquid

state. In spite of all advantages of CVDmethod, one major drawback of this method

is metal contamination.

Most of the Si wires grown by VLS process are made using Au as a catalyst.

However, Au introduces two impurity energy levels within the Si bandgap: one

acceptor level 0.54 eV below the conduction band and another donor level 0.29 eV

above the valance band, which act as deep level traps that decrease carrier mobility,

lifetime, and diffusion length [31, 40]. Several studies showed that Au diffuses

along the outer surface during both growth and cooling [41, 42]. Au present on the

tip and outer surface of Si wires causes a serious metal contamination problem in

photovoltaic devices as it is difficult to remove due to its chemical inertness. As a

result open-circuit voltages (Voc) of solar cells fabricated using Au-catalyzed SiNW

arrays and single NWs are found to be in very low range of 130–300 mV that

outperforms the photovoltaic device performance. This drawback of Au catalyst

enunciates search of alternative metal catalysts such as Al, Ag, Cu, Ni, Pt, etc. for

the growth of Si wires [31, 39–41]. Wang et al. [31] has reported epitaxial growth of

SiNWs on Si (111) substrate using Al as a catalyst as shown in Fig. 2(b). The

growth mechanism was dominated by VSS growth as the growth temperatures

(~430–490 �C) were much lower than the eutectic temperature (577 �C) of Al–Si
binary phase diagram. In contrast to Au catalyst, Al contamination makes the NWs

strongly p-type, but to avoid oxidation of Al catalyst, ultrahigh vacuum should be

maintained throughout the process. NWs grown using Al as a catalyst showed

tendency of tapering compared to the NWs grown using Au catalyst. Use of Ag as a

catalyst gives the advantage of controlling the diameter from micrometer to
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nanometer by controlling growth temperature with the opportunity of easy removal

of superficial Ag using chemical methods [39]. Lower-temperature growth, than the

eutectic temperature of Ag–Si system, results in the growth of NWs controlled by

VSS mechanism rather than VLS. Cu-catalyzed high-temperature growth by using

H2:SiH4 as a precursor gas mixed with BCl3 (5% in H2) resulted in p-type Si

microwires (SiMWs) with diameter of 2 μm, length of ~100 μm, and an effective

long electron minority carrier diffusion length of 10.5 � 1 μm as copper is less

detrimental to the minority carrier lifetime [36]. Four-point measurement confirmed

the resistivity of the wires was 0.19 � 0.02 Ω-cm that corresponds to an acceptor

concentration of (1.05 � 0.15) � 1017 cm�3. VLS growth technique using metal

catalysts most of the time yields (111) oriented Si wires; however (100) orientation

is rare.

Fig. 2 (a) Schematic of the VLS growth mechanism. (b) Tilted SEM cross-sectional image of

Al-catalyzed SiNW arrays on Si (111) grown at 430 �C. Scale bar is 400 nm (Reproduced with

permission from Ref. [31]. Copyright 2006, Nature Publishing Group). (c) Tilted SEM view of a

Cu-catalyzed Si wire arrays (Reproduced with permission from Ref. [40]. Copyright 2007,

American Institute of Physics). (d) Cross-sectional SEM image of SiNW arrays fabricated by

Ag-catalyzed electroless etching technique. Scale bar is 10 μm
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3.2 Top-Down Fabrication

3.2.1 Metal-Catalyzed Electroless Etching (MCEE)

In top-down approach, metal-catalyzed electroless etching (MCEE) is a relatively

new promising anisotropic etching technique that becomes most popular for its

simple and inexpensive methods to fabricate wafer-scale SiNW arrays. The tradi-

tional top-down methods like electron beam lithography and RIE precisely can

fabricate SiNW arrays with controlled diameter and spacing. However for these

time-consuming and expensive methods, fabrication of SiNWs in large area still

remains a challenge. The SiNWs produced by MCEE technique inherit the electri-

cal characteristics of mother Si wafer.

In the early 1990s, behavior of ultrafine metal particles on Si wafer surface in

HF—H2O2 wet chemical cleaning solutions was investigated [72, 73]. In 1997

preparation of porous Si layer by chemical etching in a HF, HNO3, and H2O2

solution of Al-thin-film-covered c-Si was first reported [74]. It was found that in the

presence of Al film, the incubation time necessary for the formation of porous Si

was dramatically decreased. The first detailed insight of this recently popular

chemical etching of Si surface in the presence of metal was reported in 2002 [62]

by Li and Bohn. Light-emitting porous Si was produced by dipping Au, Pt, or

Au/Pd thin-film (< 10 nm) coated (100) Si in HF and H2O2 solution. Porous Si with

different morphologies and light-emitting properties was produced depending on

doping profile of Si and the type of metal film. The presence of different metals

showed different etching rates of Si surface. A reaction scheme was proposed to

explain the metal-assisted etching process. Peng et al. [19, 63] in 2002 reported

a wafer-scale production of SiNW array at room temperature by simply

immersing Si wafers into HF–AgNO3 solution. In addition to highly oriented

SiNW arrays, Si nanostructures including porous Si and Si nanoholes also are

produced by using an aqueous HF solution containing oxidizing agents, such as

Fe(NO3)3 or H2O2 [64–66].

Different mechanisms are proposed to understand the reaction processes of

dissolution of Si. These processes can be divided into three groups:

(I) Direct dissolution of Si in tetravalent state [62, 67, 68]

Siþ 4hþ þ 4HF ! SiF4 þ 4Hþ ð1Þ

SiF4 þ 2HF ! H2SiF6 ð2Þ

(II) Direct dissolution of Si in divalent state [69, 70]

Siþ 4HF2
� ! SiF6

2� þ 2HFþ H2 " þ2e� ð3Þ
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(III) Si oxide formation and dissolution [64, 65]

Siþ 2H2O ! SiO2 þ 4Hþ þ 4e� ð4Þ

SiO2 þ 6HF ! H2SiF6 þ 2H2O ð5Þ
Through MCEE technique, fabrication of vertical SiNW arrays with controlled

doping profile and orientation is possible. However, to control the position and NW

diameter, template-assisted MCEE technique has been used. Highly ordered SiNW

arrays with controlled diameter, length, and density have been achieved by com-

bining MCEE technique and nanosphere lithography [66, 75]. The diameter of the

NWs was determined by the diameter of the polystyrene spheres as mask. SiNW

arrays with different structures, different cross-sectional shape, and perfect ordering

were fabricated by using interference lithography followed by MCEE technique

[76]. SiMW arrays were also prepared by combining photolithography with MCEE

technique [77].

4 Junction Formation

After the synthesis of SiNWs, a junction must be established for quick electron-hole

separation and their collection. Junctions can be fabricated either along the diam-

eter (radial junction) or along the length (axial junction) of the NWs. Axial junction

SiNWs can be prepared by etching Si wafers with planar p–n junctions formed

earlier [23, 78]. Using the diameter-reduced polystyrene spheres as mask axial

junction, Si NW arrays fabricated by MCEE technique showed an energy conver-

sion efficiency up to 9.24% due to excellent antireflection property of the special

periodical Si nanostructure [23].

Radial junctions are favorable compared to axial junctions for providing short

collection paths on the order of NW diameter for the separated charge carriers,

which reduce recombination rates of charge carriers and also allow the use of

lower-grade Si with low minority carrier diffusion length. The advantages of radial

junctions are realized by forming an oppositely doped Si shell layer around the Si

core either by thermal diffusion or by depositing an extra oppositely doped thin Si

layer by CVD deposition that can be single crystalline if grown epitaxially but more

often is polycrystalline. These types of junctions are known as radial

homojunctions. However, employing a diffusion process to fabricate homojunction

usually results in undefined junction depths and sometimes even completely doped

NWs [79–81]. By forming a completely doped n-type chemically etched slanting Si

NW arrays on p-type Si (111) wafer, a conversion efficiency of 11.37% was

achieved [79]. This high-conversion efficiency was attributed to the excellent

antireflection property of 3–5-μm-long SiNW arrays and better electrical contacts

due to the slantingly aligned structure. Diffusion process usually completely

converts the whole Si NWs as the average diameter of chemically etched NWs is
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~ 100 nm. As a result the junction forms within the wafer just immediately

underneath of SiNW arrays that is similar to a planar p–n junction with Si NW

arrays as surface texturing. By using NWs with larger diameter, radial p–n junction

could be formed by dopant diffusion process in SiNWs [27]. So that dopant

diffusion occurs at the surface of the NW without changing the core-doping type.

Device modeling showed that short-circuit current density (Jsc) in the Si nanorod

cell is essentially independent of the trap density, whereas in the planar geometry a

high trap density leads to a very low Jsc, regardless of the trap density in the

depletion region as illustrated in Fig. 3. As for example, for a 100-μm-thick Si

solar cell, Jsc in the radial p–n junction nanorod geometry slightly reduced from

~38 mA/cm2 to ~35 mA/cm2 for an increase in radius of nanorod from 100 nm to

above 1 μm, whereas in the planar geometry, Jsc dropped from 34 to 4 mA/cm2 for a

decrease in minority carrier diffusion length (Ln) from 100 μm to 100 nm related to

the increase in density of recombination centers (Nr) from 1012 to 1018 cm�3 in the

quasi-neutral region of the shell layer. One thing should be remembered that in this

simulation nanorod, radius is set equal to Ln for optimal conditions. Ultimately

these results showed that instead of high trap density in core and shell regions, Voc

and the conversion efficiency of a radial p–n junction nanorod solar cells can

remain high with the approximation that the depletion region trap density remains

relatively low (Fig. 3). For example, a Si solar cell with Nr~10
14 cm�3 in the

depletion region and Nr~7 � 1016 cm�3 in the shell and core regions (i.e., similar

to Ln ¼ 100 nm), the maximal efficiency of the radial p–n junction nanorod

geometry was calculated to be 11%, compared to 1.5% in the planar geometry. If

throughout the cell that same density of recombination centers was maintained,

then simulation results showed that the efficiency of nanorod solar cell was double

than that of planar geometry. Experimental investigations using low-grade Si

material showed higher efficiency for radial p–n junction nanorod cell structures

compared to planar cells [7]. Radial n+–p+ junction formed by diffusion method on

25-μm-thick pillar arrays with diameter 7.5 μm fabricated by deep reactive ion

etching technique (DRIE) in p+ crystalline Si (100) substrates with resistivity

~0.02 Ω cm (concentration ~ 5 � 1018 cm�3 and Ln ~ 10 μm) showed nearly two

fold increase in efficiency compared to planar cells.

Another type of radial junction can be formed on Si NWs by covering it with

organic polymer or introducing a-Si layer between p and n layers. These radial

heterojunction solar cells that combine an organic polymer with SiNWs not only

require low-fabrication temperature due to the solution-based processes and low

thermal stability of the polymers but also can reduce manufacturing costs by

utilizing inexpensive and abundant organic polymers, in contrast to expensive p–

n junctions consisting of only Si [17, 82]. Promising conversion efficiency up to

13.2% for such Si/organic hybrid solar cells has been demonstrated [83]. Introduc-

tion of a thin amorphous Si (a-Si) layer by CVD technique at the interface of p–n

junction could effectively passivate the NW surface. Thus enhancement of

photoconversion efficiency compared to radial p–n junction could be expected in

radial p–i–n structures. Experimental realization of this enhancement of efficiency

by introducing a thin a-Si layer has been observed several times [84–86].
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Some solar cell uses Schottky junction, a metal with a large work function in

contact with SiNWs, to induce a barrier for carrier flow in only one direction similar

to the p–n junction [87–89]. However, the barrier which restricts recombination of

charge carriers at electrode is small in comparison with p–n junction. As a result

saturation current density for Schottky junction is much larger than that of p–n

junction. This is also a reason behind lower Voc of Schottky junction solar cells

compared to p–n junction solar cells. Al–Si/Pt–Si Schottky junctions have been

used to produce photovoltaic effect [87, 88]. Recently graphene has become the

material of choice to produce Schottky junction with SiNWs that show relatively

better performance than metal-Si Schottky junctions [90, 91].

5 Photovoltaics of Silicon NW Solar Cells

5.1 Single NW Photovoltaics

Coaxial and axial single SiNW solar cells are emerging as potential candidate for

nanoelectronic devices that require power as low as a few nanowatts.

5.1.1 Single NW Axial Junction Photovoltaics

Growth of axial single SiNW photovoltaic devices most commonly facilitated by

VLS method. Growth of Si–Si axial junctions was achieved by changing the dopant

gas precursors (e.g., B2H6 or PH3) at the time of axial growth of NWs. Photovoltaic

measurement on p–n junction single SiNW of length 25 μm under 1 sun AM 1.5 G

illumination yields Voc and Isc values 0.12 V and 3.5 pA [92]. Improvement in

photovoltaic properties was observed by moving from p–n to p–i–n junction as

illustrated in Fig. 4. Introduction of i-segment¼ 2 μm and 4 μm in length improved

Voc and Isc by 0.24 V, 14.0 pA and 0.29 V, 31.1 pA, respectively. The FF for the

p–i–n NW device with i ¼ 4 μm was 0.51 and yields a maximum power output of

4.6 pW per NW and conversion efficiency of 0.5%. These results showed that the

introduction of i-segment reduces the leakage current and saturation current. To

produce photovoltaic effect in a single SiNW without forming Si–Si p–n junction,

electrical nanoscale joule heating [93] was selectively introduced beneath a single

contact of Al [87]. The nature of induced junction was not clearly understood;

however, the cause of rectifying behavior is partially attributed to the formation of

Schottky barrier or p–n alloy or a combined effect of these two. Upon illumination

this junction produced Voc of 0.19 V, Jsc of 5 mA/cm2, and FF of 0.4 that correspond

to a conversion efficiency of 0.46%. Further improvement in photovoltaic effect

was obtained by forming a Schottky junction between Pt and n-Si end of n-Si/n+-Si

NWs that were produced by a combination of colloidal lithography with DRIE

[88]. Under solar light this Schottky junction showed a photovoltaic effect with Voc

310 M. Dutta et al.



of 0.30 V, Isc of 0.135 nA, and FF of 54% with an overall conversion efficiency of

1.81%.

The potential of introducing tandem cell structure on a single SiNW, by inte-

grating two single-junction photovoltaic elements in series with a p–i–n+–p+–i–n

axial modulation, has been also investigated (Fig. 4) [92]. Success of synthesis

design was realized through SEM image of selectively etched NW by KOH due to

the difference of etching rates p, n, and i segments of NW as illustrated in Fig. 4d.

Photovoltaic measurements (Fig. 4f) on p–i (2 μm)–n single and p–i–nþ–pþ–i–n,

i ¼ 2 μm tandem SiNW yield Voc and Isc values of 0.23 V and 10.2 pA and 0.39 V

and 8.2 pA, respectively. The tandem structure showed a 39% increase in power

output compared to 2.3 pW for the single p–i–n NW cell with i¼ 2 μm. Treating the

tunnel junction (heavily doped pþ/nþ) ideally, the Voc and output power of tandem

Fig. 4 (a) Schematic and (b) SEM image of an axially modulated p–i–n SiNW. Growth is

mediated with Au catalyst (gold-colored hemisphere). Scale bar is 1 μm. (c) Schematic and (d)
SEM image of two p–i–n diodes integrated in series on a single NW (tandem axial SiNW). Scale

bar is 1 μm. (e) I–V characteristics for single p–i–n SiNWwith i region¼ 0 (red), 2 μm (green), and

4 μm (red), devices under AM 1.5G illumination with intensity 100 mW/cm2. (f) I–V responses of

single p–i–n SiNW photovoltaic device with i ¼ 2 μm (red) and tandem SiNW (p–i–n+–p+–i–n)

with i¼ 2 μm (blue) photovoltaic devices under AM 1.5G illumination (Reprinted with permission

from Ref. [92]. Copyright right (2008) American Chemical Society)
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cell should be doubled than that of a single cell, and the Isc should remain constant.

However the smaller values of Voc compared to ideal values can be attributed to

parasitic series resistances as a result of nonideal tunneling interface between the n+

and p+ segments.

5.1.2 Single NW Radial Junction Photovoltaics

For radial junction, single NW solar cell carrier separation takes place in the radial

direction compared to the longer axial direction in axial junctions, with a carrier

collection distance smaller or comparable to the minority carrier diffusion length

[27]. Hence, photogenerated carriers can reach collecting electrodes without sub-

stantial bulk recombination. Figure 5 shows the schematic and SEM images of cross

section of the coaxial p–i–n SiNW with a n-type Si shell, an intermediate i-Si layer,

and a p-type core as well as the fabricated single NW device [86]. These p–i–n

coaxial silicon NW solar cells under 1 sun illumination yield a power output of

50–200 pW per NW device and an apparent energy conversion efficiency of up to

3.4%. Thus these silicon NW devices individually or interconnected with each

other could function as nanoscale power source for nanoelectronics in specific

NW-based logic circuits as, for example, NW-based AND logic gate. Large surface

areas of SiNWs enunciate huge surface recombination and become a determinantal

Fig. 5 (a) Schematic of radial p–i–n SiNW photovoltaic device fabrication. Left, pink, yellow,

cyan, and green layers correspond to the p-core, i-shell, n-shell, and PECVD-coated SiO2,

respectively. Middle, selective etching to expose the p-core. Right, metal contacts deposited on

the p-core and n-shell. (b) SEM images corresponding to schematics in (a). Scale bars are 100 nm
(left), 200 nm (middle), and 1.5 mm (right) (Reproduced with permission fromRef. [86]. Copyright

2007, Nature Publishing Group)
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part of SiNW photovoltaic device performance. Appropriate surface passivation of

single-wire radial p–n junction solar cells by a-Si:H and SiNx:H coatings has

increased the conversion efficiency up to 9% and Voc ~ 600 mV with a FF over

80%, the highest apparent efficiency to date for single NW device (Fig. 6) [94]. Si

surfaces, coated with a-Si:H and SiNx:H, have additional benefits for photovoltaic

applications. a-Si:H forms a heterojunction to crystalline Si, enabling extremely

high open-circuit voltages (up to 743 mV) for wafer-based Si solar cells [95], while

a-SiNx:H also functions as a versatile anti-reflective coating for crystalline Si

[96]. Radial p–n junction was formed selectively by phosphorus diffusion at the

upper part of NWs, and contacts made at the two ends of the NWs as shown in

Fig. 6a, b. This device has both radial and axial parts. Since in the bottom segment

of each wire no radial p–n junction was formed, in this portion minority carriers

Fig. 6 Single Si microwire

photovoltaic device. (a)
Schematic diagram and (b)
SEM image. (c)
Photovoltaic short-circuit

current density and voltage

characteristics of the device

with different surface

passivation under AM 1.5G,

100 mWcm�2 illumination

(Reproduced with

permission from Ref.

[94]. Copyright 2011, Royal

Society of Chemistry)
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must diffuse axially to reach the junction in order to be collected (Fig. 6a). Single

NW device without any surface passivation showed conversion efficiency 4.6%,

while in the presence of a-Si:H layer, this performance improved up to a conversion

efficiency of 7.4%. Best conversion efficiency (9%) was obtained for NWs coated

with a-SiNx:H. Surface passivation by a-SiNx:H and a-Si:H results in low surface

recombination velocities and minority carrier diffusion lengths (<<70 cm/sec,

450–600 cm/sec for a-SiNx:H, and > > 30 μm, 5–10 μm for a-Si:H). However,

for unpassivated surface, recombination velocity and minority carrier diffusion

length become >4 � 105 cm/sec and <0.5 μm, respectively. Besides surface

passivation, 40% enhancement in Jsc and efficiency has been predicted in a-Si:H

single-nanowire solar cells by engineering the cross section of the nanowire from

circular into a front-opening crescent shape [97].

5.2 Silicon NW Array Photovoltaics

Fabrication of SiNW array p–n and p–i–n junction solar cells has established the

path for commercial production of low-cost Si solar cells in the near future. SiNW

arrays used for these purposes have been fabricated using different fabrication

techniques such as VLS method, lithography, ion etching, chemical etching tech-

niques, etc. Among these, VLS method and chemical etching have been shown their

potential for future large-scale SiNW array solar cell fabrication capability.

For the fabrication of homojunction (p–n), dopant diffusion technique has been

used in large scale either adopting spin-on dopant or gas phase or chemical dopant

diffusion process at high temperatures [98, 99]. Axial junction SiNW array solar

cells are produced by etching pre-diffused planar p–n junction wafers [78, 100–

102]. Efforts for the formation of radial p–n junction by dopant diffusion process

most of the time result in completely doped opposite polarity NWs and junction

formed somewhere inside the bulk material, especially for the SiNW arrays fabri-

cated by chemical etching techniques as discussed before in Sect. 4 [19, 40, 80,

103]. Conversion efficiency of these kinds of solar cells, having vertically aligned

selectively etched SiNW arrays of length ~ 4 μm and diameter in the range of

40–200 nm fabricated by MCEE technique on a p-type Si substrate, has reached

13.7% [104] where SiNW arrays converted n-type by phosphorus diffusion at

900 �C. Formation of radial junction needs dopant diffusion should be limited to

the surface, so that polarity of inner core remains the same [7, 81, 105, 106]. Selec-

tive controlled dopant diffusion over only SiMW arrays (43–49 μm height, 2–3 μm
in diameter with 7 μm pitch) grown by VLS method in the presence of Al2O3

scatterer and a-SiNx:H surface passivation coating exhibited Voc ~ 500 mV,

Jsc ~ 24 mA/cm2, and FF >65% with an overall conversion efficiency of 7.9%

[107]. Contribution from the substrate holding the MW arrays in solar energy

conversion was excluded as the scanning photocurrent microscopy measurements

demonstrate an effective minority carrier diffusion length < 0.5 μm for electrons in

the base region of the MWs.
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To precisely control the junction depth for the formation of radial junction, the

most elegant way is to deposit an oppositely charged Si layer (i.e., shell layer)

around the NWs by CVD method [81, 84, 105, 108–116]. Optimizations of growth

of polycrystalline p-Si shell layer over the SiNW arrays of length 7.8 μm fabricated

by metal-catalyzed electroless etching of n-Si (111) wafer (resistivity of

1–50 Ω-cm) produce a conversion efficiency around 3.3% [26]. These p-Si shell

layers were grown by cold-wall thermal CVD using SiH4 and B2H6 as precursor and

dopant gases, respectively. Cell performances are found to be strongly dependent

on dopant gas fluxes and growth time. This low conversion efficiency instead of

efficient light trapping by long NW arrays and short transportation path of

photogenerated charge carriers was attributed to the high surface recombination

enunciated by huge dangling bond-related surface defects present at the high

surface area of the NWs [117]. Later critical NW length, necessary to obtain

optimal cell performance with minimum carrier loss in radial p–n junction solar

cell, was estimated to be ~ 700 nm [20]. In comparison with the planar cell, Voc, Jsc,
and FF of the corresponding solar cell were found to be increased from 0.38 V to

0.46 V, 14 mA/cm2 to 24.4 mA/cm2, and 0.34 to 0.63, respectively, with an overall

increase in efficiency from 1.76% to 7% under the illumination of 100 mW/cm2

AM1.5G solar simulator. Further passivation of the large number of surface defect

states through oxidation by low-temperature UV ozone treatments offers the poten-

tial to enhance conversion efficiency from 7% to 8.4%. ESR measurements were

used at room temperature to detect these defects and investigate the ozone

annealing effect on defect passivation. In a further modification, ~1.5% enhance-

ment of absolute efficiency was obtained by using two-step H2 annealing process

[118]. With the minimization of surface recombination, it is also necessary to

minimize bulk recombination by synthesizing SiNW arrays on the thin Si wafers.

As a low-cost replacement for thick wafer-based solar cells, thin wafer-based SiNW

array solar cells have been investigated due to the low cost of raw materials and

high efficiency resulting from reduced bulk recombination. With decreasing wafer

thickness, all cell parameters were improved and that reflects reduction in bulk

recombination loss [119]. In addition, the introduction of back surface field at the

rear surface of these thinner solar cells further enhances the conversion efficiency

by 36–45%. Under 100 mW/cm2 illumination by an AM 1.5G solar simulator, these

radial p–n junction cells with 700-nm-long SiNW array fabricated on 170-μm-thick

Si (100) wafer (resistivity 27 Ω-cm) produce an average power conversion effi-

ciency of 10.3% (Voc, Jsc, and FF of 0.46 V, 32.1 mA/cm2, and 0.7, respectively)

and a maximum power conversion efficiency of 10.9% [119]. With these modifi-

cations front electrode prepared as buried contact fashion by self-aligned single-

step lithography further could improve efficiency by ~ 7.82% by enhancing the

collection efficiency of photogenerated charge carriers [120].

Surface recombination in SiNWs has also been minimized by inserting an

intrinsic layer at the interface. Efficient radial a-Si/SiNW solar cells were fabri-

cated by depositing hydrogenated intrinsic and p-type a-Si shell by PECVD on

n-type SiNW arrays fabricated by MCEE technique [84]. A thin layer of

Al-doped ZnO was coated on the top of a-Si layer by atomic layer deposition
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to define front electrode. Due to the low-temperature PECVD processing, such

heterojunctions have many advantages such as better interface passivation by

hydrogen and higher Voc compared to p–n homojunctions [85]. Under AM 1.5

illumination, this structure showed a conversion efficiency of 7.29% with Voc, Jsc,
and FF of 0.476 V, 27 mA/cm2, and 0.562, respectively. Epitaxial growth of

radial p–i–n junction on [103] oriented NWs of diameter ~ 300 nm and length up

to ~ 10 μm by CVD exhibited single crystalline {110} faceted shell surfaces and

raised the conversion efficiency up to 10% under AM 1.5 G illumination

[109]. Vertical SiNW arrays acting as cores of radial junctions were fabricated

using a combination of DRIE and inductively coupled plasma etching with

passivation by Bosch etch processes to prepare epitaxy-ready radial shell growth.

Introduction of very thin intrinsic poly-Si layer (50 nm) at the interface of radial

p–n junction SiMW array (diameter of 3 � 0.3 μm, spacing of 7 � 0.2 μm, and

length of 9 � 1 μm) solar cells enhances the conversion efficiency from 7.2 to

9.3% (Fig. 7) [112]. SiMW arrays were fabricated on Si(100) wafer

Fig. 7 (a) Schematic of the radial p–i–n Si MW solar cells with a-SiN:H layer as an antireflection

and surface passivation layer, (b) photovoltaic J–V characteristics of radial p–n and radial p–i–n Si

MW solar cell with and without surface passivation. (c) SEM image of the Si microwire solar cells.

Inset shows the uniformity of coating of the poly-Si layer and the a-SiN:H layer on the side walls.

(d) TEM image of the p–i–n core-shell nanostructure (Reprinted with permission from Ref.

[112]. Copyright (2011) American Chemical Society)
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(0.1–0.9 Ω-cm) by DRIE, and a 50-nm-thick intrinsic poly-Si shell and a 40-nm-

thick n-type poly-Si shell were deposited on the surface of the p-core SiMWs by

CVD as shown in Fig. 7a, c, and d. Improvement in diode ideality factor from

2.45 � 0.11 to 1.89 � 0.14 and reduction in saturation current densities by more

than one order were observed after insertion of intrinsic poly-Si layer between

p-type SiMW core and n-type ploy-Si shell. These improvements clearly demon-

strate the reduction in junction recombination by the passivation effect of the

intrinsic layer. Further deposition of 80-nm-thick a-SiN:H layer by PECVD as a

surface passivation and antireflection layer increases the mean Jsc and the mean

conversion efficiency by 25% and 19%, respectively. In situ growth of radial

junction solar cells based on SiNWs arrays grown by VLS method was also

achieved where growth of SiNWs and subsequent shell layers were done in the

same CVD chamber by changing dopant gases and growth temperatures, showing

PV responses [8, 114, 121, 122]. However the use of metal (e.g., Au) catalyst

restricts the performance of these cells as these metal catalysts introduce trapped

levels within the bandgap and huge carrier recombination occurred in these extra

energy levels. Instead of this restriction growth by CVD technique has advantage

to do deposition process at very low temperatures, even close to ambient, which

allows temperature-sensitive substrates to be used [121, 123–125].

5.3 Silicon NW Hybrid Solar Cells

Hybrid cells based on SiNWs and organic semiconductors such as poly

(3-hexylthiophene) P3HT [126–128], PEDOT:PSS [129–137], and others [138–

141] have emerged as a potential cost-competitive photovoltaic structure by

adopting low-temperature, scalable, and soluble processes of conjugated polymers

to form heterojunction with silicon. The potential of this architecture is to combine

the broadband optical absorption capability of the Si nanostructures with solution-

based processes for simple and low-cost production that could make silicon-based

solar cells a very viable option for next-generation photovoltaics. Core-shell geom-

etry of these hybrid solar cells ensures efficient charge separation since the thick-

ness of the polymer shells is comparable to the exciton diffusion length. Most of the

conversion efficiency of the state-of-the-art hybrid solar cells is in the range of

10–13.6%. Different strategies have been used to achieve high efficiency: modify-

ing the nanostructures [136, 142–145], modifying the interface between Si and

polymers [146, 147], engineering the back contact [148, 149], incorporation of

metal nanoparticles [150, 151], surface passivation [152], and optimization of front

electrode [12, 83]. The hybrid solar cells with the short NW length of 200–500 nm

have shown the best performance in terms of the highest power conversion effi-

ciency and the largest Jsc (Fig. 8a, b). Because long SiNW infiltration of polymers is

difficult, so the coverage of polymers on the SiNWs is not complete, and also with

the increase of NW length, the surface state-related defects increase which

increases recombination. For SiNWs/PEDOT:PSS hybrid solar cells, employing
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SiNW arrays fabricated by MCEE technique, maximum conversion efficiency

8.4–11.55% was obtained for NW lengths 200–570 nm [12, 146, 153]. These

performance values were improved to 13.01% by using an intermediate 1,1-bis

[(di-4-tolylamino)phenyl] cyclohexane (TAPC) layer to mitigate interface recom-

bination [146]. A two-step surface treatment of SiNWs before polymer coating

(a low-temperature ozone treatment followed by a HF etching process) also found

to enhance the efficiency by 1.24% [137]. The performance of these SiNWs/

PEDOT:PSS hybrid solar cells has been further improved by using a highly

conductive, transparent, and stable gold (Au) mesh as front electrode, by a metal-

transfer imprinting method [83]. The hybrid cells have shown a conversion effi-

ciency of 13.2% with a Jsc of 36.03 mA/cm2, Voc of 539.2 mV, and FF of 67.8%. In

a very recent work, power conversion efficiency up to 16.1% (Jsc of 34 mA/cm2, Voc

of 607 mV, and FF of 78.3%) has been demonstrated by employing embedded

metal front electrodes other than conventional electrode [154]. On the other hand,

immersion of SiNW arrays in anisotropic tetramethylammonium hydroxide

(TMAH) solution just for few minutes before PEDOT:PSS coating enhances the

Fig. 8 (a) The tilted cross-sectional SEM images of the 200-nm-long SiNWs fabricated by MCEE

technique, (b) the corresponding morphology after coating with the PEDOT:PSS solution

(Reproduced with permission from Ref. [83]. Copyright, 2006, Nature Publishing Group). (c)
Schematic of hybrid solar cell composed of SiNW arrays, the DWNT film, and the redox

electrolyte (Reproduced with permission from Ref. [164]. Copyright, (2009) American Chemical

Society)
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conversion efficiency by 69.5% [155]. In another modification step with SiNW/

PEDOT:PSS, hybrid structure graphene oxide (GO) has further used to enhance

light trapping [156]. These hybrid GO-blended cells showed large junction area

compared to pure PEDOT:PSS structures. Again addition of graphene quantum

dots (GQDs) in PEDOT:PSS has increased Jsc and FF of hybrid solar cells from

32.11 to 36.26 mA/cm2 and 62.85% to 63.87%, respectively [157]. These enhance-

ments were attributed to the photon down-conversion process and the improved

conductivity of PEDOT:PSS by appropriate addition of GQDs. Further, addition of

Au nanoparticles (NPs) with PEDOT:PSS showed efficiency improvement by

~23% [151]. This improvement was attributed to electrical effects caused by Au

NPs besides the traditional plasmonic effects. After addition of Au NPs, conduc-

tivity of the PEDOT:PSS layer was found to be slightly improved, and the built-in

electric field of the device was also improved. Both of these suppressed recombi-

nation and enhanced charge separation and collection.

Fabrication of flexible SiNW solar cells was achieved through peeling off and

transferring of SiNWs on low-cost and flexible substrates such as plastic sheets,

metal foils, and glass slides [158–160]. Figure 9 shows such a SiNW array transfer

and printing process where SiNW arrays formed by Ag-assisted chemical etching.

SiNWs were peeled off from the substrate through the formation of horizontal crack

on SiNWs by a two-step etching process and deposition of poly-(dimethylsiloxane)

(PDMS) for providing mechanical support to freestanding NWs.

Recently, carbon/silicon (C/Si) heterojunction solar cells have attracted a great

deal of interest. Among the carbon family, the discovery of carbon nanotubes

(CNTs) and graphene has started revolution in the field of C/Si heterojunction

solar cells [161–163]. Figure 8c illustrates hybrid solar cell formed by depositing a

thin film of double-walled CNTs on SiNW array that showed a power conversion

efficiency of 1.29% under AM 1.5G irradiation [164]. The CNT thin film also

functioned as the transparent counter electrode. The cell performance could be

tuned by varying the SiNW density. Core-shell heterojunction formed by coating

carbon quantum dots on SiNW arrays, formed by MCEE technique, showed an

excellent rectifying behavior with a rectification ratio of 103 at �0.8 V in the dark

and power conversion efficiency as high as 9.1% under AM 1.5G illumination

[165]. The cause of this high efficiency was attributed to the optimized carrier

transfer and collection capability as well as the improved optical absorption.

Emerging organic–inorganic lead halide perovskites could be promising as a

new material for making hybrid solar cells with SiNWs. Theoretical study shows

that solar cell that consists of a Si p–i–n nanowire array filled with CH3NH3PbI3
could have an efficiency of 13.3% at a thin absorber thickness of 1.6 μm [166]. In

this structure both the nanowires and perovskite absorb the incident light. As a

result, the hybrid structure shows high absorption in a broad wavelength range of

300–800 nm. Here nanowires act as the channels for transporting photogenerated

charge carriers.
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5.4 Non-radiative Energy Transfer-Based Silicon
NW Solar Cells

Recently, non-radiative energy transfer (NRET) has been proposed for hybrid

nanostructures that combine absorbing components (e.g., quantum dots) with

high-mobility semiconducting transport channels (e.g., Si). Use of colloidal semi-

conductor nanocrystals such as CdS, CdSe, and PbS quantum dots or layer of

organic molecules in these hybrids provides the advantage of absorbing a wider

range of the solar spectrum than Si layers are able to and has opened new

possibilities in light harvesting exploiting the NRET process [167–176]. Use of

NRET can overcome the limitations of low-charge transfer efficiency in charge

transfer-based devices. Long-range dipole–dipole interaction involved in NRET

process of these hybrids can exceed both radiative energy transfer and the short-

range charge transfer process involved in charge transfer-based devices. Time-

resolved photocurrent measurements showed that for excitation at the absorption

peak of PbS QDs, the NRET efficiency to the adjacent SiNWs lies between 15 and

38%, and the photocurrent could be as large as three times than the photocurrent by

direct light absorption in the SiNWs [171], whereas for a monolayer of colloidal

Fig. 9 Schematic of the fabrication procedure for vertical SiNW array electronic devices on non-

Si-based substrates. (a) Cracked vertical SiNW arrays are formed by inserting a water-soaking step

between two consecutive Ag-assisted chemical etching steps. (b) SiNWs are filled with hexane-

diluted PDMS for mechanical support and electrical insulation. (c) SiNW tips are exposed after dry

etching of PDMS. (d) Metal contact is deposited over the exposed SiNW tips. (e) The metal

contact side of the Si wafer is attached to an arbitrary substrate with a thin layer of silver epoxy in

between. (f) The vertical SiNW array is separated from the donor Si wafer at the crack location by

peeling off. (g) The other side of SiNW tips is exposed after dry etching of PDMS. (h) The other
metal contact is deposited on the exposed SiNW tips over a shadow mask with 300 μm diameter

holes to complete the vertical SiNW array device (Reprinted with permission from Ref.

[158]. Copyright (2012) American Chemical Society)
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CdSe nanocrystals grafted on hydrogenated Si surface, NRET efficiency was

estimated to be ~ 65% [168]. Efficient exciton harvesting in underlying radial p–

n junction SiNW arrays has been achieved by energy transfer from nanocrystalline-

Si (nc-Si) quantum dots with excellent carrier separation and propagation [119]. Jsc
of this nc-Si QD-modified SiNW solar cell increased by 18.5% with an overall

maximum conversion efficiency improvement up to 12.9%. Analysis of time-

dependent photoluminescence decay experiments revealed that NRET rate was ~

1.6 times faster than the radiative energy transfer rate from the nc-Si QDs to the

underlying Si layer. Similarly frequency down-conversion properties of inorganic

QDs were utilized to enhance conversion efficiency of SiNW solar cells. Efficiency

enhancement of 13% and 33% was observed from CdSe and CdS nanocrystals,

respectively, integrated with radial p–n junction Si nanopillar solar cells with

respect to reference cells without nanocrystals [177, 178].

5.5 Silicon NW Schottky Junction

As a low-cost alternative to conventional p–n junction Si solar cells, metal-Si

Schottky junction solar cells were introduced. A metal with high work function

was used to form Schottky barrier with n-Si (see Sects. 4 and 5.1.1). Formation of

small barrier height cannot stop properly recombination of electrons at anode that

results in large saturation current and low Voc typically ~ 0.3 V or less [87, 88,

90]. These drawbacks of metal-Si Schottky barrier can be removed by introducing a

higher bandgap (> 1.1 eV) organic semiconductor with high mobility at the

interface [179]. The choice of organic layer should be such that it can produce

high offset between conduction band minimum of Si and LUMO of organic layer

while maintaining low offset value between valence band maximum of Si and

HOMO of organic layer. Advantage of radial Schottky junction has investigated by

depositing 10 nm Pt film on a-SiNW arrays fabricated by RIE [180]. This core-shell

Schottky barrier showed a 150% larger Jsc compared to planar Schottky barrier.

However Voc and FF of this core-shell structure became low due to the high surface

area and the physical damage introduced on SiNW walls during RIE process.

Recently, instead of metals graphene has been used to fabricate Schottky junction

with SiNWs [181, 182]. Schottky barrier formed by a combination of graphene

monolayer and SiNW arrays with an optimized length of NWs showed photovoltaic

effect with conversion efficiency up to 2.15% by filling the interspace of SiNW

array with graphene suspension [181]. These photovoltaic properties were further

improved by chemical doping, and the Schottky junction between graphene/SiNWs

arrays showed the energy conversion efficiencies of up to 2.86% under AM1.5 G

illumination [182]. Control of the number of graphene layers and the doping level

with appropriate surface passivation further improved the performance of these

photovoltaic devices. By inserting electron-blocking layer such as thin layer of

P3HT polymer between Si nanoarrays and graphene films, maximum power con-

version efficiency as high as 8.71% has been obtained [91].
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5.6 Photoelectrochemical Solar Cells with Silicon NW
Arrays as Photoanodes

In SiNW array-based photoelectrochemical cells (PEC), NW array serves as

photoelectrode immersed in liquid electrolyte with metal electrode as counter

electrode. The PEC solar cells based on solely SiNW arrays showed inferior

performance with conversion efficiency <5% and Jsc value limited within

1–10 mA/cm2 [183–186]. The presence of SiNx antireflective coating and scattering

by transparent Al2O3 particles resulted in a peak external quantum efficiency of

89% and a broadband, near-unity internal quantum efficiency [187]. Investigation

on the dependence of photovoltaic characteristics on the morphology of SiNWs

showed that the best performance was obtained for NWs with length of 18 μm and

diameter of 150 nm [188]. For thin NWs (diameter < 80 nm), un-depleted core

region was so narrow that it could not transport charge carriers efficiently, and for

NWs having length more than optimal value, surface states start to predominate the

advantages of long SiNW arrays. This photovoltaic effect also found to depend on

conductivity of SiNWs. Resistive NWs resulted in low photocurrent, while con-

ductive NWs higher than an optimal value of doping level resulted in reduced space

charge region and minority carrier diffusion length. Photovoltaic properties of these

cells were also found to be dependent on pH of electrolyte solution. Voc was found

to be decreased by ~ 44 mV per unit decrease in pH value [189]. This variation

could be kept steady in the pH range of 3–9 by the introduction of a highly doped

emitter on top of SiNWs. Metal nanoparticle (MNP) decorated SiNW arrays

showed the enhancement in photoconversion efficiency of PEC cells

[190]. Among the other MNPs, Pt NP leads to the highest performance. Optimiza-

tion of Pt NP deposition leads to a conversion efficiency of 8.14% [191], and for

carbon-passivated SiNWs, this conversion efficiency further enhanced to 10.86%

[192]. In replacement of photo-corrosive and photo-oxidant conventional aqueous

electrolyte HBr/Br2, the use of ion liquid due to its superior thermal and chemical

stability, high conductivity, non-corrosivity, and negligible vapor pressure resulted

in conversion efficiency of 6% for Pt NP-decorated SiNWs prepared by a two-step

chlorination/methylation procedure [193].

6 Future Outlook and Challenges

To make solar energy as a mainstream source of electricity, solar cells must become

less expensive. To realize high-efficiency current state-of-the-art technology for the

fabrication of planar Si cells imposes restrictions on the use of quality and quantity

of the material. SiNWs in radial junction morphology have shown potential for

cost-effective and high-performance solar cell production. SiNW-based solar cells

open the possibility by relaxing the requirements impose by commercial solar cell

fabrication. Advantages of using small amount of low-cost material and efficient
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light trapping could make SiNW-based solar cells with efficiency close to that of

current planar cells. Despite the promising potential and rapid progress in last

10 years, many challenges remain to be addressed before the advantages of

SiNW-based solar cells can be realized commercially. In particular these challenges

include enhancement in surface and interface recombination with increase in

surface area and roughness, increase of front contact resistance, difficulties in

growth of SiNW arrays with uniform diameter, and pitch in wafer scale by

low-cost methods especially on low-cost substrates. Surface or interface passiv-

ation by using conventional a-Si:H and a-SiNx:H layer or inserting i-layer at

interface has shown prospects in enhancing device performance by passivating

surface and interface recombination centers [84, 94, 107, 194–196]. Alternatively

surface and interface passivation of SiNW solar cells have been investigated by

low-temperature ozone oxidation under UV radiation [20]. These passivation

results urge for the development of more effective passivation methods in order

to realize the benefits of huge surface and interface area of SiNWs over the planar

morphology. For SiNW-based solar cells, another major challenge is the formation

of uniform and continuous front contact. Due to the NWmorphology, deposition of

front contact becomes discontinuous, and as a result contact resistance increases.

Some approaches have been taken to redeem this problem like specific etching of

SiNWs on Si substrates so that the planar portion can be used to deposit continuous

front contact or formation of polycrystalline p-Si matrix on n-SiNW arrays to

provide continuous upper surface [20, 104]. In another approach mounting wax

was used to fill the gaps between SiNW arrays, and then indium tin oxide was

sputtered on the top to form front contact [107]. Slantingly aligned SiNW arrays

also showed ability to form better front contacts [79]. Ability to transfer SiNW

arrays by peeling off the NWs from the Si substrates or in situ growth of SiNWs on

low-cost substrates lights the path to produce flexible solar cells using a small

fraction of Si material needed for commercial solar cell production, thus removing a

major cost hurdle of Si solar cell production [121, 158, 159]. For in situ growth of

SiNWs and SiNW solar cells by VLS method, the presence of metal contamination

at the top and side walls of NWs and at the interface needs major attention. Some

work has been done in search of less inactive catalysts in this regard. In a recent

work, conversion efficiency improvement from 2.11% to 6.18% was obtained by

treating PECVD grown SiNWs by an optimal concentration of hydrochloric acid to

reduce the indium contamination, used as a catalyst to grow SiNWs [197]. In

addition to these, further advancement in light trapping in SiNW arrays has been

recently proposed by fabricating decagonal and elliptical SiNWs arrays

[198, 199]. SiNW and nanopillar arrays when used as an antireflection layer for

conventional solar cells enhanced the efficiency up to 22% without using conven-

tional antireflection layers [200]. To accomplish this, a thin Al2O3 layer was

deposited on the nanostructure surface to achieve excellent chemical and electrical

passivation. This potential of high rate of cost reduction and increment of efficiency

for SiNW solar cells justify further future research and development.
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