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| Abstract

The aim of this study is to analyse the individual cells of a micromorph tandem so-
lar cell by dark current-voltage characteristics and to study the effect of temperature on
the individual subcells of the device, being amorphous silicon and microcrystalline sili-
con. Special focus is placed on studying the temperature-dependent voltage distribution
between the subcells. Furthermore, a short study will be performed on the effect of bias
voltage on the EQE characterisation of tandem solar cells.

Three-terminal tandem solar cells have been fabricated by sputtering a 200nm alu-
minium doped zinc oxide (AZO) layer between the tunnel recombination junction and the
bottom subcell through a specially designed mask. The middle AZO contact allows for
separate characterisation of the tandem subcells on various measurement setups. Precise
dark JV measurements are carried out in a temperature range of 100 °C to 30 °C to reveal
the dependency on temperature and find values for ideality factor, dark saturation current
and mobility gap for both the individual subcells and the tandem cell.

The mobility energy gap of the three-terminal (3t) a-Si:H top subcell was determined
at 1.62 &+ 0.02eV, which is lower than the mobility gap of 1.70 £ 0.01eV for the single-
junction (sj) cell from the same deposition run. It is possible that thermal annealing of the
i-a-Si:H layer occurred by the deposition of the middle AZO contact and bottom cell. If
hydrogen is effused by thermal annealing of these further process steps, this would increase
the defect density of the intrinsic a-Si:H layer, lowering its mobility gap. A similar drop in
mobility gap was observed for the 3t pc-Si:H bottom cell, with 1.08 £ 0.01eV for the 3t
bottom subcell and 1.17 4+ 0.01eV for the sj cell from the same deposition run. A slight
increase of crystallinity was observed for the 3t bottom subcell with Raman spectroscopy,
as compared with the sj pc-Si:H cell. This difference in crystallinity is, however, not
significant enough to explain the obtained decrease in mobility gap [51, 59]. The three-
terminal tandem cell shows a mobility gap energy of 1.77 + 0.01 eV, which is close to the
mobility gap of the sj a-Si:H cell of 1.70 + 0.01eV. However, it is likely that this mobility
gap belongs to the tunnel recombination junction, as it was determined in the high forward

voltage region where the dark JV curve is suppressed by a non-ideal operation of the TRJ
[39].

The temperature-dependent voltage distribution study on the sj dark JV curves re-
vealed that by increasing the temperature, the onset potential for the jc-Si:H subcell
decreases, which indicates a higher increase of dark current as a function of temperature
for the a-Si:H top cell. Furthermore, it has been demonstrated with light JV measure-
ments that the added series resistance of the middle AZO contact is significantly large.
Characterisation methods that involve high current densities will therefore become more
complicated when measured through the middle AZO contact. Finally it has been demon-
strated that the EQE measurement method for tandem solar cells with bias illumination
and bias voltage can not exactly reproduce the true EQE curves of the subcells by applying
the V. of the non-measured subcell.
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| Nomenclature

Abbreviations
AM air mass
AC alternating current
AQE apparent quantum efficiency
AZ0O aluminium doped zinc oxide
DC direct current
DPC deposition chamber
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ITO indium doped tin oxide
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SR spectral response
SRH Shockley-Read-Hall
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SQ Shockley-Queisser
TC transport chamber
TO transverse optic
TRJ tunnel recombination junction
Uuv ultraviolet
VHF very high frequency
VIM variable intensity measurement
21T AZ0O induced texturing
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1 | Introduction

The closest and by far largest energy source in the Earth’s proximity is the Sun. In-
creasing the collection of solar energy is a straightforward approach to release ourselves
from the current carbon locked-in economy. A large contribution to sustainable energy
could potentially be delivered with direct conversion of solar irradiance to electricity by
use of the photovoltaic effect. There are many different technologies available for this
application, such as silicon wafer based, thin-film, multi-junction or organic solar cells.
The most important advantage of multi-junction solar cells is the potentially higher con-
version efficiency through stacking of different absorber layers in series. This leads to a
better spectral utilisation, since each of the layers is designed to absorb a specific part of
the solar spectrum. In this way thermalisation losses can be reduced. Thin-film silicon,
such as amorphous- and microcrystalline silicon, is quite often adopted in many different
compositions and alloys to achieve this.

This introductory chapter will start with a motivation for doing research in photo-
voltaics, followed by a discussion of the basic properties of solar radiation that reaches
the Earth and how it can be converted directly to electrical energy. Thin-film amorphous-
and microcrystalline silicon materials will be discussed, followed by the concept of multi-
junction solar cells and their cell structure. Finally, the outline of this thesis will be
presented.

1.1 Mbotivation: Repairing the way of Life

Saving the environment has been a hot topic since the end of the 20th century. Human
activity will have to change dramatically this century in order to create a global sustainable
way of living. Reducing the use of fossil fuel resources and increasing the number of
recyclable products are key aspects to reach this goal. It implies that alternative energy
sources need to be employed more intensively.

Climate negotiation in 2015 led to the Paris Agreement [1], which aims to limit the
increase of the average global temperature to below 2°C. The focus is on development
with low greenhouse gas emissions by mainly the developing countries. The concept of
leapfrogging is applicable here, which means that developing countries can skip more
polluting development steps and directly implement highly sustainable technologies. Fur-
thermore the agreement encourages large-scale investments in sustainable development by
the industrialised countries. In contrast, institutions and individuals started to divest in
companies involved in the fossil fuel industry, such as coal, 0il and natural gas extractors.
Based on the reserves and resources that these companies claim to have, burning all of
it would by far exceed the 2°C temperature increase limit of the agreement. Removing
investments in these companies might force them to adapt their policy and start investing
in renewable energy sources.

When we look at the alternatives to fossil fuels, there are not many options to choose
from. Most of the renewable energy technologies originate from solar energy, being trans-
formed to other forms. Temperature differences on earth are the driving force for wind
flows, biomass is formed by plants or small organisms under illumination of the sun and

3



4 Chapter 1. Introduction

a part of hydropower originates from potential energy of water being brought to higher
ground by evaporation.

Figure 1.1 shows a graphical representation of the annual energy potential that re-
newable sources have, compared to the annual energy demand in 2006. It also includes
the estimated global reserves of the predominantly used fossil fuels: coal, natural gas and
crude oil.

Fossil Fuels Renewables
Global reserves/resources Energy potential (year)

Q .00 v
348 155 60 135 20 200 2850
- | | | LIl | | ()() L5
Energy potential /Global
energy consumption

Global reserves Energy potential
B Coal ~135000 EJ Solar radiation ~1111500EJ
Natural gas ~60400 EJ Wind energy ~78000 EJ
B Crude oil ~23 000 EJ Biomass ~T7800EJ
B Geothermal ~1950 EJ
Global demand 2006 ~470EJ B Hydro/tide power ~1170EJ

Figure 1.1: Global annual potential of available renewables and total reserves of
fossil fuels, scaled to the global energy demand in 2006. Adapted from [2].

Even when the global energy demand keeps increasing at the current rate, solar energy
on its own could provide us with enough energy for decades. "Potential’, however, means
that we must act quickly and adequately to improve the way of extracting energy from
the sun. It is estimated that the amount of extractable solar energy with current state of
the art technologies is ~1482 EJ, which is only 0.13% of the energy potential [2].

Apart from efficiently extracting energy, research is required to improve storage. Espe-
cially wind and solar energy are not continuously present due to weather conditions. Thus
the ultimate goal is to combine a mix of different renewables and highly efficient storage
to meet the energy demand of the future, releasing the lock of our current carbon system.
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1.2 Solar energy

We on planet Earth are very lucky to have our own star at a relatively small distance.
A distance perfect enough to support the creation and evolution of life under optimal
conditions. The Sun was formed more than 4.5 billion years ago, pulling enormous amounts
of mass to its centre. The total mass of this yellow dwarf is approximately 333.000 times
that of the Earth, which creates a large gravitation towards its core. High pressure and
temperature lead to nuclear fusion of hydrogen atoms to form helium, which releases a
huge amount of energy by the mass defect of the fusion reaction. The helium product has
a smaller mass than the 4 protons that collided together to form it. Following Einstein’s
special relativity mass-energy equivalent, £ = mc?, it can be calculated that the loss of
mass from one reaction is converted to approximately 27 MeV. Together with the fact
that the Sun converts 600 million tons of hydrogen each second [3], it is evident that the
Sun produces an enormous amount of energy.

A large part of this solar energy is released in the form of radiation from the surface.
The average surface temperature of the Sun is 5780 K, which translates to the blackbody
radiation spectrum calculated with Planck’s Law in figure 1.2. Using the Stefan-Boltzmann
law to calculate the power radiated from a black body, P = ¢T*, and multiplying this
value with the surface area of the Sun, one finds a power of 3.9 x 1026 Wm=2. Since the
Earth only intercepts a small fraction of this power at the orbits distance away from the
Sun, we on average receive 1361 Wm™2 at the top of our atmosphere.

.25 : : :
£
= 5780K Blackbody radiation
[a] 2 | i
§ AM 0 radiation ASTM G173
o 15} AM 1.5 radiation ASTM G173 1
=
8
S o1l ]
=
= 05¢F ]
b3}
[«P]
(o
n 0 L =
0 1000 2000 3000 4000

Wavelength [nm]

Figure 1.2: Spectral irradiance of a blackbody at 5780 K together with the ASTM
G173 extraterrestrial AM 0 and Global tilt AM 1.5 spectra. Spectrum data retrieved
from [4].

Before sunlight reaches the Earth’s surface, it travels through the atmosphere, where it
will be partially absorbed and scattered by gas molecules. The longer it travels through the
atmosphere, the higher the attenuation will be. The Air Mass coefficient gives the ratio
between the optical path length through the atmosphere and the vertical path length
at the zenith. Air Mass zero (AM 0) refers to the spectral irradiance just outside the
atmosphere and AM 1.5 refers to a path length 1.5 times the vertical thickness of the
atmosphere. This corresponds to light hitting the Earth’s surface at a zenith angle of
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48.2°. The AM 1.5 spectrum is used as a reference for terrestrial solar cell characterisation
and is one of the three conditions to meet standard test conditions (STC). The other two
being a total intensity of 1000 W m~2 and a solar cell temperature of 25°C. The AM 1.5
spectrum defines the photon flux density, which is the number of photons or intensity at
every wavelength, by dividing with the photon energy E = he/\.

1.2.1 Semiconductors and electronic bands

All crystalline materials are classified in three groups; metals, insulators and semicon-
ductors. This classification is based on the electrical conductivity of a material, which is
a measure for the number of free charge carriers and their mobility. For a detailed de-
scription on semiconductors and the derivation of relevant physics, the reader is referred
to literature on solid state physics [5].

When atoms are brought together in a crystal structure, so called bonding and anti-
bonding energy states are formed. From the many atoms in a material together, these
states form two distinct energy levels which are called valence band and conduction band.
Electrons will preferably occupy the lowest energy state in the material, this is in the
valence band where the electrons are bound to atoms and therefore being immobile. Elec-
trons in the higher energy conduction band are mobile and will act as charge carrier.
In metals the valence band and conduction band are overlapping, which means that the
electrons in the valence band can easily be excited to the conduction band. The electrical
conductivity of metals is therefore higher than other materials, since there are many free
charge carriers. The valence and conduction band can also be slightly apart, creating an
energy difference between the bands that is called the bandgap. The bandgap of an insu-
lating material is too large for electrons to be excited from valence to conduction band.
This results in very few or even zero electrons in the conduction band which means poor
electrical conductivity. Between metals and insulators there is a group of materials where
the bandgap energy is small enough such that an electron can be excited to the conduction
band by thermal energy or photon energy. These materials are called semiconductors and
have a bandgap of around 1eV, which is much higher than room temperature thermal
energy of E = kT =~ 0.026eV. This implies that it will only be electrical conductive
with increased temperature or under illumination.

The conductivity of a semiconductor material can be influenced by doping, i.e. the
incorporation of other element atoms with a different number of valence electrons in a
pure semiconductor material. In crystalline silicon, which has 4 valence electrons per
atom, doping can either be achieved by including atoms with 3 valence electrons (e.g.
Boron) or by atoms with 5 valence electrons (e.g. Phosphorus). The thermal energy in
the lattice at room temperature is high enough to ionise the doping atoms, i.e. the doping
atom will either accept the missing electron from surrounding silicon atoms or it will donate
the excess electron to the lattice. Acceptor type atoms with less valence electrons per atom
than the host material will increase the concentration of free holes in the semiconductor.
The doping atoms will be negatively charged after ionisation and the electrical conductivity
is dominated by holes, which is called a p-type semiconductor. Donor type atoms with
more valence electrons per atom than the host material will increase the concentration
of free electrons in the semiconductor. The doping atoms will be positively charged after
ionisation and the electrical conductivity is dominated by electrons, which is called a
n-type semiconductor.
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Doping changes the Fermi level of the semiconductor material, which is a measure
for the chemical potential of electrons in a system. The position of the Fermi level in a
semiconductor material depends on temperature, the effective mass of electrons and holes
and their number densities [5]. In an intrinsic material at 0 K every electron will be in the
valence band, placing the Fermi level exactly in the middle of the bandgap. This is the
energy level where the probability on being occupied by an electron is 50%. However, at
elevated temperature or when the number of free charge carriers in the system is adapted,
the distribution of electrons between valence and conduction band will change according
to the Fermi-Dirac distribution and the density of states for both valence and conduction
band. By increasing the number of free holes in the material (p-type doping), the position
of the Fermi level will move towards the valence band. On the other hand when the
number of free electrons is increased (n-type doping), the position of the Fermi level will
move towards the conduction band. This is graphically shown in figure 1.3 (a).

(a) Evac (b) | | Evac

| 7
¢)n ¢]) l — l d)p

[ [
Ec ¢n | |
o [ / I
' Pe 1 A
—_— o t t
Ev I v
[ 4 I
n-type p-type By ] |
I I

n-type E p-type

Figure 1.3: (a) Energy band diagrams of n-type and p-type doped semiconductor
material including Fermi energy and work functions. (b) p-n junction band diagram
under equilibrium. Adapted from [6].

Figure 1.3 includes the vacuum level, Fy,., which is the energy level where an electron is
free of influence of the atom, and the work functions of both p- and n-type semiconductors,
¢p and ¢,. The work function is defined as the potential difference between the vacuum
level and the Fermi energy and therefore changes with doping type. When a p-n junction is
formed between two semiconductors with equal bandgap, the vacuum level and conduction
and valence band energies are continuous. This means that through the difference in work
function of the p- and n-type materials the bands are bent, indicating the formation of
an electric field. The majority charge carriers in both materials will recombine through
diffusion, leaving behind the ionised dopants. A drift current induced by the internal
electric field opposes the diffusion current and this leads to the formation of a depletion
layer, demarcated by the dashed lines in figure 1.3 (b). This is what makes the p-n junction
such a valuable structure: charge transport through the depletion layer can be influenced
by doping concentrations and by applying a voltage across the junction.
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1.2.2 Photovoltaic effect

Solar cell technology is based on a principle where light is directly converted to elec-
trical energy, which is called the photovoltaic effect. This effect was first discovered by
Edmond Becquerel in 1839 [7]. It describes the interaction of electromagnetic radiation
with materials, where it creates an internal voltage or electric current. This phenomenon
is observed in semiconductor materials due to their electronic band structure.

The photovoltaic effect is best explained in three steps, namely absorption of pho-
tons, separation of charge carriers and collection of charge carriers. Absorption of light
occurs when photons have a higher energy than the bandgap. One photon can promote
one electron to the conduction band, simultaneously leaving a hole in the valence band.
Separation of the electron-hole pair is required, otherwise the electron would simply fall
back to the valence band and release the absorbed energy. Since the electron and hole
are of opposite charge, an internal electric field can move the charge carriers in opposing
directions. This is achieved with doping as explained in the previous paragraph. When n-
and p-type materials are brought into contact, a depletion region is formed by diffusion
and recombination of charge carriers. FElectrons diffuse into the p-type material, where
they recombine with holes and vice versa. The region surrounding the junction is depleted
from free charge carriers and this leaves behind the donor and acceptor ions of opposite
charge, creating an internal electric field. Figure 1.4 shows a schematic of the equilibrium
state, where there is no further diffusion of charge carriers due to the internal electric field
barrier.

Depletion region

p-doped ' © @@@ (9@ @@ | n-doped
1 © 0 @@ i
- @ |
® ®
00, |00 ®!
:@e@ ) @@:
© o D
o9 iy 9.
| -
E-field

Figure 1.4: P- and n-type doped material forming a p-n junction. Diffusion of
charge carriers forms a depletion region. Negatively charged ions (blue) and positively
charged ions (red) in the depletion layer create an electric field that opposes the
diffusion direction.

Separation of charge carriers generated on either side of the depletion region is driven by
diffusion of the minority charge carriers (electrons in p-type and holes in n-type material)
towards the depletion region, where they drift to the other side and become majority
charge carriers that diffuse further to the contact. Collection of charge carriers is achieved
by making contacts of conducting materials such as metals and metal oxides. A potential
difference between the two contacts is present, since the electrons are collected at a higher
energy state than the valence band. Connecting a load to the contacts closes the electronic
circuit and enables to draw power from the solar cell.
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1.2.3 Shockley-Queisser limit

William Shockley and Hans Queisser have made their calculation on the maximum
theoretical efficiency of a single-junction solar cell back in 1961 [8]. They considered four
different loss mechanisms, adding up to an efficiency limit formed by basic physics. The
first is related to recombination, since there is always a chance that a formed electron-
hole pair recombines and loses its energy. Recombination can be caused by defects in
the material (Shockley-Read-Hall), but it can also occur spontaneously via band-to-band
recombination under emission of a photon with an energy equal to the bandgap (radiative).
A third option is that the energy of recombination is transferred to another electron in
the conduction band, which is excited further into the band and relaxes back thermally
to the conduction band edge under emission of a photon (Auger). Recombination limits
the open-circuit voltage of a p-n junction and consequently the possible amount of energy
extracted from each absorbed photon. The Shockley-Queisser (SQ) limit only includes
radiative recombination, since this form is present in every solar cell. The second loss
mechanism is Black-body radiation, since any device operating at a temperature higher
than 0K emits electromagnetic radiation.

The third and fourth loss mechanism are related to the solar spectrum and the bandgap
of the photovoltaic material, together referred to as "spectral mismatch”. A single photon
carries a fixed amount of energy which depends on the wavelength as in E = he/A. The
bandgap of a semiconductor material determines whether a photon can be absorbed or not.
If the energy of the photon exceeds the bandgap energy, it might be absorbed by exciting
an electron from the valence band to the conduction band. When the photon energy is
not sufficient to excite an electron, it will not be absorbed. Absorbed photons can also
have excess energy, which will result in thermal relaxation of the excited electron to the
conduction band edge. Thermalisation losses and non-absorption losses are visualised in
figure 1.5.

Thermalisation No loss Non-absorption
(a) (b) (c)
Ec \@
Eph > Fg Eph ~ Fg @ Eph < Eg

L L L |~

By @ @
o

Figure 1.5: (a) Thermalisation loss by excess photon energy. (b) No loss if photon
energy equals bandgap energy. (c) Non-absorption loss if photon energy is smaller
than bandgap energy.

le—————

@

The SQ limit thus gives the theoretical maximum conversion efficiency of a single-
junction solar cell, depending on the bandgap energy of the absorber material. Figure 1.6
shows the SQ limit along with the bandgap energy of several commonly used absorber
materials, showing that both crystalline silicon (c-Si) and cadmium tellurium (CdTe)
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based solar cells could theoretically lead to a high efficient single-junction device. The
optimum bandgap of a single-junction solar cell for AM1.5 irradiation is calculated to be
approximately 1.34eV, with a conversion efficiency of 33.7% [9]. The optimum at the
¢-Si bandgap of 1.12eV corresponds to a maximum theoretical conversion efficiency of
32%. Photons with an energy equal to this bandgap of ¢-Si correspond to a wavelength of
approximately 1100 nm. Longer wavelength photons will not be absorbed, where shorter
wavelength photons will have excess energy which leads to thermalisation.
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Figure 1.6: Shockley-Queisser limit for single-junction solar cells under AM1.5
illumination, bandgap energies for commonly used absorber materials are included.
Figure from [9].

1.3 Thin-film silicon

Thin-film silicon technology is a part of the second generation solar cell technologies,
which offers a wider applicability of solar cells. For instance, low process temperatures
allow the use of plastic substrates to obtain flexible light-weight solar modules with for
instance the Helianthos process [10]. Secondly the higher open-circuit voltage of a-Si:H
is widely studied for the direct production of solar fuels [11]. In comparison with first
generation silicon wafers, thin-film cells are more than 100 times thinner. In order to
absorb enough light in such a thin layer, advanced light trapping methods have to be
applied.

This part of the introduction will describe the basic principles and operation of thin-film
amorphous silicon (a-Si:H) and microcrystalline silicon (pc-Si:H) solar cells, starting with
the properties of the materials itself. Furthermore this section will discuss the concept of
multi-junction solar cells and show some examples of basic device structures.

1.3.1 Amorphous silicon

An amorphous material is characterised by being solid without having a long range
order, this is the opposite of a perfect monocrystalline structure. Amorphous silicon
(a-Si:H) is a random growth structure of silicon atoms, which does not have the perfect
tetrahedral crystal structure with bond angles of 109.5° that crystalline silicon has. Instead
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the bond angles of each atom have a standard deviation between 6° and 9° from the
tetrahedral structure and also the bond lengths will vary around 0.235nm [12]|. Short-range
order is present, i.e. the neighbouring atoms are located closely to the tetrahedral crystal
structure, but long-range order is disturbed by the deviation in bond angles and bond
lengths. Multiple types of defects will be present by missing bonds between silicon atoms,
which are called ’dangling bonds’, by voids in the lattice and by so called divancancies,
which is a missing pair of silicon atoms [13]. Hydrogen is mostly used to passivate the
broken bonds in amorphous silicon, being denoted as a-Si:H. Up to 99% of the dangling
bonds can be passivated [12], which decreases the defect density of the material. Figure 1.7
shows a schematic representation of the 2D lattice structures of monocrystalline silicon,
hydrogenated microcrystalline and amorphous silicon.

Single crystal Microcrystalline Amorphous

Q) Si atom /" Covalent bond /O H passivated bond // Dangling bond

Figure 1.7: Schematic representation of the 2D lattice structures of monocrystalline
silicon, hydrogenated microcrystalline silicon and hydrogenated amorphous silicon.

Since the material is defect rich, the diffusion length for both charge carriers is very
short and the mobility of the material is low. The density-of-states distribution, which
is defined as the volumetric number of states that can be occupied by electrons at every
energy level, is affected by the defect rich lattice structure of a-Si:H. While crystalline
silicon has a very low defect density and a long range ordered lattice structure, there are
no energy states between the conduction and valence band, clearly defining the bandgap
of the material. For a-Si:H, the lack of long range order gives rise to band tails extending
into the bandgap of the material. Defects such as dangling bonds introduce defect states
in the bandgap, extending over the whole range from valence band to conduction band
tails. The density of states distribution for both crystalline and amorphous silicon are
shown in figure 1.8.

As denoted in figure 1.8, the energy states within the valence and conduction band
are called extended states, being present by electron and hole wavefunctions extending
over the entire atomic structure [14]. On the other hand, localised states are formed
by wavefunctions of tail and defect states. Electrons in localised states are trapped,
meaning that the mobility of these charge carriers is strongly reduced. The term mobility
gap, Fmob, is introduced to define the bandgap of a-Si:H. It defines the energy gap with
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Figure 1.8: Schematic representation of density of states distribution of monocrys-
talline silicon and hydrogenated amorphous silicon, adapted from [14].

reduced mobility of charge carriers. Usually, a value of 1.8V is reported for the mobility
gap of a-Si:H, a lower value of 1.69eV has been reported by Kind et al. [15]. Sturiale
and Rubinelli [16] demonstrated that the mobility gap of a-Si:H p-i-n cells varies with the
hydrogen dilution ratio (|H,|/[SiH,]).

Charge transport must be achieved by applying an electric field such that the carriers
are separated and transported by the mechanism of drift. A structure that is commonly
used to induce this electric field is by placing an intrinsic (undoped) absorber layer between
a layer of n-type and a layer of p-type material. The difference in work function induces
this internal electric field as described in section (1.2.1). The n- and p-type layers will
collect the electrons and holes respectively on either side of the intrinsic absorber material.
In common device structures, light will enter from the p-side of the cell, receiving the name
p-i-n device. A simulated band diagram of a typical a-Si:H solar cell is presented in figure
1.9. Band bending at the p/i and i/n interface is caused by positively charged donor-like
states at the p-i interface and negatively charged acceptor-like states at the i-n interface.
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Figure 1.9: A band diagram simulation of a single-junction amorphous silicon p-i-n
solar cell.

Light will enter from the p-side of the device, but light absorption in this layer will not
contribute much to the total current generation of the cell. This p-layer thus needs to have
a wide bandgap, such that it is as transparent as possible. A wider bandgap is achieved
by introducing oxygen atoms (a-Si,O1_,:H) or carbon atoms (a-Si, Cq_,:H), which is then
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called a window layer [17]. The wider bandgap of the p-layer is included in figure 1.9.

Finally, a-Si:H cells suffer from light induced degradation, referred to as the Staebler-
Wronski effect [18]. Under influence of light the bonds between hydrogen and silicon atoms
can be broken, resulting in an increased dangling bond density. Especially thick a-Si:H
cells suffer from this type of performance degradation. There will be a trade-off between
improving the absorption of the a-Si:H cell by using a thicker intrinsic layer and the level
of performance degradation [12].

1.3.2 Microcrystalline silicon

Similar to amorphous silicon, microcrystalline silicon (nc-Si:H) is a growth structure
of silicon atoms, but, depending on the deposition parameters, crystalline silicon grains
will be formed in the amorphous material. The first working solar cell based on pc-Si:H
was demonstrated by Meier et al. [19]. An advantage of pc-Si:H is that the material
is not vulnerable to light-induced degradation, as is the case with a-Si:II. On the other
hand it is more difficult to deposit, which is why stable results could only be published
after improvements to deposition techniques, such as plasma-enhanced chemical vapour
deposition [20].

Deposition parameters that are tuned to start the formation of silicon crystals are
plasma power, chamber pressure and most important the hydrogen to silane (SiH,) gas
flow ratio. If the silane gas is diluted with hydrogen, c-Si cones will form in the amorphous
matrix. Deposition of the intrinsic layer is preceded by an incubation layer at a lower
hydrogen dilution level to initiate the formation of these cones |20].

A new source of defects compared to a-Si:H originates from grain boundaries where c-Si
cones touch. Additionally, such grain boundaries are formed when the material is deposited
on textured substrates [21]. The material thus still has too many defects, although being
hydrogenated, and is therefore fabricated in a p-i-n structure. Similar to amorphous
silicon, the bandgap of both n- and p-type layers is too low. Again incorporation of oxygen
in the material proofs to increase the bandgap and simultaneously lower the refractive
index. This results in a p-type window layer and an n-type layer that improves the back
reflector.

Values reported for the mobility gap of pe-Si:H are in the order of 1.2eV [22], lower
and higher values are also reported depending on the amorphous and crystalline volume
fractions in the material. Similarly, the optical bandgap can be varied between 1.1eV
and 1.6 eV [20], although lower values are often preferred to improve long wavelength (IR)
light absorption. Typically, pnc-Si:H is used in multi-junction solar cells in combination
with a-Si:H to form a so called 'micromorph’ solar cells [23], a name that is formed by
a combination of Micro-crystalline silicon and aMorphous silicon. The higher optical
bandgap a-Si:H material absorbs predominantly the UV and visible part of the spectrum,
while the pe-Si:H cell extends the absorption up to deep IR light (1100 nm).

1.3.3 Multi-junction solar cells

Multi-junction solar cells have been developed to improve the spectral utilisation by
stacking thin-film absorber layers in a single device. By doing this, it is possible to have
an efficiency greater than the Shockley-Queisser limit. Currently, there is only a small
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market for thin-film and multi-junction solar cells.

Directly depositing two or more solar cells in series is called monolithic integration.
Each junction can be a different material with a different bandgap, such as amorphous
silicon, micro-crystalline silicon, germanium and all kinds of semiconductor alloys. The
highest bandgap layer forms the top cell, absorbing the highest energetic photons. Lower
energetic photons will not be absorbed in the top cell and pass through to enter the next
cell and so on. This makes it possible to have an efficiency beyond the SQ limit, by
reducing non-absorption losses with two or more different bandgap materials, together
with lower thermalisation losses in each of the subcells.

There are two main challenges in designing such a solar cell: first is to match the
current generation in both junctions and second is to connect them internally without
much electrical and optical loss [6]. Matching the current is necessary to avoid internal
conduction losses by connecting two current sources in series. It can be achieved by tuning
the thickness of the absorbed layers, looking at the generation probability and spectral
response. Connecting the individual cells directly would lead to a loss in voltage, since it
will create a p-n diode in the opposite direction. The n-layer of the top cell would then be
directly connected to the p-layer of the bottom cell. In order to create an ohmic contact,
the layers are connected with a tunnel-recombination junction (TRJ), visualised in figure
1.10. This junction is essentially a very thin and highly doped conductive layer which has
defect states for very effective recombination. The holes from the bottom cell recombine
with the electrons from the top cell, which is equivalent to conducting electrons from top
to bottom cell. There are many different types of recombination layer materials, such as
a-SiC:H, n+ microcrystalline, n+/p+ layers [24] and various metal oxides [25].

1.3.4 Device structure

Two different device structures of thin-film solar cells are possible, either in substrate
(n-i-p) or superstrate (p-i-n) configuration. Figure 1.10 shows the different configurations,
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Figure 1.10: (a) single-junction substrate n-i-p cell, (b) single-junction superstrate
p-i-n cell, (c) double-junction superstrate p-i-n cell. The thickness of the layers are
not to scale.
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where substrate solar cells are deposited from the back-contact side up and superstrate
solar cells from the glass-side down. As this study focusses on superstrate configuration
solar cells, the glass side of the cell is textured prior to deposition of the PV active layers
in order to enhance the optical path length through the absorber layers. The contact side
where the light will enter the solar cell will have to be transparent, materials that can be
used here are called a transparent conductive oxide (TCO). Glass can also be exchanged
by a flexible plastic substrate, since the production temperature of thin-film silicon is
relatively low. This can simplify the production process and flexible light-weight solar
cells can be obtained. In the case of a double-junction or tandem solar cell structure,
which is shown in figure 1.10 (c¢), the top cell and bottom cell are internally connected in
series through the TRJ.

1.4 Outline

The performance of monolithic multi-junction solar cells depends equally on each sub-
cell in the structure, since they all should produce the same photocurrent. At any point
of operation, the performance is limited by the subcell that produces the lowest current.
However, the spectral irradiance and operating temperature of an installed solar cell varies
with time and location by weather variation and position of the sun [26]. Especially tem-
perature has a negative effect on the electrical parameters of a solar cell. Temperature
mainly affects the open-circuit voltage and conversion efficiency, caused by an increase
in intrinsic carrier concentration that leads to a higher level of recombination in the cell.
Since the electrical performance of each subcell is affected on a different level, the per-
formance of the total device is affected in a more complicated way [27], being limited in
current by just one of the subcells.

In this thesis the electrical performance of micromorph tandem cells is studied and par-
ticularly the effect of temperature on the individual subcells, being amorphous silicon and
microcrystalline silicon. Three-terminal solar cells are fabricated in order to characterise
each cell individually and compare the findings with the total device performance. Precise
dark JV measurements are carried out in a temperature range from 30°C to 100°C to
reveal the dependency on temperature and find values for ideality factor, dark saturation
current dengity and mobility gap. The evolution of open-circuit voltage and short-circuit
current as a function of illumination intensity is obtained by measuring current-voltage
curves at varying light intensities by using neutral density filters, obtaining so called
pseudo JV curves.

Another motivation to individually characterise the subcells of the micromorph tandem
structure is to investigate possible differences in material properties compared to single-
junction cells with the same deposition parameters. A change in material properties might
destabilise the current-matching condition of a tandem solar cell. It is therefore interesting
to locate possible differences and investigate where they originated from.
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2 | Theoretical Considerations

This section will discuss the theory that supports the analysis of the experimental
results. First the working principle of monolithic multi-junction solar cells is explained.
Since we are interested in the dark current-voltage characteristics of micromorph tandem
solar cells and how temperature affects the individual subcells, the section continues with a
detailed description of dark current-voltage characterisation. The last part of this section
will discuss external quantum efficiency (EQE) measurements and how bias voltage can
influence the obtained measurement curves. This is particularly important when the EQE
of a multi-junction device is measured as this requires the application of bias voltage.

2.1 Monolithic multi-junction solar cells

As described in section (1.2.3) the maximum theoretical efficiency of a single-junction
solar cell with a certain optical bandgap is given by the Shockley-Queisser limit (figure
1.6). If two or more absorber materials with different optical bandgaps are joined together
in one device, however, the losses caused by spectral mismatch can be reduced. Each
material can be optimised to absorb a specific part of the solar spectrum, thereby reducing
thermalisation losses and non-absorption losses at the same time. Directly depositing two
or more solar cells in series is called monolithic integration, the obtained device is called
a multi-junction solar cell.

The operating principle of monolithic multi-junction solar cells is based on the addition
of two or more single-junction cells, predominantly thin-film materials, where the current
flowing through the device is equal in each layer. Such a device will operate most efficient
if, for a given temperature and spectral irradiance, each subcell produces the same current.
It is therefore very important to match the electrical and optical performance of every sub-
cell at those conditions, taking into account the generation profile of the optical layer stack

[6].
The electrical performance of a solar cell can be simplified with a single diode model
that also includes series (Rs) and shunt resistance (Rg):

V — JRs V — JR,

where Jo, V', J, m, kg, T and Jp,, are the dark saturation current density, voltage and
current density at the contacts of the cell, ideality factor, Boltzmann constant, cell tem-
perature, and photocurrent density. Very often a shifting assumption is applied to find
the electrical performance of a solar cell at any given photocurrent density. This is done
by taking the dark current-voltage characteristics and simply adding the photocurrent
density. For thin-film solar cells, which usually are made in a p-i-n configuration, this
assumption is dismissed for various reasons [28], including the presence of recombination
centres in the intrinsic layer. Measuring the dark current-voltage characteristics is, how-
ever, still valuable to determine the temperature dependence of the recombination current
[15, 22, 29].

With a change of temperature, deviating from standard test conditions, the multi-
junction cell will not be optimally matched. As the effect of temperature can be different

17
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for each subcell, the combined effect on the multi-junction cell is more complex [27]. While
the Vo, of each cell is affected individually, the V,. of the multi-junction cell is the sum
of all subcell voltages. The effect of temperature on the Vi of a solar cell is caused by an
exponential increase of the dark saturation current density Jy [30] with temperature as:

kT (JSC )
Voe= ——In( = +1). 2.1.2
. 7 (2.1.2)

Ve will therefore drop with increasing temperature, which has a significant influence on the
efficiency of the cell. The Jg of a solar cell will only marginally increase with temperature
at the same light intensity, since more photons will have enough energy to excite an
electron from valence to conduction band by the decrease in bandgap energy [30]. The
smaller bandgap of the subcells in a multi-junction device will cause a shift in spectral
absorption towards lower energy photons. The top cell will absorb longer wavelength
photons that would normally be absorbed in the bottom cell, while at the same time there
is more thermal relaxation of high energetic photons caused by the decrease in bandgap
energy. This ultimately may destabilise the current-matching condition from standard
test conditions, as each subcell will not operate at its maximum power point.

2.2 Dark JV

This section will discuss the forward dark current-voltage transport mechanisms of a-
Si:H, pe-Si:H and micromorph tandem solar cells. First of all the measurement of dark
current-voltage characteristics will be discussed, followed by the solar cell parameters and
electrical quality information that can be derived from it. The section will include a
discussion and derivation on current spreading, which is an effect that complicates dark

JV measurements for low forward bias voltages and is observed for p-i-n silicon solar cells
[31].

2.2.1 Measurement principle

In equilibrium conditions at OV bias, the dark current of a p-i-n solar cell is essen-
tially the current by recombination of thermally generated charge carriers (generation
current density Jyen) in the depletion region of the cell. Electrons in the conduction band
recombine with holes in the valence band in order to be collected at the p-type doped
contact. Since there is no current running externally, one can state that without applying
a bias voltage, the diffusion current of minority carriers is equal to the drift current in the
direction of the internal electric field.

When a forward voltage is applied to the cells contacts, charge carriers are injected
and the built-in potential of the doped layers across the intrinsic layer is lowered. A
forward voltage is, by definition, directed opposite to the internal electric field. This
favours diffusion of charge carriers through the depletion layer, while it decreases the drift
current of the injected charge carriers in the opposite direction. For bias voltages below the
built-in potential of the cell, diffusion of charge carriers will be the dominant transport
mechanism. Since the travel time of minority carriers is larger than the capture time
at localised states, charge carriers will be trapped, which limits the injection of carriers
from the contacts [32]. Recombination helps reducing the number of trapped charges
and will therefore increase the dark current by improving injection. The minority carrier
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densities introduced by injection through the contacts increases exponentially with voltage,
according to the Boltzmann approximation which states that the current by diffusion
(recombination current density Jie) increases exponentially with applied voltage V as:

v

Jree(V) = Jree(0) exp [ = | . (2.2.1)
kT

This leads directly to the Shockley equation for the net dark current density through a

p-n junction as a function of applied voltage, assuming that the generation current is not

a function of applied voltage [6]:

T(V) = Jree(V) = Jyen(V)) = Jo [exp (quVT) - 1} . (2.2.2)

Under high forward bias, the built-in potential of the diode can be completely diminished
and if the applied voltage is high enough the internal electric field will reverse direction
[32]. At this point the diffusion current and drift current will both add to a positive dark
current, with the drift current being the dominant contributor.

Saturation current density and Ideality factor

The measurement of dark current-voltage is often performed to obtain values for the
dark saturation current density Jy and the ideality factor m. The current density in dark
conditions Jp will have an exponential dependency on applied voltage in the moderate
forward voltage region, being well described by the single diode equation, or Shockley
equation (2.2.3), under the assumption that the generation current is negligible.

In(V) = Jo [exp (mqk‘;T) - 1} (2.2.3)

A least-squares fit to the exponential region of the JV curve data to the Shockley equation
can be used to obtain values for both saturation current density Jy and ideality factor m.

The dark saturation current density is most often described as the parameter that
quantifies carrier recombination in a solar cell under illumination [33]. A leakage current of
minority carriers will cause this recombination, which opposes the photogenerated current.
A low value for Jy will therefore lead to a better performing solar cell. The dark saturation
current density will increase with temperature since it depends on the minority carrier
concentration, which are thermally generated [30]. For a p-n junction the dark saturation
current density due to recombination in the quasi-neutral regions Jy , can be modelled as

[6, 30]:
D D
Jo = qn2 [ Pn P 2.2.4
07q qn’L (LnNA + LpND ) ( )

where D and L are the diffusion coefficient and diffusion length for electrons (subscript n)
and holes (subscript p) respectively, and N and Np are the concentrations of acceptors
and donors. For a p-i-n solar cell, there will be a significant contribution to the satura-
tion current density by recombination in the depletion region. The entire intrinsic layer
thickness is now part of the depletion region [34]. The contribution to the dark saturation
current by the depletion region Jy 4 is given as [34, 35]:

Jod =q 3 (2.2.5)
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where Wy is the depletion region width and 74 is the effective minority carrier lifetime in
the depletion region. As both contributions depend on the intrinsic carrier concentration,
an increase in temperature will lead to an increased thermal generation of intrinsic carriers
as [6]:

By — Ec omrksT\>  , ,.: Ea
n? = NcNy exp (lﬁBT) = 4( 2 > (memh)d/2 exp T ) (2.2.6)

where Nc and Ny are the effective densities of the conduction and valence band states,
and m; and mj are the effective masses for electrons and holes respectively.

The m in equation (2.2.3) is the ideality factor of the p-n diode. It is added to the
Shockley equation to stretch the validity to fit with experimental data [33] and to gain
more understanding in the recombination processes in a solar cell. An ideal diode, where
only band-to-band recombination in the bulk is present, will have an ideality factor of
1. The ideality factor of real solar cell devices can be higher than unity through other
recombination processes. In thin-film silicon p-i-n solar cells, Shockley-Read-Hall (SRH)
recombination via dangling bonds and tail states is the dominant recombination mecha-
nism for dark current [22], which leads to an ideality factor of 2 at high level injection
and through midgap defects [12]. A combination of different recombination processes
will, however, lead to a non-integer value for m [36]. Kroon and van Swaaij add that a
non-integer ideality factor can be attributed to an inhomogeneous distribution of defects,
which leads to a different shift in quasi-Fermi level for electrons than for holes [37].

Since the recombination rate in a device depends on applied voltage, Deng and Wronski
[38] introduced the voltage-dependent ideality factor as:

_ [*k8T dIn (Jp(V)) !

m(V) q av

(2.2.7)

It was shown by van Swaaij et al. that the voltage-dependent ideality factor can be in-
terpreted as the concentration of active recombination centers [29]. The temperature
dependency of the ideality factor was attributed to the recombination efficacy, which is
the recombination rate per trap state.

Voltage-dependent activation energy

The temperature dependency of the dark current density can be expressed in terms of
the activation energy. Using the Arrhenius equation which relates thermal energy to the
"rate" of a certain physical or chemical process, the activation energy of the dark current
can be expressed as [22]:

Olm{Jpl(kaT) ']}]

E, = ~
O(ksT) "]

(2.2.8)

where F, is the activation energy. Since experimental measurements of the dark current
represent the total recombination rate in the cell, applying equation (2.2.8) to a dark
JV curve will give the activation energy of the total recombination. The dark current of
a-Si:H and pc-Si:H p-i-n cells in low forward voltage is dominated by SRH recombination.
Pieters et al. [22] derived an analytical expression for the thermal activation energy of
the SRH process. The total recombination rate R of the device, which is assumed to
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be dominated by recombination in the intrinsic layer only, depends on the spatial and
energetic distribution of trap states [15] and the recombination efficacy as:

re [ np BN dE, | d (2.2.9)
—/0 Uth‘ﬂzm /E t( t) t z, -4

fpt

where W is the thickness of the intrinsic layer, vy, is the thermal velocity, o, is the capture
cross section for electrons, R, is the ratio between the capture cross sections for electron
and hole trapping, n and p are the concentrations of free electrons and holes respectively,
E¢y, and Eyp, are the quasi-Fermi levels for trapped electrons and holes and Ny(E;) is the
concentration of active recombination centers [15, 22, 29]. An analytic expression for the
activation energy of the SRH recombination process was determined [22], which relates to
the mobility gap Fmop and the thermal ideality factor myy, of the p-i-n cell as:

g Boob =V o (2.2.10)

Mth

The thermal ideality factor was introduced by Pieters et al. [22]. It replaces the normal
ideality factor in a way that is characterises the dark current independent of the effect
of applied voltage on the concentration of active recombination centers [15]. It has been
demonstrated that for both a-Si:H [15] and pc-Si:H [22] cells this thermal ideality factor
is 2.

2.2.2 Current Spreading

Current spreading or leakage current is a frequently observed phenomenon in the low
forward voltage region of dark current-voltage measurements of thin-film p-i-n solar cells.
The current collection through the metal contact area of a single cell is observed to be
significantly higher than can be expected from the Shockley equation. Willemen deter-
mined that the effect is caused by a combination of lateral conduction in the n-layer and
a possible shunt path connecting the n-layer and the front TCO [31]. Upon placing a bias
voltage over the contacts of a p-i-n cell, a current is expected to flow from the equipoten-
tial TCO layer to the metal contact dot. This contact dot would ideally limit the area of
the cell. However, the conductive n-layer below the contact can place a bias voltage in the
periphery of the metal contact and thereby create a current flow outside the contact area.
This current will be laterally conducted through the n-layer and ultimately be collected
through the metal contact, hereby essentially increasing the active cell area (see figure 2.1

(a))-

When the applied voltage increases, the resistance of the n-layer will cause the voltage
to gradually drop with increased distance from the metal contact. The current that has
to be conducted laterally will exponentially increase with applied voltage, which is why at
some point the current spreading effect will be completely diminished. Willemen stated
that this point lies around 0.60V for a-Si:H cells, this however depends heavily on the
thickness and composition of the n-layer. When measured at a higher temperature, the
current spreading effect will also fade out by the exponential increase of dark saturation
current density with temperature. A lower applied voltage would already result in a
generated current that is too high for lateral conduction through the n-layer.

One solution to prevent lateral current collection is to remove the peripheral n-layer
with reactive ion etching (RIE), using the metal contact dot as a mask. Figure 2.1 (a)
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Figure 2.1: (a) Current spreading effect by lateral conduction through n-layer (b)
Removal of n-layer by etching prevents lateral current collection. Adapted from [31].
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Figure 2.2: Current spreading effect observed in a dark JV measurement of an
a-Si:H single-junction cell with an intrinsic layer thickness of 200 nm. Etching the
peripheral n-layer removes the effect.

shows the current paths in 2D for a normal p-i-n cell, where the n-layer is at a bias voltage
and conducts current towards the metal contact. Figure 2.1 (b) shows the situation where
the n-layer has been removed with RIE, effectively preventing the current spreading effect.

Willemen further discussed that the collected current without etching the n-layer was
in some measurements over 4 orders of magnitude larger than after etching. This could not
be attributed to lateral conduction of current through the n-layer only, since the sample
substrate area was not 4 orders of magnitude larger than the contact dot area. Willemen
therefore assumed there had to be a shunt between the n-layer and the front TCO, most
probably close to the edges of the sample where the deposition quality was lower. Removal
of the n-layer would, however, remove this shunt as well.

In an attempt to quantify the effect of lateral current collection, we tried to understand
the physics behind current spreading. For simplicity, the contact is assumed to be a circle
with radius r (see figure 2.3) in the centre of a circular substrate with a radius of 12.5 mm.

For a distance r + x from the centre of the contact, the resistance R of the n-layer can

be calculated as
rtroq In (TJFJ)

R = — dr = —"% 2.2.11
(z) /T b —— 2ot ( )

where o and t are the conductivity an thickness of the n-layer. The applied voltage has
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Figure 2.3: Detailed sketch to support the current spreading model.

dropped with AV at position z, depending on the current generated by the p-i-n cell at
position = and applied voltage (V' — AV). This current is assumed to follow the single-
diode equation, which is justified in the low forward voltage region for both a-Si:H and
ne-Si:H [22, 37, 39].

q[V - AV(2)]

AV(z)=1(z) x R(x); I(x)= Jpexp < kT

) X 27 (r + x)dx (2.2.12)
It is evident that the voltage drop over the n-layer depends on the current generated at

position x, however, this current depends on the applied voltage minus this voltage drop
(V — AV). This leads to the following equation for AV:

AV(z)=V — mZBT <ln [%(r fx‘)/g)R(w)Jo] ) (2.2.13)

By numerically solving the voltage drop AV for a range of applied voltages, the effect of
current spreading in the low forward voltage region could be visualised. An example is
included in appendix (6.3).

2.2.3 Characteristics of a-Si:H and pc-Si:H single-junction cells

The forward dark current-voltage curve of an a-Si:H single-junction cell can be divided
into three voltage regions as was proposed by Sturiale et al. [39], this is shown in figure
2.4. The voltage regions are obtained from simulations and depend on the intrinsic layer
thickness, the midgap state density and the free carrier mobilities [39]. In each region the
current is dominated by a single conduction mechanism or a combination of mechanisms
acting in series. The first region from 0V to Vg, where the "R" stands for recombination,
is determined by SRH recombination. Injected holes from the front and electrons from
the back contact will diffuse through the intrinsic layer. The doped layers will prevent
the carriers from passing the entire structure by an increased potential barrier, therefore
they will have to recombine in the bulk intrinsic layer through midgap states [39, 40].
The recombination rate usually has its maximum located near the p-i interface due to
an increased local defect density |29, 40|, which lowers the mobility of holes [39]. The
second region is referred to as the exponential region. It reaches from Vi to Vg, where
the "E" stands for exponential. The current in this region is controlled by diffusion and
recombination, dominated by diffusion as the applied voltage increases. The last region
is recognisable by a more slowly increasing current, which is called the electron space
charge limited current (SCLC) region. The conduction mechanisms are now the injection
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Figure 2.4: Dark current-voltage simulation curves of two single-junction solar
cells, a-Si:H and pc-Si:H, and a micromorph tandem cell based on these SJ cells.
Thicknesses of the intrinsic layers are 200nm and 1500 nm respectively. Indications
of Vg, Vg and Vgc to define the regions controlled by a combination of different
conduction mechanisms, demonstrated by Sturiale et al. [39].

of both charge carriers, drifting through the intrinsic layer of both charge carriers and
recombination in the bulk intrinsic layer. The high density of charge carriers being injected
into the cell causes trapping of charge carriers at localised states near the i-n interface,
creating a potential barrier (a virtual cathode) for injection of more electrons [40]. A
similar barrier is formed at the p-i interface, this time a virtual anode, but the current is
limited by injection of electrons through the i-n interface. The voltage Vgc, where "SC"
stands for space charge, is related to the voltage where the virtual cathode at the i-n
interface is formed.

Similar to the a-Si:H single-junction cell, the applied voltages Vg and Vg can be used
to define the first two regions of the pc-Si:H single-junction dark JV curve [39]. The
current will again increase more slowly in the high forward voltage region, but this is
attributed to series resistance. The higher dark current density for pc-Si:H is clearly
visible in figure 2.4, caused by the smaller mobility gap of this material which favours
band-to-band recombination.

2.2.4 Characteristics of micromorph tandem cells

In micromorph tandem cells an a-Si:H cell is connected in series with a pc-Si:H cell.
This creates a p-n diode in opposite direction to the top and bottom cell. In order to sus-
tain the current through the cell, charge carriers from the top and bottom cell will have to
recombine at this junction through tunnelling in the so-called tunnel recombination junc-
tion (TRJ). Under illumination the photogenerated charge carriers will become trapped
at gap states on either side of TRJ, placing the n-p junction in forward bias [39]. In dark
conditions, however, the junction will be placed in reverse bias by the externally applied
forward voltage. Sturiale et al. determined that thermal generation of electron-hole pairs
in the TRJ is required at a high forward voltage over the tandem cell to facilitate the dark
recombination current through the tandem cell. When the thermal generation of carriers
in the TRJ is not sufficient to sustain this current, a larger part of the applied voltage will
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be used to place the TRJ in reverse bias to increase generation of e-h pairs [39]. This will
ultimately lead to a loss of voltage in the TRJ, lowering the voltage drops over the top
and bottom cell.

The dark current-voltage curve of a micromorph tandem cell can be divided into three
regions, as is shown in figure 2.4. The first exponential region between 0 < V < Vg; is
limited by recombination, and at higher applied voltage also by diffusion, in the intrinsic
a-S3i:H bulk layer. There is only a very small voltage drop over the pc-Si:H bottom cell,
caused by the difference in current generation through applied voltage. The second ex-
ponential region between Vg1 < V < Vg is controlled by recombination in the intrinsic
layers of both the a-Si:H top cell and the pc-Si:H bottom cell, along with diffusion in
the a-Si:H top cell. The third region is determined by diffusion in the pc-Si:H bottom
cell intrinsic layer, combined with electron SCLC in the a-Si:H top cell intrinsic layer and
thermal generation of e-h pairs in the TRJ [39].

2.2.5 Pseudo JV

The dark current-voltage characteristics can also be obtained through variable intensity
measurements (VIM). This is a method that determines the open-circuit voltage and short-
circuit current from illuminated JV measurements at different light intensities, resulting in
a Jsc - Voo graph, called a pseudo JV curve. The relation of V. and Jg in the intermediate
illumination regime, where practical operation of a solar cell is recommendable [41], is
described by the single diode equation (2.2.3) with voltage and current density replaced

with Vi and Jg.:
kaT <Jsc>
Ve = In{— ). 2.2.14
. 7o ( )

This implies that the saturation current density Jy and ideality factor m under illumination
can be derived from pseudo JV curves, demonstrated by Kroon et al. [37]. Moderate values
for series resistance will not influence the high voltage region of this curve, where it would
influence the dark JV curve. This is because at open-circuit voltage, there is no current
running through the cell, meaning that series resistance does not influence the value of
open-circuit voltage. The Jg. will only be influenced at high values for series resistance,
since then Ry might increase the slope of the illuminated JV curve close to the Jg.

2.3 Quantum efficiency

Characterisation of short-circuit current density and spectral utilisation of solar cells
is often performed with a quantum efficiency measurement, which gives the wavelength
dependent ratio between the collected current and photon flux. Measurement procedures
for multi-junction solar cells are more complicated than for single-junction cells, since
separate measurements of each absorber layer are desired. This introduces some difficulties
in obtaining quantum efficiency data without measurement artefacts.

The QE is often related to the spectral response, which is a measure of current produced
per unit power [42]:
_ SR(A\)hc  SR(A)Epn(N)
Aq q '

QE(\) (2.3.1)
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Here SR(A) is the spectral response, ¢ is the electron charge, A is the wavelength, h is
Planck’s constant, ¢ is the speed of light, and Ep,()) is the photon energy as a function
of wavelength. When the spectral response of the solar cell is measured under short-
circuit conditions, integrating over wavelength of the spectral response multiplied with the
spectral power density at AM 1.5 will give a value for Js., which should be in agreement
with measuring the same current density under 1 sun solar irradiation:

_ . — . 7
e = /A AML5(A) - SR(A)dA /A AMLS() - QB A (2.3.2)

The EQE can also be used to determine optical and electronic losses, which can even
be separated by measuring the EQE at different voltage bias [43], [44].

2.3.1 Voltage bias dependence

In many thin-film devices, the collection of charge carriers is voltage dependent [42, 45]
and this will result in a measurement artefact if the voltage over the cell is wavelength
dependent. Considering amorphous silicon (a-Si:H) as the absorber material, one needs
to look at the ambipolar photocarrier collection behaviour. In a-Si:H cells, the absorption
of electrons and holes is established by sandwiching an intrinsic layer between a thin p-
and n-layer. This generates an internal electric field that results in field-driven collection.
By applying an external voltage bias, the internal electric field can be changed, which
will result in a change of collection efficiency. The basic structure of a-Si:H cells is p-i-n,
starting with the layer where light will enter. Since the collection is ambipolar, the travel
distance for collection depends on the location in the i-layer where the charge carriers
are generated, which is depending on wavelength. For short wavelengths, charge carriers
are generated close to the p-i interface, which makes that the electrons need to drift
across the entire i-layer in order to be collected. The long travel distance results in higher
recombination, making electrons the limiting charge carrier for short wavelength photons.
Long wavelength photons are absorbed more homogeneously in the intrinsic layer. The
voltage dependence is therefore different for long and short wavelength illumination. The
dependence on voltage in the EQE can be used to measure collection problems at the p-
or n-layer by measuring the EQE at different bias voltage. For example, a decrease in
EQE for long wavelengths at a forward bias with respect to a EQE at 0V indicates poor
hole transport [44, 46].

For correctly measuring the spectral response of the individual subcells of a multi-
junction solar cell, applying bias illumination and bias voltage is required. The measured
subcell should be current-limiting over the entire spectral range, while at the same time
being at short-circuit conditions [45]. This will be explained on a tandem cell using figure
2.5. The bottom subcell in figure 2.5 is measured with a low intensity probing light source,
while the non-measured top subcell is saturated with a high intensity short-wavelength
bias illumination. The Fermi level of the top subcell will split into quasi-Fermi levels
Er, and Ef,, resulting in a forward bias operation. While the applied voltage in figure
2.5 (a) is 0V, the bottom cell is pulled in reverse bias by the same potential difference,
Er, — Ery ~ qVic, of the top subcell. The bottom cell will therefore not be operating at
short-circuit conditions. Instead the internal electric field of the bottom cell is enhanced,
resulting in more effective charge carrier separation and collection.

In figure 2.5 (b) the V. of the top subcell is applied as bias voltage. The top subcell
will still operate at a forward bias approximately equal to its V.. The reverse bias in the
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Figure 2.5: Schematic representation of an energy band diagram of a tandem solar
cell while the bottom subcell EQE is measured under bias illumination and bias
voltage. Figure (a) shows the situation where 0V bias is applied, figure (b) shows
the situation where the approximate V. of the top subcell is applied. Note that the
coloured area represents the bandgap of the tandem subcells.

bottom cell will, however, be neutralised by the applied voltage. This way the bottom
subcell can be measured at short-circuit conditions.
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3 | Experimental

The experimental section of this study will elaborate on the preparation methods and
the setups used for characterisation of the prepared samples. All equipment used for device
preparation is located in the class 10.000 cleanroom area, of the Else Kooi Laboratory in
Delft. The last part will give an overview of the device structures used in this thesis and
the specific steps taken to fabricate these devices.

3.1 Device preparation

The three main processes used for device preparation are described in this section,
starting with thin layer deposition for solar cell materials, transparent conductive oxides
(TCO’s) and metal contacts, and finally the removal of undesired layers. Each process will
be described, followed by the actual system used for device preparation of this project.

3.1.1 Radio Frequency Plasma Enhanced Chemical Vapour Deposition

The most commonly used method for the deposition of thin layers of amorphous sili-
con is Radio-Frequency Plasma-Enhanced Chemical Vapour Deposition (rf~-PECVD). This
process can be operated at relatively low temperatures (~200 °C), since most of the energy
that drives the chemical reactions will be provided by a plasma. Figure 3.1 shows a 2D
schematic of a typical rf-PECVD deposition chamber (DPC), including a pump system, a
gas system and a radio frequency generator. The chamber itself consists of two electrodes,
one of which is the substrate holder. The substrate holder is located closest to the heater
that regulates the substrate temperature and is grounded.

—
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Figure 3.1: Schematic representation of an rf-PECVD reaction chamber, adapted
from [6].

Prior to deposition, the chamber will be pumped to vacuum in order to remove present
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gasses that could possibly interfere. A plasma will then be initiated between the electrodes
by an oscillating electric field, originating from the RF generator at a typical frequency
of 13.56 MHz for a-Si:H and doped layers and 40 MHz very-high frequency (VHF) for
intrinsic pe-Si:H layers [20]. Process gasses that enter the chamber, such as SiH,, CH,, H,
and CO,, will react by interaction with high energetic electrons in the plasma and form
reactive molecules that deposit on any nearby surface. The composition and growth rate
of the layer that is formed depends on substrate temperature, chamber pressure, plasma
power and gas flow rates. The thickness of the layer is controlled by the deposition time.

DPC2

Figure 3.2: Schematic overview of AMIGO, a PECVD cluster tool owned by the
PVMD group with 4 rf-PECVD chambers, 1 VHF-PECVD chamber and 1 sputtering
chamber for TCO depositions.

Depositions of this project were performed in AMIGO (figure 3.2), a multi-chamber
rf-PECVD system by Elettrorava. The substrate can enter the cluster tool through the
load-lock chamber (LLC) and the main transport chamber (TC) with a robotic arm that
can further distribute it to the six adjacent process chambers. The reactors are 4 rf-
PECVD processing chambers, 1 VHF processing chamber and 1 magnetron sputtering
chamber (DPC6). This system is automated and can be controlled through a LabVIEW
program that can run recipes with up to 1000 processing steps.

3.1.2 Physical Vapour Deposition

Physical Vapour Deposition (PVD) is a range of purely physical processes to create
thin films in a high vacuum environment. This is achieved by producing a vapour from
a certain target material, which deposits on substrates and surroundings. Two different
methods of PVD are described in this section, Radio Frequency Magnetron Sputtering
and Electron Beam PVD. For each method the vapour is produced in a different way.

Radio Frequency Magnetron Sputtering

In the sputtering process a plasma is used to accelerate gas atoms with high velocity
towards a target. The target material is struck with enough force to loosen atoms from its
surface, which condense on surfaces in its proximity such as the vacuum chamber walls and
the substrate. The sputtering gas is most commonly an inert gas with atomic weight close
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to the atomic weight of the target material, in order to achieve efficient energy transfer.
RF magnetron sputtering increases the probability for sputter gas atoms to be ionised by
using strong electric and magnetic fields to trap charged plasma particles near the target.
The path length of electrons is increased, since they circle around the magnetic field lines
and thereby have a higher chance to strike a gas atom. This ultimately increases the
deposition rate and makes it possible to sustain the plasma at a much lower pressure [47].

Depositions of this project were performed in deposition chamber 6 (DPC6) of AMIGO,
owned by the PVMD group, which is an RF magnetron sputtering chamber designated
for zinc oxide ZnO depositions at temperatures ranging between 50 °C and 400 °C. The
sputter gas is argon, Ar, and the target for aluminium-doped zinc oxide has 2 wt. % Al,O,
and 98 wt. % ZnO. DPC6 includes a shutter that allows for pre-sputtering the chamber
with a fresh layer of ZnO before exposing the substrate.

Electron Beam Physical Vapour Deposition

Electron beam (E-beam) PVD is a physical process where high energetic electrons from
an electron gun are used to evaporate a material, predominantly metals, which condense
on any surface in a vacuum chamber. These are mostly the metals with a high melting
temperature, like chromium and titanium, since low melting temperature metals, like
silver, can be evaporated by a thermal process. Aluminium is an exception since it can
form alloys with a tungsten boat, which is why it is evaporated by an electron beam in a
ceramic crucible.

The metal depositions for this project were performed in the Provac PRO500S system,
owned by the PVMD group, which allows for both e-beam and thermal evaporation in
the same vacuum chamber. Silver is thermally evaporated on a tungsten boat heated by
a current source, while a rotating set of four crucibles holds the high melting temperature
metals like Cr and Ti. The electron gun has a charged tungsten filament that generates
an electron beam in high vacuum. Substrates are placed in a rotating stage in special
holders that define the desired metal contact pattern or grid.

3.1.3 Reactive Ion Etching

Reactive Ion Etching (RIE) is a dry etching technique that uses a plasma to create ions
and radicals that remove material from the substrate by collision or chemical reaction. The
etchant is chosen based on the material that has to be removed. For instance, sulphur
hexafluoride, SFy, is used to etch silicon. A plasma is initiated from the etchant gas with
an RF signal and collision with electrons creates ions and radicals. The substrate is placed
in the bottom of the vacuum chamber with the etching layer facing the plasma. The main
advantage over wet etching is that RIE will only etch the exposed surface of the substrate
anigotropically, which means that it will etch in a straight line. Areas covered, by for
instance metal contacts, will therefore be protected, while wet-etching would damage the
layer underneath it. This is called undercutting.

Reactive ion etching for this project is performed with an Alcatel plasma etcher. The
available process gasses are CF,, SF, CHF;, BCL,, Cl,, N, and He. The system can etch
wafer or glass sizes up to 4".
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3.2 Characterisation

This section will describe the measurement setups used for optical and electronic char-
acterisation. First the setups used for material characterisation will be discussed, such as
Raman spectroscopy, spectroscopic ellipsometry, four-point probe and dark conductivity.
Secondly the setups used for device characterisation are discussed, which includes the dark
and light current-voltage and external quantum efficiency setups.

3.2.1 Raman spectroscopy

Raman spectroscopy is a characterisation method which is based on inelastic scattering
of photons with vibrational modes in a sample material. This is called the Raman effect.
In a Raman microscope, samples are illuminated with focussed monochromatic light. Only
a small fraction of the incident photons scatter inelastically and will undergo a frequency
change. The energy change accompanied with the interaction of photon and material
depends on the atomic mass and bond strength inside the sample, since these determine
the vibration frequency. The energy and thus frequency shift is very specific for each bond,
which makes it a suitable interaction for structure characterisation. Since the occurrence
of Raman scattering is more than a million times smaller than regular Rayleigh scattering,
one needs a very sensitive detector. The output of a spectral acquisition is most commonly
given in a spectrum of Raman shift [cm~!] versus intensity in arbitrary units. The inverse
length unit is originating from the photon wavenumber, which is directly related to energy.

In this work, Raman spectroscopy is used to determine the crystalline fraction of the
microcrystalline silicon layers. This is done by looking at the transverse optic (TO) phonon
modes for amorphous silicon (a-Si:H) and crystalline silicon (c-Si). They have a peak
Raman shift of 480 and 520 cm ™! respectively. The crystallinity is defined as [48]:

Ito,c—si
I, = : . 3.2.1
" AItoa-sin + ITOc—si ( )

The factor v represents the Raman scattering cross-section of the ¢-Si TO mode com-
pared to the a-Si:H TO mode [48] and is set to 0.8. An argon laser with a wavelength of
514 nm is used as monochromatic light source and a Renishaw InVia Raman microscope is
used for Raman spectrum acquisition. The spectra are fitted to the optical and acoustical
modes with a MATLAB code which outputs the crystallinity of the samples.

3.2.2 Four-point probe

A four-point probe or four-terminal probe is a device that is used to determine sheet
resistance of thin films. It gives more accurate values than conventional two-terminal
measurement systems by eliminating contact and current lead losses. Separate pairs of
wires and probes are used for current supply and voltage sensing, the source and sense
pairs respectively. The source pair forces a current to run through the measured layer.
The sensing pair is located on the inside of the source pair and measures the voltage drop
over a short distance. The current through the voltage sensing wires is negligible, which
makes this type of measurement very accurate.
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An Advanced Instruments Technology CMT-SR2000NW four-point probe was used to
measure the sheet resistance of TCO layers with varying thickness and deposited at differ-
ent temperatures. Values for sheet resistance are a direct output of the setup. Combined
with the thickness of the layer, the conductivity can be determined.

3.2.3 Dark conductivity

The dark conductivity setup can be used to measure the conductivity of thin-film
layers at different temperatures. This is a widely used technique in photovoltaic research
to determine the activation energy of materials which relates to the material quality. Two
closely spaced contacts with known dimensions are deposited on the material sample and
a voltage is applied with two probes. The current and thus resistance R are measured and
together with the layer thickness ¢ the conductivity ¢ of the material can be calculated:

1 d

-2 3.2.2
T Rixl (3.2.2)

Here d and [ are the spacing between the contacts and the length of the contacts. When
this conductivity is measured at various temperatures, the slope of the logarithmic dark
conductivity versus 1/kgT equals the activation energy E, following Arrhenius’ law:

Ea

op(T) = o exp <_k:B(T> : (3.2.3)

with o the pre-exponential factor (where Ino intersects 1/kgT = 0), and kg the Boltz-
mann constant. Activation energy can thus be fitted from the acquired data.

Prior to the measurement, the contacts should be annealed at 130 °C for 30 minutes.
This can be done on the thermal chuck in the setup, but when multiple samples are
measured at ones, it saves time to anneal the contacts in a laboratory furnace all at ones.

3.2.4 Spectroscopic ellipsometry

A frequently used method to determine optical constants and the thickness of thin-films
is spectroscopic ellipsometry (SE). The surface of a sample is illuminated with a light spot
under different angles and a detector is positioned on the opposite side. It measures the
phase difference and the amplitude ratio of both p- and s-polarised light for a range of
different wavelengths. Gathered data needs to be fitted with computer models for each of
the layers in a sample. For each layer it requires the input of an approximate thickness and
optical constants after which it will calculate the measurement values using a least-squares
minimisation.

In this project SE was used to determine the thickness of various silicon and TCO layers
to find the deposition rate for each material. The measurement setup was an M-2000DI
J.A. Woollam Co., Inc. Spectroscopic Ellipsometer.

3.2.5 Dark JV

Dark JV measurements are most frequently used to find the saturation current density
Jo of solar cells, which is a measure of recombination in the device [33|. By applying a
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voltage bias over a solar cell in dark conditions, charge carriers will be injected into the
device which will have to recombine in order to generate a current flow. The current flow
in forward bias will in theory follow the Shockley equation, which can be used to determine
the ideality factor m and dark saturation current density Jy.

When measured at different temperatures, dark JV measurements can also be used to
determine the voltage-dependent activation energy and mobility gap of a solar cell [22], as
well as to determine the temperature dependence of the ideality factor and dark saturation
current density.

The measurement setup of the PVMD group consists of a thermal chuck powered by a
Temptronic ThermoChuck® TP 03000 and a very precise electrometer, a Keithley 65174,
all controlled by a LabVIEW program. The accuracy of the current readings is better than
0.01%. The voltage is set with an accuracy of 0.15%, the temperature with an accuracy
of +0.5°C [29]. After every voltage setting, the system waits for a controllable amount of
time to let the current stabilise before it measures the current and sets the next voltage.
On top of that, it measures the current 10 times and checks if the difference between two
subsequent data points is lower than 10%, thereby ensuring that the measured current has
been stabilised. The measurement setup is protected to excessive currents by limiting the
maximum current to approximately 12mA. A higher current could potentially damage
the setup but also the solar cell itself.

3.2.6 INluminated JV

An illuminated JV measurement is performed to examine the current-voltage behaviour
of a solar cell under exposure of light. Typically the spectral irradiance of the light
source(s) is matched to the AM 1.5 spectrum with an intensity of 1000 W m~2 in order to
meet standard test conditions. While the solar cell undergoing the measurement will heat
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Figure 3.3: JV characteristics of a solar cell in the dark and under illumination,
locating Vic, Jsc, Pmax and Jpp.
up under illumination, it is often cooled to 25°C on the substrate holder.

For an ideal diode, the illuminated JV curve is a superposition of the dark JV curve
and a photocurrent density J,,. An illuminated JV measurement, shown in figure 3.3, is



3.2. Characterisation 35

used to find values for open-circuit voltage (Voc), short-circuit current density (Js) and
maximum power point (Ppax). Other parameters such as fill factor (FF), reflecting the
shape of the curve, and efficiency (n) can be deduced from these parameters. The efficiency
of a solar cell is defined as the ratio of the generated power and the power coupled into
the device as:

Pmax Jmpp Vmpp Jsc VvocFF

’r]: = =

B iz e (3.2.4)

The measurement setup of the PVMD group consists of a Wacom class AAA solar
simulator, with a helium and a xenon light source. JV curves are measured with an Agilent
Technologies 34980A voltage bias supply and a Keithley 2601B sourcemeter, controlled
with a LabVIEW program. This program also controls the stage temperature by activating
a liquid cooling system (Julabo F25) that can range in temperature from 15°C to 55°C.

3.2.7 External quantum efficiency

An external quantum efficiency (EQE) measurement is a characterisation method of a
solar cell that gives the relation between the flux of photons coupled into the device and
current collected at the terminals, per wavelength. It can be used to determine optical
and electronic losses, which can also be separated by measuring the EQE with different
voltage bias [43, 44]. The EQE is determined by measuring the spectral response with a
home-built setup, shown in figure 3.4.

Filter wheel

Bias LED ring
. Mono- ~
Light b + . Solar
source chromator cell
Chopper
Lock-in amplifier Computer

Figure 3.4: Schematic representation of the home-build EQE measurement setup
owned by the PVMD group.

This setup uses a Xenon lamp as a light source (Oriel Apex, Newport), which has
a fairly homogeneous spectral intensity between 300nm and 800nm. A chopper wheel
modifies the light to a frequency of 123 Hz, which makes it possible to retrieve the spectral
response signal from the solar cell by a lock-in amplifier (EG&G Instruments 7260 DSP).
This particular frequency is chosen at an arbitrary value, being not a higher order of a
frequency containing noise, such as the 50 Hz frequency of artificial light. The modified
light is entering a monochromator (Oriel 1/8 m Cornerstone), containing two gratings that
are optimised at a blaze wavelength of 350 nm and 750 nm respectively. In order to have
the highest output of the monochromator, the gratings are switched at a wavelength of
540 nm. The monochromatic light is then focussed on the sample with a lens.

Every measurement is preceded by a calibration with a Hamamatsu silicon reference
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diode. The quantum efficiency of this diode is known, which makes it possible to translate
the current of this diode to the photon flux of the modified monochromator light. A bias
LED ring is located around the output light beam of the monochromator. It contains 8
groups of LED’s ranging from UV to deep IR and the intensity of each type is individually
controllable. These LED’s can be used to saturate subcells in multi-junction solar cells
with DC light.

The measurement is controlled by a computer running a LabVIEW program. It con-
trols the monochromator wavelength settings, the sensitivity and time constant of the
lock-in amplifier, the chopper speed and the voltage bias of the measurement. A larger
time constant helps to decrease the error of the measurement, but it will also extend the
measurement time.

The most important part of the setup is the lock-in amplifier, which is used to measure
the voltage drop over a shunt resistor, where the current generated by the solar cell passes
through. This is a device that can isolate a low-amplitude signal on a given frequency from
a noisy input signal. This is particularly important to find the response of the solar cell to
the chopped monochromator light and filter it from the response of the cell to surrounding
light and bias illumination.

Reference

8%7\/\/
-

eref

Figure 3.5: Method of Phase-Sensitive Detection with a lock-in amplifier in order
to distinguish a signal at a specific frequency from a noisy signal, adapted from [49].

It requires the input of a reference signal with a given frequency, see figure 3.5, in this
case the block-wave signal of the chopper wheel with a frequency of 123 Hz. This block-
wave is internally transformed into a sinusoidal signal (Lock-in) with the same frequency.
By multiplying the noisy measurement signal with this sinusoidal Lock-in signal, it is
possible to retrieve the signal from the noise [49]:

Vout =Véig Viock Sin (wreft + Osig) sin (wioekt + Orer)
=2 ViigViook €08 ([wref — Wiock] t + Osig — Oref) —
5 VaigViock €08 ([Wref + Wiock] t + bsig + Orer) (3.2.5)
These signals are all AC, except for the signal with wyef = wioek. This is the only DC signal

that is formed in this multiplication. By leading the output signal through a low-pass filter,
only this DC signal will pass:

Vout = %Vsigviock COS (Gsig — Oref) (3.2.6)

which is a DC signal proportional to the amplitude of the input signal. All the noise will
thus be filtered out, which makes it possible to retrieve very low amplitude signals from a
noisy input. This principle is called Phase-Sensitive Detection [49].



3.3. Solar cell device structures 37

3.3 Solar cell device structures

The ultimate goal of this project was to monitor the behaviour of the voltage at the
tunnel recombination junction (TRJ) of a monolithic tandem solar cell. This required an
adjustment to the basic tandem solar cell structure by incorporating a conductive layer
between the top and bottom cell. Solar cells with this feature are usually called ’three-
terminal’ devices. Micromorph tandem cells with the following layered structures were
deposited in superstrate on textured Corning® Eagle XG glass:

AZO / ppce-Si:H / p-pe-SiOx:H / i-a-Si:H / n-a-Si:H / n-pe-Si:H / p-ne-SiOx:H /
i-pc-SiOx:H / i-pe-Si:H / n-SiOy:H

A special designed shadow magk allowed for a deposition of aluminium-doped zinc oxide
(AZO) between the TRJ (n-pc-Si:H) and the p-layer of the bottom cell (p-pc-SiOx:H). This
layer serves as the third terminal.

AZO / p-pc-Si:H / p-pe-SiOx:H / i-a-Si:H / n-a-Si:H / n-pe-Si:H / AZO / p-pe-SiOx:H
/ 1-1c-SiOx:H / i-pe-Si:H / n-SiOx:H

The back reflector of each cell consists of three metals, silver, chromium and aluminium,

with a thickness of 300 nm, 30 nm and 800 nm, respectively. Figure 3.6 graphically shows
the tandem and three-terminal structures that are used for this study.

Tandem Three-terminal

glass

AZO

p-nc-SiO.:H

i-a-Si:H

n-a-Si:H

n-nc-Si:H AZO
p-uc-SiOy:H

i-nc-Si:H

n-SiO,:H

back contact

Figure 3.6: Micromorph tandem and three-terminal structures deposited on AZO
assisted textured glass. The thickness of the layers are not to scale.

This section will further describe the fabrication processes of the substrate, the PV
active layers, the third-terminal and the metal contacts.

3.3.1 Substrate preparation

Substrates for thin-film solar cells often include textured surfaces that enhance light
scattering. A frequently used type of glass substrate is Asahi U-type, which features a
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pyramidal textured SnOs:F transparent conductive oxide (TCO) layer. The tips of these
pyramids are sharp and the feature size is relatively small, in the order of a few hundred
nanometres [50|. While this is ideal for most of the thin-film devices, it is also known to
cause cracks and shunts in thicker microcrystalline silicon cells |21, 51]. The three-terminal
cells deposited on Asahi U-type showed a decrease in shunt resistance, which was most
probably caused by shunts being interconnected by the lateral conductive third terminal.
Shunts in the top cell and bottom cell normally only interconnect if they are located very
close to each other. It was therefore decided to use a substrate with a smooth and large
feature size texturing, with round features rather than pyramids, to reduce particularly
the number of shunts in the pc-Si:H bottom cell.

AZO Induced glass Texturing (ZIT), a glass texturing process developed at Delft Uni-
versity of Technology [20], was adopted to make substrates with these properties. The
process is based on inhomogeneous wet-etching of a sacrificial ZnO:Al layer with a solu-
tion of HF and HNO;. Detailed information of this process and atomic force microscope
pictures of the obtained textured glass can be found in the work of G. Yang [20].

Corning® Eagle XG glass was first cut into pieces of 25 by 100 mm, after which they
were thoroughly cleaned in an ultrasonic bath with acetone and isopropanol. The sacrificial
AZO layer was deposited with magnetron sputtering (described in section 3.1.2) at a
heater temperature of 400°C and a power of 400 W. The layer was then completely
removed by wet-etching in a solution of HF and HNO, with a concentration ratio of
[HF]/[HNO4] = 0.58. This ratio was chosen after etching with a series of concentration
ratios and examining the feature size and distribution. The feature size of the glass
texturing was in the order of 10pm. The AZO front TCO was deposited after another
thorough cleaning of the textured glass in the ultrasonic bath.

3.3.2 Third terminal fabrication

Micromorph tandem cells were prepared for this project with a specially designed mask
to make conventional and three-terminal solar cells on the same substrate at the same time.
This allows for close comparison between the two types of cells and determination of the
influence of the third terminal. The mask was designed for solar cells with an area of
16 mm?, deposited in sets of 30 on a substrate size of 25 by 100mm. It was designed to
have 15 conventional cells and 15 cells with an intermediate conductive layer, of which
10 actually have a contact point. A second mask was designed to position small metal
contacts on the middle contact leads.

The middle contact material must be conductive and as transparent as possible, since
absorption of light in this layer is a parasitic loss and would thereby influence the per-
formance of the tandem cell. The first material we investigated was indium tin oxide
(ITO), chosen for its very high conductivity [52]. A thin layer of ITO, approximately
50nm, would be sufficient to reach a high enough level of conductivity for the purpose
of the contact. After fabrication of the devices, however, the performance of the tandem
cells was very poor. The JV curve had an S-shape with an approximate voltage barrier
of 0.9V which is shown in figure 3.8. This barrier was most likely caused by band mis-
alignment with the high workfunction of the ITO layer, causing a voltage barrier against
the collection of charge carriers [53]. The solution was found by changing to a different
TCO material. AZO has proven itself to work as intermediate reflector in micromorph
tandem cells [23, 54|, while at the same time having an acceptable conductivity. The work
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Figure 3.7: Schematic of the intermediate contact shadow masks, marking areas for
the middle contacts itself (green), the metal contact mask (red) and the existing mask
for depositing any subsequent layers protecting the contact points (blue). Scales in
mm.
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Figure 3.8: S-shaped illuminated JV curve of a tandem cell with intermediate ITO
layer.

function of AZO is significantly lower, at 4.1eV [55], which is why we expected to reduce
the voltage barrier. On top of that a thin n-nc-Si:H layer (~ 6 nm) was included in the
structure to serve as a dedicated tunnel recombination junction. This layer was deposited
on the a-Si:H top cell before the AZO layer was sputtered, such that it helps to protect
the top cell from being damaged by the sputtering process.

For the sputtering process, the heater temperature in the sputtering chamber was
decreased to 250 °C with a power density of 1.39 W cm ™2, which is halve the power that is
used for the front contact. These settings were chosen after a series of test depositions in
order to reduce the amount of damage to the samples and still have an acceptable level of
conductivity. Aiming for a thickness of 200 nm, the sheet resistance was determined with
the 4-point probe to be 46.2 Q /0.

The AZO layer reflects light back to the a-Si:H cell, the thickness of the a-Si:H top
cell can therefore be reduced. Since each sample contains cells including the intermediate
contact and normal tandem cells, the thickness of the pc-Si:H bottom cell cannot assure
a current-matched cell for both. To overcome this problem a range of cells with different
bottom cell thickness was prepared. Approximate thicknesses for each layer were mod-
elled with optical simulations based on GENPRO4. It takes into account the wavelength
dependent refractive index and extinction coefficient of every optical layer, as well as the
interface roughness and layer thickness. Predicted light absorption in the intrinsic layers



40 Chapter 3. Experimental

was matched by iteratively changing the thickness of the pc-Si:H bottom cell.

3.3.3 Deposition details

Front TCOs were sputtered at a heater temperature of 400°C to have the best possi-
ble crystallisation and conductivity. The deposition time was set to 3600s to aim for a
thickness of 800 nm. Chamber pressure and deposition power density were set to 2.5 pbar
and 2.78 W cm ™2 respectively. An aluminium bar with a thickness of 500 nm was used as
front contact, condensed with a deposition rate of 1 nms~! with E-beam PVD.

The amorphous and microcrystalline layers were deposited with rf-PECVD in AMIGO,
deposition parameters can be found in table 3.1. The thickness of the bottom cell absorber
layer (i-pc-Si:H) was varied to find the optimal current-matching of a three-terminal solar
cell.

Table 3.1: Deposition parameters used for the intrinsic and doped amorphous and
microcrystalline silicon layers with rf-PECVD.

Layer Heater Temp. Power Pressure Process gases Aimed thickness
°Cl [mWem™]  [mbar] [nm]
p-pe-Si:H 300 243 2.2 SiH,, BoHg, H, 4-6
p-nc-SiOx:H 300 76.4 2.2 SiH,, B,Hg, H,, CO, 10
i-a-Si:H 200 21.5 0.7 SiH, 200
n-a-Si:H 300 27.8 0.6 SiH,, PH,4 20
n-pe-Si:H 300 69.4 1.5 SiH,, PH,, H, 6
p-nc-SiOx:H 300 76.4 2.2 SiH,, B,Hg, H,, CO, 15
i-nc-SiOx:H 300 76.4 2.2 SiH,, H,, CO, 4
i-pc-Si:H seed 170 278 4.0 SiH,, H, 50-150
i-nc-Si:H 170 278 4.0 SiH,, H, varying
n-S5i0y:H 300 55.6 1.5 SiH,, PH,, H,, CO, 60

The back contact was composed of three layers, first 300 nm of silver, secondly 30 nm
of chromium and finally 800 nm of aluminium. All metals were condensed with a deposi-
tion rate of Inms~! using PVD. The obtained substrates with solar cells looked like the
example in figure 3.9. Each strip of tandem cells consisted of 15 normal tandem cells, 10
three-terminal tandem cells and 5 cells with just the middle AZO layer.

In this project several n-type doped silicon layers were removed with the plasma etcher,
since they can significantly contribute to lateral current collection for dark JV measure-
ments. This was explained in section (2.2.2).
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Figure 3.9: Photograph of normal and three-terminal micromorph tandem cells on
a microtextured glass substrate.
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4 | Results and Discussion

The results and discussion section will present the outcome of measurements and elab-
orate on the obtained insights and figures from this study. Detailed characterisation of a
closely current-matched three-terminal cell will be performed by looking at dark current-
voltage measurements over a range of temperatures. Results for the individual junctions of
the three-terminal solar cell will be compared with single-junction devices with the same
process and deposition parameters. The ideality factor, dark saturation current density
and activation energy will be determined for each three-terminal subcell, single-junction
cell and micromorph tandem cell, giving insight in the temperature dependence of the
recombination current of the micromorph tandem cell. Secondly, the performance of tan-
dem and three-terminal solar cells with the same absorber layer thickness is compared
through EQE and light JV, in order to assess the influence of the middle contact. It will
be discussed that the middle AZO contact resulted in characterisation difficulties. Some
suggestions will be given to improve the three-terminal solar cell design.

For convenience, the different types of solar cell structures will be referred to as: three-
terminal (3t) tandem (including a middle AZO contact), 3t subcells (measured through the
middle AZO contact), normal tandem (without middle AZO contact), and single-junction
(sj) cells.

4.1 Dark JV

The measurement of dark current-voltage characteristics is a widely used method to
characterise the electrical performance of solar cells in dark conditions. This section will
elaborate on the results obtained with dark JV measurements at different temperatures.
The subcells of the 3t tandem cell will be characterised through the middle contact and
be compared with sj devices. Following the detailed study of Sturiale et al. [39], the
experimental results on subcell measurements and three-terminal measurements will be
evaluated. The voltage distribution over the a-Si:H and pc-Si:H subcell will be investi-
gated for multiple measurement temperatures and compared with the distribution found
in computer simulations as shown by Sturiale et al.. This will ultimately give insight in
the temperature effect on the electrical performance of the subcells and on the tandem
solar cell while measuring dark JV characteristics.

4.1.1 Amorphous silicon

This section will discuss the basic characterisation methods on dark JV measurements
of a sj a-Si:H cell and a 3t a-Si:H top subcell with the same intrinsic layer thickness.
Differences in the deposition process between the two cells can be found only at the back
contact. The sj cell has a standard metal back contact with an area of 16 mm?. The n-layer
was removed with reactive ion etching (RIE) to reduce current spreading in the peripheral
of the back contact. The generated current of the 3t top subcell was collected through
the middle AZO contact with an area of 23mm?. The obtained current density values
were corrected to the standard test solar cell area of 16 mm?. In this case, n-layer removal
was not possible since it is covered underneath the 3t bottom subcell. Current spreading
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is therefore expected to show up in the measurements, making it more complicated to
characterise with good accuracy [31].

Dark JV curves of the sj a-Si:H cell with an intrinsic layer thickness of 200 nm are
shown in figure 4.1 (a). Measurements were taken over a voltage range of 1.0V to —1.0V,
starting at the highest positive value. The reverse bias characteristics will not be discussed
in this study, but figures can be found in appendix (6.1). Each measurement was repeated
at different temperatures over a range of 100 °C to 30 °C in steps of 10 °C, starting with the
highest temperature. Figure 4.1 (a) includes least squares fits to the single diode equation
in the exponential region of the curve, see figure 2.4, which is indicated by the vertical
dashed lines at 0.20 V and 0.60V.
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Figure 4.1: Dark current-voltage curves for a sj a-Si:H cell with an intrinsic layer
thickness of 200 nm, measured at different temperatures (a). The fitting interval to
the exponential region (Ex) of each curve is located between vertical dashed lines,
the region indicated with R is controlled by recombination. Figure (b) shows the
voltage-dependent ideality factors calculated from the dark JV curves in (a).

Figure 4.1 (b) shows the voltage dependent ideality factor, calculated with equation
(2.2.7). In the exponential region (Ex), it increases slightly until V' = 0.60 V, after which
it increases rapidly. For an even higher forward voltage the temperature dependence of
the ideality factor becomes significant, which is in agreement with the results reported
by van Swaaij et al. [29]. The concentration of active recombination centres is therefore
assumed to be constant with temperature for the low forward voltage region.
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Figure 4.2: Dark saturation current density (a) and ideality factor (b) versus tem-
perature for a sj a-Si:H cell with an intrinsic layer thickness of 200 nm.

The dark saturation current density Jy obtained from the least-squares fits to the
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measurement curves as a function of temperature, see equation (2.2.3) is shown in figure
4.2 (a). An exponential increase with temperature is observed, which is in agreement with
the trend reported by Kind et al. [56]. While the temperature increases with 70°C, Jy
will increase over three orders of magnitude. Ideality factors obtained from the same fits
show a slight decrease with temperature, also in agreement with [15].

Activation energy as a function of voltage can be derived from the dark JV curves by
fitting the current density for various temperatures at a specific applied voltage to the
Arrhenius equation. Following equation (2.2.10) the obtained curve in figure 4.3 should
have a linear dependency on voltage, which in turn can be used to calculate the mobility
gap of the solar cell. For the sj a-Si:H cell this mobility gap was determined at 1.70 +
0.01eV, using a thermal ideality factor of 2 which was validated by Kind et al. [15]. Note
that the derivation of the standard deviations of the mobility energy gaps can be found
in appendix 6.2.
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Figure 4.3: Voltage dependent activation energy of the sj a-Si:H solar cell, including
a least-squares fit to obtain the mobility gap Fuyop = 1.70 £+ 0.01eV.

Characterisation of the three-terminal a-Si:H top subcell proved to be more compli-
cated. The low forward voltage region was heavily affected by current spreading (CS).
For the lowest temperature of 30 °C this effect is visible up to a voltage of 0.40 V. As was
discussed in section (2.2.2), measurements at a higher temperature are less influenced by
current spreading since the generated current is approximately two orders of magnitude
larger. This becomes particularly clear when looking at the voltage-dependent ideality
factor in figure 4.4 (b). The large peak in ideality factor between 0 and 0.50V is caused
by current spreading, the effect being larger on the lowest temperature curve.

In the higher forward voltage region in figure 4.4 (a), we observe a slowly levelling off
current. This can be attributed to the increased series resistance caused by the middle
AZO layer, which will be discussed in section 4.2. The measurement curve at the highest
temperature is most influenced, where the exponential region stops at a voltage as low as
0.50 V. This confirms that there is indeed an increased resistance, since lower temperature
curves will reach the same current level at a higher applied voltage. Looking at figure 4.4
(b) in comparison with the sj a-Si:H cell (figure 4.1 (b)), where the voltage-dependent
ideality factor rapidly increases in the higher voltage region, we now observe a gradually
increasing ideality factor.

Both the current spreading effect and the slowly levelling-off current density made it
impossible to define a reasonably large voltage region where each dark JV curve shows
exponential behaviour. It was therefore decided to define such a voltage region for each
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Figure 4.4: Dark current-voltage curves for a 3t a-Si:H top subcell with an intrinsic
layer thickness of 200 nm measured at different temperatures (a). Least-squares fits to
the single diode equation are included as straight lines with shifting voltage region for
each measurement temperature. The fitting interval for the 100 °C curve is included
between vertical dashed lines and indicated with Ex (exponential). The regions
influenced by current spreading (CS) and series resistance (SR) are also indicated
for the highest temperature curve. Figure (b) shows the voltage-dependent ideality
factors calculated from the dark JV curves in (a). Note that the y-axis limits of both
figures (a) and (b) are chosen differently than for the sj a-Si:H cell.

measurement temperature curve, such that a good least-squares fit to the single diode
equation to the exponential region of each curve could be achieved. The exponential
region of the dark JV curve translates to a quite stable value for the voltage-dependent
ideality factor, whereas the areas influenced by current spreading (CS) and series resistance
(SR) show a varying value, which can be observed in figure 4.4 (b). This can be used as
a guideline to choose the correct voltage region for each measurement temperature.
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Figure 4.5: Dark saturation current density (a) and ideality factor (b) versus tem-
perature for a 3t a-Si:H top subcell with an intrinsic layer thickness of 200 nm. Both
figures include the sj a-Si:H cell curve from figure 4.2.

The dark saturation current density obtained from these least-squares fits to the mea-
surement curves as a function of temperature is shown in figure 4.5 (a). It shows again
an exponential increase with temperature. However, in comparison with the sj a-Si:H cell
it is one order of magnitude higher over the full temperature range. The ideality factors
obtained from the same fits in figure 4.5 (b) show a value close to 1.8, which is also high
compared to the single-junction cell.

The voltage-dependent activation energy of the 3t a-Si:H top subcell was also largely
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influenced by the above mentioned effects. The linear dependence on voltage will only be
visible when the voltage region with exponential behaviour overlaps for each measurement
temperature. Given that in the first place this region shrunk to a width of approximately
0.20 V and in the second place this region shifts towards a higher forward voltage for lower
measurement temperatures, there is no wide region where each curve shows exponential
behaviour. Between 0.44V and 0.50V there is a very narrow region of four data points
that can be fit to equation (2.2.10) with a least squares function, however this will not
lead to a very reliable value for the mobility gap. As a comparison the least squares fit to
the activation energy curve of the gj a-Si:H cell is included in figure 4.6.
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Figure 4.6: Voltage dependent activation energy of the 3t a-Si:H top subcell, in-
cluding a least-squares fit to obtain the mobility gap Emopr = 1.62 + 0.02eV (solid
line) and the activation energy fit of the sj a-Si:H cell with Fy,op, = 1.70 £ 0.01eV
(dashed line).

The mobility gap value of the 3t a-Si:H top subcell is significantly lower than the sj
a-Si:H cell. We came up with two possible explanations for this observation. The first
explanation is that the obtained mobility gap of the 3t a-Si:H top subcell is influenced by
the measurement method, since the activation energy obtained from the dark JV curve
measurements is lowered on both sides of the fitting interval. It is not unlikely that the
values in the fitting interval are still affected by either current spreading or the increased
series resistance by the middle AZO contact. Figure 4.16 (a) in section 4.1.3 confirms
that the dark JV measurement curves of the 3t a-Si:H top subcell are influenced by series
resistance. It shows that pseudo JV curves could be used to obtain the mobility energy gap
free from series resistance effects. Unfortunately, these measurements were only performed
at two different temperatures.

The other explanation that we propose is that further process steps on the three-
terminal cell, for instance the sputtering process of the middle AZO contact and deposition
of the pc-Si:H bottom cell, changed the material properties of the 3t a-Si:H top subcell.
The sj a-Si:H cell and the 3t top subcell were both deposited in a single run, i.e. the
glass subtrate strips for the cells were in the same substrate holder during the top cell
deposition run.

The vacuum break to place the middle contact mask, possible sputtering damage and
thermal annealing are potential causes for a change in material properties of the 3t a-Si:H
top subcell. Especially thermal annealing of i-a-Si:H layers can influence the optical and
mobility gap by effusion of hydrogen, increasing the dangling bond density [57]. This could
also explain the observed increase in dark saturation current density for the 3t a-Si:H top
subcell in figure 4.5 (a), and the increase of ideality factor in figure 4.5 (b). The recom-
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bination profile shifts towards the bulk intrinsic material with increased dangling bond
density [12], which ultimately results in an increased ideality factor and dark saturation
current density.

4.1.2 Microcrystalline silicon

For the sj pc-Si:H cell with an intrinsic layer thickness of 2500 nm, the dark JV curves
at different temperatures including least-squares fits to the single diode equation are shown
in figure 4.7 (a). Measurements were taken over a voltage range of 0.70V to —1.0V in
steps of 0.020V, starting at the highest positive value, and were repeated at different
temperatures over a range of 100°C to 30°C in steps of 10°C, starting at the highest
temperature.
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Figure 4.7: Dark current-voltage curves for a sj pc-Si:H cell with an intrinsic layer
thickness of 2500 nm measured at different temperatures (a). The overlap of expo-
nential regions (Ex) for each temperature is indicated between vertical dashed lines.
Current spreading (CS) is indicated in the low forward voltage region. Least-squares
fits to the single diode equation are included as straight lines. Figure (b) shows the
voltage-dependent ideality factors calculated from the dark JV curves in (a).

In the low forward voltage region, lower temperature curves show a slight current
spreading up to a voltage of 0.28V for the lowest temperature curve. The voltage-
dependent ideality factor is shown in figure 4.7 (b). Again the effect of current spreading
is clearly visible in the low forward voltage region. If the n-layer was removed completely
with RIE, lateral current collection would have to occur through the intrinsic pc-Si:H ma-
terial. This material has a significantly higher dark conductivity than i-a-Si:H, since the
crystalline volume fraction in the amorphous material that forms pc-Si:H will increase the
electron and hole mobilities, p, and p, [58]. The dark conductivity of the material will
thereby also increase following equation 4.1.1:

op = e(noftn + Pokp) (4.1.1)

Reported values for the dark conductivity of i-pc-Si:H are in the order of 1-1078Scm™!
to 1-107Sem™'. In comparison, the dark conductivity of a-Si:H is in the order of
1-10719Sem™! and of n-SiOy:H it is 1-1072Scm™'. We therefore conclude that the
observed current spreading can not be caused by the i-nuc-Si:H layer, the n-SiO:H layer is
therefore assumed to not be removed completely.

The highest temperature curve of the voltage-dependent ideality factor, which is least
affected by current spreading, shows a similar shape as the sj a-Si:H cell in figure 4.1
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(b). It shows a gradually increasing ideality factor, up to a voltage of 0.36 V where it
rapidly increases. Similar to the sj a-Si:H cell, the concentration of active recombination
centres is therefore assumed to be constant with temperature for the low forward voltage
region. From this figure we can also tell that the least-squares fit to the dark JV curve
should have a different voltage range for each temperature measurement. The temperature
dependency of the dark saturation current density and the ideality factor obtained from
the least-squares fits is shown in figure 4.8.
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Figure 4.8: Dark saturation current density (a) and ideality factor (b) versus tem-
perature for a sj pe-Si:H cell with an intrinsic layer thickness of 2500 nm.

Similar to the a-Si:H cells, there is an exponential increase with temperature visible for
the dark saturation current density. The value increases roughly two orders of magnitude
over the measured temperature range of 70 °C. The ideality factor decreases only slightly
with temperature. The value between 1.6 and 1.5 is an indication that the recombination
at the p/i- or i/n interfaces is dominant, rather than bulk recombination in the i-layer
[12].
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Figure 4.9: Voltage-dependent activation energy of the sj nc-Si:H solar cell, includ-
ing a least-squares fit to obtain the mobility gap of En., = 1.17 £ 0.01eV (solid
line). The figure includes the activation energy fit with a mobility gap value of
Emob = 1.19eV (dashed line) as found by Pieters et al. [22].

Activation energy as a function of voltage was again derived from the dark JV curves by
fitting the current density for various temperatures at a specific applied voltage to equation
(2.2.8). For the sj pe-Si:H cell the mobility gap obtained with equation (2.2.10) was
determined at 1.17 + 0.01 eV, using a thermal ideality factor of 2 which was validated by
Pieters et al. [22]. This mobility gap is only marginally smaller than the determined value
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of 1.19eV by Pieters et al. [22|. The fit with this value is also included as a dashed line
in figure 4.9. The voltage region where each dark JV curve shows exponential behaviour
is limited to 0.28 V to 0.36 V due to current spreading in the low forward voltage region
and current limitation by the measurement setup in the high forward voltage region.

In contrast to the 3t a-Si:H top subcell, characterisation of the 3t pc-Si:H bottom
subcell was more straightforward. There is no current spreading possible since the front
contact area is restricted, which is visualised in figure 4.10. Current spreading at the back

(a) (b)
| contact | i _rrie_tél_ i | contact |
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Figure 4.10: (a) Current spreading effect by lateral conduction through n-layer,
(b) Restricted front TCO area prevents current spreading effect. Adapted from [31].

contact of a p-i-n solar cell can only occur if the front contact is not limiting the active
surface area of the cell, i.e. when the entire front TCO acts as an equipotential surface. In
this particular three-terminal structure however, the middle contact, which acts as front
contact for the bottom subcell measurements, has a restricted surface area. Therefore
the active surface area of the bottom subcell cannot be increased further than the front
contact area by current spreading through the n-layer at the back contact. On the other
hand, the effect of the high series resistance of the middle contact can be observed in the
higher forward voltage region, which is visible in figure 4.11 (a).
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Figure 4.11: Dark current-voltage curves for a 3t pc-Si:H bottom subcell with an
intrinsic layer thickness of 2500 nm measured at different temperatures (a). Least-
squares fits to the single diode equation in the exponential region (Ex) are included
as straight lines. The region influenced by series resistance (SR) is indicated. Figure
(b) shows the voltage-dependent ideality factor calculated from the dark JV curves
in (a).

Figure 4.11 (b) confirms that the 3t pc-Si:H bottom subcell does not suffer from current
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spreading. A voltage region can be defined where each dark JV curve shows exponential
behaviour, between 0.12V and 0.20V. The dark saturation current and ideality factor
as a function of temperature are plotted in figure 4.12 together with the values for the sj
pe-Si:H cell.
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Figure 4.12: Dark saturation current density (a) and ideality factor (b) versus tem-
perature for a 3t pc-Si:H bottom subcell with an intrinsic layer thickness of 2500 nm.
Both figures include the sj pc-Si:H cell curve from figure 4.8.

There is a very good overlap of the dark saturation current density between the sj
ne-Si:H device and the 3t bottom subcell. On the other hand, the ideality factor of the
subcell is found to be higher at every measurement temperature. This would normally
indicate that there is more recombination occurring in the intrinsic layer than for the sj
cell [12], but in this case it could also be caused by the increased series resistance. A higher
Ry increasingly lowers the dark current density for higher applied voltage and therefore
the slope of the dark JV curve is shallower. This leads to a larger value for ideality factor
obtained from the least-squares fit.

The mobility gap of the 3t nc-Si:H bottom subcell was determined at 1.08 4+ 0.01eV,
again using a thermal ideality factor of 2. This mobility gap is significantly smaller than
the determined value of 1.19eV by Pieters et al. [22]. The fit with this value is also
included as a dashed line in figure 4.13.
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Figure 4.13: Voltage dependent activation energy of the 3t pc-Si:H bottom subcell,
including a least-squares fit to obtain the mobility gap energy Eyop = 1.08 + 0.01eV
(solid line) and the activation energy fit with a mobility gap value of E,o, = 1.19eV
(dashed line) as found by Pieters et al. [22].

In contrast with the activation energy curve for the 3t a-Si:H top subcell in figure 4.6,
the bottom subcell is not affected by current spreading in the low forward voltage region.
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The mobility gap value of 1.08 = 0.01 eV is significantly lower than the sj pnc-Si:H cell, with
a mobility gap of 1.17 & 0.01eV. Again both cells where processed in the same deposition
run. This implies that apart from a measurement error by the increased series resistance,
only the substrate morphology could be the origin of the lower observed mobility gap.
The crystallinity of the pc-Si:H material is known to depend on substrate morphology
[51], which in turn affects the mobility gap. Pieters et al. [59] report a mobility gap of
1.07eV for highly crystalline solar cells.

After removal of the n-layer for both the 3t pc-Si:H bottom subcell and the sj pc-Si:H
cell with reactive ion etching, the crystallinity of both intrinsic layers was determined
with Raman spectroscopy. The crystallinity of the 3t bottom subcell was measured at
62.7 + 0.5% and the crystallinity of the sj cell was measured at 58.8 + 1.0 %. This
indeed indicates that, although both cells were processed in the same deposition run, the
substrate morphology led to an increased crystallinity of the 3t pc-Si:H subcell. However,
the difference in crystallinity is not significant enough to explain the obtained decrease in
mobility gap [51, 59|, since a crystallinity of 62.7% is not reported as highly crystalline
[59]. Pseudo JV curve measurements could again be used to obtain the mobility gap
without influence of series resistance.

4.1.3 Micromorph tandem

For the micromorph three-terminal tandem cell with an a-Si:H intrinsic layer thickness
of 200 nm and a pc-Si:H intrinsic layer thickness of 2500 nm, the dark JV curves at different
temperatures including least-squares fits to the single diode equation are shown in figure
4.14 (a). Measurements were taken over a voltage range of 1.5V to —1.0V in steps of
0.020 V, starting at the highest positive value and were repeated at different temperatures
over a range of 100°C to 30°C in steps of 10 °C, starting at the highest temperature.
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Figure 4.14: Dark current-voltage curves for a 3t micromorph tandem cell with
an a-Si:H intrinsic layer thickness of 200nm and a pc-Si:H intrinsic layer thickness
of 2500 nm measured at different temperatures (a). Least-squares fits to the single
diode equation are included as straight lines with shifting voltage region for each mea-
surement temperature. The fitting interval for the 100 °C curve is included between
vertical dashed lines and indicated with Ex (exponential). The region influenced by
current spreading (CS) is also indicated for the highest temperature curve. Figure
(b) shows the voltage-dependent ideality factors calculated from the dark JV curves
in (a).

In the low forward voltage region each curve shows current spreading, up to a voltage of
0.5V for the lowest temperature curve. Since the n-layer at the back contact was removed
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with RIE, this effect is caused by the n-type layer of the a-Si:H subcell. The p-layer of the
bottom cell is not the source of the current spreading, as it has a much lower conductivity,
in the order of 2-107%*Scm™! compared to 2-1072Scm™! for the n-type a-Si:H layer.
The current spreading effect conceals the first exponential region of the tandem dark JV
curve, as this is normally controlled by recombination in the bulk of the a-Si:H cell. While
AZO can also be used as a mask for reactive ion etching, it might be worth attempting
to remove the top subcell n-layer prior to the deposition of the pc-Si:H bottom subcell, at
the cost of the normal tandem comparison cells on the same substrate.

In the higher forward voltage region the curves increase more slowly, which could
indicate non-ideal operation of the TRJ [31]. In order to sustain the dark current density,
the TRJ will have to operate at a reverse bias in an attempt to thermally generate enough
e-h pairs. This causes a significant voltage drop over the TRJ and at the same time
reduces the voltage drops over each of the subcells.

The voltage-dependent ideality factor is shown in figure 4.14 (b). Again the effect
of current spreading is clearly visible in the low forward voltage region. The shape of
the curves are comparable to the 3t a-Si:H top subcell curves in figure 4.4 (b) with a
gradually increasing voltage-dependent ideality factor in the high forward voltage region
and current spreading in the low forward voltage region. From this figure we can also
tell that the least-squares fit to the dark JV curve should have a different voltage range
for each temperature measurement. The temperature dependency of the dark saturation
current density and the ideality factor obtained from the least-squares fits is shown in
figure 4.15.
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Figure 4.15: Dark saturation current density (a) and ideality factor (b) versus
temperature for a 3t micromorph tandem cell with an a-Si:H intrinsic layer thickness
of 200 nm and a pc-Si:H intrinsic layer thickness of 2500 nm. The sum of the subcell
ideality factors is included in figure (b).

Similar to the a-Si:H and pc-Si:H cells, there is an exponential increase with tempera-
ture visible for the dark saturation current density. The value increases roughly two orders
of magnitude over the measured temperature range of 70 °C. The ideality factor decreases
from approximately 3.91 to 3.34, which is more than expected from the sj cell ideality
factors. Sturiale et al. |39] states that the ideality factor of a micromorph tandem cell in
the second exponential region is equal to the sum of the ideality factors of both subcells.
The sum of the subcell a-Si:H and pc-Si:H ideality factors is included in figure 4.15 (b).
Given that these ideality factors where indeed derived from the exponential region, it is
likely that non-ideal operation of the TRJ and the current spreading effect influenced the
ideality factor of the micromorph tandem cell.
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Pseudo JV curves are obtained at a temperature of 25 °C with variable intensity mea-
surements (VIM), where the evolution of Jg. versus Vo is determined. These curves will
resemble the dark JV measurement curves without the influence of series resistance as
explained in section (2.2.5). The voltage range of the pseudo JV curves will reach from
Vioe at almost dark conditions to V. at AM 1.5. These measurements are taken on the
light JV setup, where the samples are illuminated with a solar simulator.
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Figure 4.16: Pseudo JV curves compared to dark JV curves measured at T' = 25°C
of (a) the 3t a-Si:H top subcell, (b) the 3t pc-Si:H bottom subcell and (c) the 3t
micromorph tandem cell. Least-squares fits to the single diode equation between the
vertical dashed lines for each curve resulted in an ideality factor of (a) 1.79 £+ 0.02
and 1.82 4+ 0.04, (b) 1.64 + 0.01 and 1.84 + 0.04 and (c) 3.51 4+ 0.03 and 3.90 + 0.08
for the pseudo JV curves and dark JV curves respectively.

Similar to the dark JV curves, the exponential region of each pseudo JV curve is fitted
to the single diode equation with a least-squares method, resulting in ideality factors that
are not influenced by series resistance. A value of 1.79 4+ 0.02 is obtained for the 3t a-Si:H
top subcell, 1.64 + 0.01 is obtained for the 3t pc-Si:H bottom subcell and together this
adds up to 3.53 4 0.02. This is indeed very close to the value of 3.51 + 0.03 obtained for
the 3t micromorph tandem cell, which confirms the statement by Sturiale et al. that the
ideality factor in the second exponential region of the dark JV curve for the micromorph
tandem cell, see figure (2.4), is equal to the sum of both subcell ideality factors. The
same measurements and analysis was performed on the sj a-Si:H and pc-Si:H cells and
the normal micromorph tandem cell, which can be found in appendix 6.4. Here again the
ideality factors of the sj cells add up to the ideality factor of the micromorph tandem cell.
This result also supports the assumption that the ideality factor of the 3t micromorph
tandem cell obtained through dark JV is increased by series resistance, as the ideality
factors obtained from the subcell dark JV curves add up to 3.66 4+ 0.06 in stead of the
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3.90 + 0.08 obtained from the three-terminal dark JV curve at 25 °C.

Activation energy as a function of voltage was again derived from the dark JV curves
by fitting the current density for various temperatures at a specific applied voltage to
equation (2.2.8). For the 3t micromorph tandem cell this mobility gap was determined at
1.77 &+ 0.01eV, using a thermal ideality factor of 2. The mobility gap energy of the 3t
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Figure 4.17: Voltage dependent activation energy of the 3t micromorph tandem
cell, including a least-squares fit to obtain the mobility gap energy of E., = 1.77
+ 0.01eV (solid line). The figure includes the activation energy fit for the sj a-Si:H
cell with a mobility gap of Eop = 1.70 &+ 0.01 eV (dashed line) and the fit for the sj
nc-Si:H cell with a mobility gap of Fno, = 1.17 + 0.01eV (dotted line).

micromorph tandem cell is very close to the mobility gap of the sj a-Si:H cell of 1.70 +
0.01 eV, which is plotted as a dashed line in figure 4.17. The dotted line represents the
mobility gap of 1.17 £ 0.01 eV for the sj pe-Si:H cell. One could argue that the temperature
dependence of the recombination current is therefore dominated by the a-Si:H top subcell
rather than the pc-Si:H bottom subcell. However, since the mobility gap is determined
in the higher voltage region between 0.90 V and 1.4V, where a slowly levelling-off current
density was observed (figure 4.14), it is more likely that this mobility gap is dominated
by the tunnel recombination junction. This is supported by the findings of Willemen et
al. [31], where a mobility gap for the TRJ between 1.7 and 2.0eV was used to model
light JV curves of a-Si:H based tandem solar cells. Depositing n-i-p structures of the
TRJ and measuring dark JV curves of these structures could be a method to validate this
observation [39].

Voltage distribution of subcells

The distribution of the applied voltage over the a-Si:H and the pc-Si:H subcell will
depend on the potential current density that can be generated in each of the cells, where
the distribution will be such that the total current density through both of the cells is
equal. Sturiale et al. determined the voltage drops over the a-Si:H top cell, the pc-Si:H
bottom cell and the TRJ with computer simulations [39]. Their result is shown in figure
4.18.

The parameter Fjy originates from the field-dependent effective carrier mobility in the
TRJ, where Fj represents the strength of the field dependence 31, 39]. A strong field
dependence will lead to a more reverse biased TR.J, resulting in a significant voltage drop
over the TRJ and reduced voltage drops over the top and bottom subcell. This will only
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Figure 4.18: Voltage drop AV on the top subcell, on the bottom subcell, and on
the TRJ of the micromorph tandem cell with respect to the total applied voltage and
for different values of the parameter Fj. The intrinsic layer thicknesses are 200 and
1500 nm. The voltage drop on the TRJ is plotted in absolute value [39].

occur at a higher applied voltage where the TRJ should thermally generate more e-h pairs
to sustain the dark current density of the micromorph tandem cell.

A larger fraction of the applied voltage will drop over the a-Si:H top subcell. This is
caused by the lower conductivity and therefore lower dark current density than the nc-Si:H
cell at the same voltage drop. The onset voltage for the pc-Si:H bottom subcell will define
the end of the first exponential region of the micromorph tandem dark JV curve, after
which the current will be controlled by recombination in both the top and bottom subcell
intrinsic layers.

Device temperature will influence the dark JV curve as was demonstrated in previous
sections. It is therefore also likely that it will influence the voltage drop profile shown by
Sturiale et al., since a-Si:H and pc-Si:H cells both have a different temperature dependency.
The voltage drops over the top and bottom subcell could be determined from experimental
data of the sj a-Si:H and pc-Si:H cells, which was taken in a smaller applied voltage
region than figure (4.18) due to current limitation of the dark JV measurement setup.
Exponential interpolation of the current densities was performed to add the voltages of
the sj a-Si:H cell and the sj pc-Si:H cell at the same current density to obtain the dark JV
curve of a possible tandem cell as the addition of the single-junction cells. Ultimately this
can be used to retrieve the voltage drops AV as a function of the applied voltage for the
"added" tandem cell. Figure 4.19 (b) reveals voltage drops over the top cell and bottom
cell, assuming that the voltage drop over the TRJ is not present in this voltage region.
The addition of the sj a-Si:H and the sj pe-Si:H cell is shown in figure 4.19 (a.)

As expected from the sj dark JV curves, a micromorph tandem cell curve as the series
connection of both a-Si:H and pc-Si:H will show two exponential regions, as defined by
Sturiale et al.. The first region originates from the a-Si:H cell, where the recombination
current is not high enough to cause a voltage drop in the nc-Si:H cell. This exponential
region was concealed by current spreading in the measurement of the 3t micromorph
tandem cell. The voltage drop AV over the a-Si:H top cell will increase equally to the
applied voltage in the first exponential region, as there will be no voltage drop over the
pc-Si:H bottom cell. The onset voltage for the bottom cell varies with device temperature,
for higher temperatures the onset voltage will decrease. This indicates that the increase of
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Figure 4.19: (a) The addition of dark JV curves of a sj a-Si:H and pc-Si:H cell,
with an intrinsic layer thickness of 200 nm and 2500 nm respectively, by exponential
interpolation of the current density. (b) Voltage drop AV over the top a-Si:H and bot-
tom pc-Si:H subcell as a function of the tandem cell voltage. Selected temperatures
are plotted for clarity, the direction of the arrows indicate increasing measurement
temperature.

dark current density as a function of temperature is higher for a-Si:H cells than for pc-Si:H
cells in this voltage region. For higher tandem cell voltages, the effect of temperature on
the voltage distribution becomes smaller again.

The same analysis was done for the 3t a-Si:H and pc-Si:H subcell curves, measured
through the middle AZO contact. Similar to the measured dark JV curves of the 3t
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Figure 4.20: (a) The addition of dark JV curves of te 3t a-Si:H and pc-Si:H subcells,
with an intrinsic layer thickness of 200 nm and 2500 nm respectively, by exponential
interpolation of the current density. (b) Voltage drop AV over the top a-Si:H and bot-
tom pc-Si:H subcells as a function of the tandem cell voltage. Selected temperatures
are plotted for clarity, the direction of the arrows indicate increasing measurement
temperature.

micromorph tandem cell in figure 4.14, the calculated tandem curves in figure 4.20 (a)
shows current spreading in the low forward voltage region. It is clear that this effect
indeed originates from the a-Si:H top cell. This effect, however, also changes the obtained
voltage drop over the 3t a-Si:H and pc-Si:H subcells. It is therefore not possible to draw
conclusions from this analysis.
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4.2 Three-terminal device performance

The electrical performance of the fabricated devices, with a set of normal tandems and
three-terminal solar cells, was determined with light current-voltage and external quantum
efficiency measurements. Light JV measurements are used to compare the performance
of the 3t micromorph tandem cells to the normal tandem cells, as well as to characterise
the individual subcells and their parameters. The EQE curves were used to find the level
of current-matching between the subcells, since the solar simulator for JV measurements
has some spectral mismatch with AM 1.5. On top of that it also prevents problems
with accurately defining the active solar cell area and possibly current collection through
conductive layers other than the back contact [20]. A closely current-matched three-
terminal tandem cell was chosen to demonstrate the operating conditions of a tandem
cell. The thickness of the absorber layers were 200 nm for the intrinsic amorphous silicon
and 2500 nm for the intrinsic microcrystalline silicon layers, respectively.

4.2.1 Light JV measurements

Light current-voltage measurements at standard test conditions are performed to find
the external parameters of the normal tandem and three-terminal cells. Figure 4.21 shows
the performance difference between a normal and a three-terminal solar cell with the same
deposition parameters.
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Figure 4.21: Light JV measurements of a closely matched three-terminal solar cell
in comparison with normal tandem cell with the same deposition parameters.

Table 4.1: The photovoltaic performance at STC of the normal tandem and three-
terminal solar cells. Standard deviations are included over the 15 equal solar cells of
each type on the substrate. Note that the given efficiencies are the initial values.

Cell type Voe [mV]  Jge [mA/cm?] FF Effi. [%] R [Qcm?] Ry, [Q-cm?]

Normal 1315 + 4 123 £ 04 59.1 £2.3 9.60£0.59 104 +0.9 860 + 122
3-Terminal 1290 + 28 11.3 £ 0.6 61.6 £1.3 899 +0.72 19.6 £29 922 £ 89

One important point on the JV curve, the open-circuit voltage V., shows that there
is only a very small loss of V. by introducing the middle contact. However, in the voltage
region close to V. the curve shows a more shallow slope, indicating a slight increase of
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series resistance. Table 4.1 gives an overview of the external parameters for the normal
tandem and three-terminal cells. The largest difference between the cells can indeed be
found in the series resistance Rs, where the middle contact has increased the value with an
average of 9.20 Q2 cm?2. There is also a small decrease in Jy. for the three-terminal device,
since this structure is bottom cell limited as will be shown with EQE measurements.
Removing the middle AZO layer from the structure will change the cell to top cell limited
which ultimately increases the Js. by allowing more current collection in the top cell.

Overall, the three-terminal cell shows no record-breaking efficiency with 8.99 + 0.72%,
but the electrical performance is comparable to the normal tandem cell. Note that the
intrinsic layer thickness is optimised for current-matching of the three-terminal devices.
A thicker a-Si:H top cell would lead to higher efficiencies for the normal tandem cells, but
that is not the purpose of this study. In comparison, a record initial efficiency of 14.8%
and a stabilised efficiency of 12.5% for a monolithic micromorph tandem cell was achieved
by H. Tan et al. in 2015 [60]. The efficiency values in table (4.1) are initial values, taken
before degradation of the a-Si:H top cell by the Staebler-Wronski effect.

The 3t a-Si:H top subcell and pc-Si:H bottom subcell were characterised individually
through the middle AZO contact. The obtained fill factor for both subcell curves was
substantially lower than expected. Looking at the solid lines in figure 4.22, one can
observe an increased series resistance for both subcells, indicated by the shallower slope of
the curves in the higher voltage region close to V.. Table 4.2 shows a comparison between
the 3t subcells and the sj devices with the same deposition parameters.
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Figure 4.22: Light JV measurements of a closely matched three-terminal solar
cell with separate curves measured through the intermediate contact. Solid lines
represent AM1.5 light intensity, dashed lines are measured through a neutral density
filter.

For the 3t a-Si:H top subcell, both the series resistance (Rs) and the shunt resistance
(Rgn) are affected by measuring the cell through the middle contact. Rg is increased by
lateral resistance of the AZO middle contact itself, since the current has to be collected
perpendicular to the device flow direction. The sheet resistance of the layer is 46.2Q /7,
which was determined with a four-point probe measurement. Together with the middle
contact geometry shown in figure 3.7, the lateral resistance of the entire contact is esti-
mated to be 42.5Q cm?. This follows from the 4mm by 4 mm square cell area and the
1mm wide by 3mm long current path to the metal dot of the middle contact. It results
in a value of 4 times the sheet resistance, divided by the area of the solar cell. A small
correction has to be made since the total current will not have to travel through the en-
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Table 4.2: The photovoltaic performance at STC of the three-terminal subcells com-
pared to sj cells with the same deposition parameters. The intrinsic layer thicknesses
are 200nm for the a-Si:H and 2500nm for the pc-Si:H cells. Standard deviations
are included over the equal solar cells of each type on the substrate. Note that the
given efficiencies are the initial values and that the values in red are not accurately
describing the light JV characteristics of the individual three-terminal subcells.

Cell type Voe [mV]  Jse [mA /em?) FF Effi. (%] R [Qem?] Ry, [Q-cm?]

3T i-a-Si:H 830 + 17 11.6 £ 0.5 394+ 1.8 3.79+£042 343 +£6.8 265 £ 46
SJ i-a-Si:H 854 £ 5 12.7 £ 0.5 63.7 £ 3.1 688+0.61 55=+0.7 713 + 111

3T i-pc-Si:H 475 £ 6 9.30 £ 0.4 45.0 £4.0 1.97 £0.20 22.7 + 2.6 354 £ 70
SJi-pe-Si:tH 504 £ 5 19.9 £1.2 64.1 £ 0.7 6.40=*=040 3.3+£03 285 £ 20

tire contact, but only from the point where it is collected to the metal dot of the middle
contact. The contribution to the resistance of the square 4 mm by 4 mm area is therefore
assumed to be halved. This results in a final estimated value for the added series resistance
of 37.2Qcm?. The measured value for the series resistance of the a-Si:H subcell, derived
from the slope of the JV curve close to the V.., has increased with 28.8 + 6.8 2 cm?. This
is in the same order of magnitude and comparable to the estimated value for the series
resistance added by the middle AZO contact.

The Rg, of the 3t a-Si:H top subcell is decreased, which indicates that the light-
generated current can follow alternative paths more easy. One possible explanation to
this is that by forcing the current through the high resistive middle contact and out of the
cell structure, it could find shunts between the n-a-Si:H layer and the front TCO closer
to the edges of the substrate. Near the edges of the substrate there is a higher chance for
shunts caused by a more inhomogeneous deposition quality [31]. On top of that, damage
could be inflicted to the a-Si:H top cell by sputtering the middle AZO contact on to the
tunnel recombination layer. This might also be the reason why for the 3t pc-Si:H bottom
subcell the increase in series resistance is substantial, whereas the drop in shunt resistance
is not observed. Both an increase in series resistance and a decrease in shunt resistance
ultimately influence the maximum power point operation, which results in a lower fill
factor and efficiency.

By reducing the light-generated current, the effect of series resistance on the operation
of the solar cell and particularly the fill factor can be reduced, since the added resistance
losses of the AZO contact will be lower. On the other hand, the effect of the decreased
shunt resistance of the 3t a-Si:H top subcell on the JV characteristic will be moderately
stronger for lower light-generated current, since the leakage current caused by shunts is
subtracted from the light-generated current. The dashed lines in figure 4.22 represent
measurements with reduced light intensity through a neutral density filter. The fill factor
for the top cell was increased from 39.4 to 55.5, for the bottom cell it increased from 45.0
to 53.9. This indicates that the added series resistance significantly affects the obtained
JV measurement through the middle AZO contact. The external parameters obtained
from these measurements, except for V. and Js, are therefore not accurately describing
the light current-voltage characteristics of the individual three-terminal subcells.

When designing the three-terminal device structure and determining the required thick-
ness for the middle contact, the purpose was only to collect current through this contact
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in the external quantum efficiency setup. Collection of a light-generated current at STC
conditions would require a much thicker contact than the 200nm in this design, in the
order of 5pm. This would, however, make it more complicated to fabricate a current-
matched three-terminal cell [28]. Furthermore the shape of the middle contact can be
improved by widening and/or shortening the current path towards the metallic dot, as
this contributes most to the series resistance. A shorter path is favourable since a wider
path would increase the active cell area even more than the design used in this study.

4.2.2 External Quantum Efficiency

The middle contact allowed for separate characterisation of the top and bottom subcell
of the tandem structure. This way the subcells could be measured at short-circuit condi-
tions without applying any bias voltage or bias illumination to saturate the non-measured
subcell. Figure 4.23 (a) shows the EQE curves for the top and bottom subcell, including
the sum that represents the overall EQE for the three-terminal structure. To assess the
effect of the middle contact, figure 4.23 (b) shows the EQE for a normal tandem cell with
the same deposition parameters, deposited on the same substrate. The subcells of the
normal tandem device were measured by saturating the non-measured subcell with a high
intensity bias illumination and by applying the approximate open-circuit voltage of the
non-measured subcell. This method is regularly used to characterise multi-junction solar
cells under short-circuit conditions [42, 45].

(a) . Three-terminal - SJ (b) ) Normal tandem - bias
.+ i-a-Si:H, 200 nm .« i-a-Si:H, 200 nm
0.8+ ———i-pc-Si:H, 2500 nm; 0.8} ————i-pc-Si:H, 2500 nm |
'—""\
@ 0.6 | NN o) 0.6 f s
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0 : 0 : |
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Wavelength [nm] Wavelength [nm]
Cell type a-Si:H top ne-Si:H bottom Summed
(a) Three-terminal - SJ 9.66 mA cm 2 9.35mA cm~?2 19.01 mA cm 2

(b) Normal tandem - bias ~ 9.57 mA cm—? 11.35mAcm™2  20.92mA cm™2

Figure 4.23: EQE measurement of (a) a closely matched three-terminal solar cell,
measured as sj cells through the intermediate contact without bias illumination or
bias voltage and of (b) a normal tandem solar cell deposited on the same substrate
as the closely matched three-terminal cell, measured as tandem cell with aid of bias
illumination and bias voltage.

Looking at the dashed black line in figure 4.23 (a), which represents the sum of the top
and bottom subcell curves, there is some decrease in EQE visible for the three-terminal cell
when compared to the EQE of the normal tandem cell shown in figure 4.23 (b). The total
short-circuit current density of the bottom cell is decreased with 2.00 mA cm ™2, compared
to the normal tandem cell. The wavelength range where this current is lost reaches from
about 500 nm to 900 nm. The loss of current can be attributed to the intermediate AZO
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layer, as this is the only difference between the two cells. Light can either be reflected
back to the top cell or be absorbed in the AZO layer. Both effects result in a decreased
bottom cell EQE. Reflection of light would, however, also result in an increased top cell
EQE and this is only marginally visible with 9.66 mA cm™2 for the three-terminal top cell
and 9.57mA cm ™2 for the normal tandem top cell. Optical simulations with ASA and
GENPRO4 reveals the absorption region of the middle contact AZO layer, see figure 4.24,
which starts from approximately 650 nm. The simulation of the current-matched three-
terminal structure demonstrates that the middle contact reflects light towards the a-Si:H
top cell and absorbs light in the red to IR wavelength region. This results in an increased
top cell absorption, although the i-pc-Si:H absorber layer should be more than twice as
thick than the normal tandem cell in order to be current-matched with the top cell.

a Three-terminal b Normal tandem
(a) _ Three-terminal b)) _ Normal tanden

Front AZO |

Front AZO |

= = 0.4
0.2
0
300 450 600 750 900 1050 1200 300 450 600 750 900 1050 1200
Wavelength [nm] Wavelength [nm]

Figure 4.24: Optical simulation of transmittance (T), absorptance (A) and re-
flectance (R) versus wavelength of a three-terminal (a) and a normal tandem cell
(b) with ASA and GENPRO4. Intrinsic layers of both cells are current-matched, with
11.87 mA cm~2 for the normal tandem cell and 12.46 mA cm~2 for the 3t tandem cell.
The middle AZO layer absorbs photons from about 650 nm and increases the top cell
absorption with 0.59 mA cm™2.

The three-terminal cell EQE curves in figure 4.23 (a) are measured in dark conditions,
with a low intensity probing light source. Voltage losses through series resistance of the
middle AZO contact are therefore negligibly small as the highest current through the
cell during the measurement is in the order of 1-10"2mA cm~2. In order to distinguish
between optical losses of the middle AZO contact and a possible measurement error by
applying the bias illumination and bias voltage, the three-terminal cell was also measured
with the same bias illumination and bias voltage conditions that where used to measure
the normal tandem cell. These results are shown in figure 4.25 (b).

It is clear that the measurement method with bias illumination and bias voltage in-
fluences the spectral response of the top cell and to a minor extent also the bottom cell.
Both three-terminal subcells in figure 4.25 (b) clearly show an increased EQE compared
to the subcells shown in figure 4.25 (a). The different outcome of directly measuring the
subcells through the middle AZO contact and measuring the three-terminal cell as a tan-
dem structure is most probably caused by applying a bias voltage that was not accurate
enough to put the measured subcell in short-circuit conditions. As discussed in section
2.3, the electric field distribution in the solar cell is affected by both applied voltage and
bias illumination. The EQE must be measured at 0V applied voltage and 1 sun illumi-
nation, otherwise the conversion from EQE to Jg. is invalid and the measurement should
be referred to as apparent quantum efficiency (AQE) [44]. Often the 1 sun light intensity
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(a) 1 Measured as SJ subcells (b) 1 Measured as tandem cell
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Figure 4.25: EQE measurement of a closely matched three-terminal solar cell,
measured as (a) sj subcells through the intermediate contact without bias illumination
or bias voltage and (b) as tandem cell with aid of bias illumination and bias voltage.
Note that figure (a) is a copy of figure 4.23 (a) for comparison.

requirement is relaxed, since the error that results from measuring at low light intensity
compared to maximum power point operation is negligible [42]. In order to evaluate if the
applied voltage could have caused the increased EQE of both subcells, a series of measure-
ments was performed applying a range of different bias voltages across the 3t tandem cells’
front and back contact. This bias range is chosen around the V. of the non-measured
subcell, taking both lower and higher values.

Table 4.3: Applied bias voltage range to the 3t tandem cell and obtained short-
circuit current densities for both top and bottom subcell measurements. For compar-
ison, the obtained short-circuit current densities of the EQE measurements through
the middle AZO contact are included.

Applied bias voltage a-Si:H top Applied bias voltage pc-Si:H bottom
0.30V 10.2mA cm~2 0.70V 9.80 mA cm 2
0.40V 10.1 mA cm ™2 0.80V 9.66 mA cm 2
0.50V 10.0mA cm—2 0.90V 9.48 mA cm~?2
0.60V 9.91 mA cm—2 1.0V 9.20mA cm—2
0.70V 9.77mA cm 2 1.1V 8.49 mA cm—?2
SJ subcell - no bias 9.66 mA cm 2 SJ subcell - no bias 9.35mA cm~?2

Figure 4.26 shows that increasing the applied voltage will decrease the spectral response
of the measured solar cell, which can be explained by the internal electric field that is
weakened. As described in section (2.3.1), the subcell that absorbs the bias illumination
will operate at a forward bias that is approximately equal to its open-circuit voltage.
Without applying any bias voltage, i.e. the measurement setup applies 0.0V at the solar
cell terminals, the measured subcell will operate at a reverse bias equal to the forward bias
generated in the saturated (non-measured) subcell. The applied voltage should therefore
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Figure 4.26: EQE measurements with varying bias voltage of (a) the 3t a-Si:H
subcell with zoom area in figure (b), and (c¢) the 3t pc-Si:H subcell with zoom area
in figure (d).

be equal to this forward bias in order to measure the subcell of interest at short-circuit
conditions.

Given the open-circuit voltage of the 3t nc-Si:H bottom subcell is approximately 0.47V,
applying this voltage should in theory give the same EQE curve for the 3t a-Si:H top subcell
as the one found by measuring through the middle AZO contact without bias voltage and
illumination in figure 4.23 (a). Table 4.3, however, clearly shows that applying 0.70 V still
results in a Jy. than what was found through the middle AZO contact, with 9.77 mA cm ™2
at a bias voltage of 0.70 V compared to 9.66 mA cm~2 through the middle AZO contact
without bias voltage.

The open-circuit voltage of the 3t a-Si:H subcell is approximately 0.83V. Applying
this voltage should in theory give the same EQE curve for the 3t pc-Si:H bottom subcell
as the one found by measuring through the middle AZO contact without bias voltage and
illumination in figure 4.23 (a). Table 4.3, however, clearly shows that this voltage should
instead be between 0.90V and 1.0V.

We can conclude that the voltage distribution between the subcells of a tandem device
during EQE characterisation is complicated. It has been demonstrated that the measure-
ment method that includes bias illumination and bias voltage can not exactly reproduce
the true EQE curve of the single junction subcells by applying the V;. of the non-measured
subcell.
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The results and discussions will be summarised and conclusions will be drawn for each
separate section. The recommendations section will be divided into recommendations
related to the performed experiments, the methods used and to future research.

5.1 Dark JV

5.1.1 Amorphous silicon

The three-terminal a-Si:H top subcell with an intrinsic layer thickness of 200 nm shows
a lower mobility gap energy of 1.62 4+ 0.02eV compared to 1.70 &= 0.01eV for a single-
junction cell from the same deposition run. It is likely that thermal annealing of the
i-a-Si:H layer occurred by the deposition of the middle AZO contact and bottom cell.
If hydrogen is effused by thermal annealing of these further process steps, this would
increase the defect density of the intrinsic a-Si:H layer, lowering its mobility gap. An
increase in dark saturation current density and ideality factor further support this, since
these indicate a higher recombination rate in the bulk intrinsic layer that could be caused
by an increase in dangling bond density.

5.1.2 Microcrystalline silicon

The pc-Si:H subcell in the three-terminal tandem cell with an intrinsic layer thickness
of 2500 nm demonstrates a dark saturation current density very close to the single junction
cell from the same deposition run. A mobility energy gap of 1.08 + 0.01 eV was determined,
which is significantly lower than the value of 1.19eV determined by Pieters et al. [22] and
the obtained mobility gap of 1.17 £ 0.01 eV for the SJ pc-Si:H cell. The higher crystallinity
of the three-terminal bottom subcell obtained with Raman spectroscopy, as compared with
the SJ ne-Si:H cell, is not significant enough to explain the decreased mobility gap [51, 59].

5.1.3 Micromorph tandem

The three-terminal tandem cell shows a mobility gap energy of 1.77 £ 0.01 eV, which
is close to the mobility gap of the SJ a-Si:H cell of 1.70 4+ 0.01eV. However, it is likely
that this mobility gap belongs to the tunnel recombination junction, as it was determined
in the high forward voltage region where the dark JV curve is suppressed by a non-ideal
operation of the TRJ [39]. Pseudo JV curve measurements confirm that the ideality factor
of a micromorph tandem cell in the second exponential region (see figure 2.4) is the sum
of the subcell ideality factors in their respective exponential region. For this particular
three-terminal cell the ideality factor determined from pseudo JV curves is 3.51 4+ 0.03,
the additions of the a-Si:H subcell (m =1.79 £+ 0.02) and the pc-Si:H subcell (m =1.64
+ 0.01) yields a value of 3.53 £+ 0.03. The same analysis did not hold for the dark JV
measurements as the ideality factors were affected by series resistance in the higher forward
voltage region of the subcells and an inefficiently operating TR.J for the tandem cell.

65
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The temperature dependence of the applied voltage distribution over the subcells of
a micromorph tandem cell was determined from the single-junction a-Si:H and pc-Si:H
cell dark JV measurements. It has been demonstrated that the onset voltage for the pc-
Si:H cell will decrease for increasing cell temperature. This observation indicates that the
increase of dark current density as a function of temperature is higher for a-Si:H cells than
for pe-Si:H cells in the low applied voltage region. It also revealed that the first exponential
region on the dark JV curves of the three-terminal tandem cell was completely concealed
by current spreading.

5.2 Three-terminal device performance

5.2.1 Light JV

The performance of the three-terminal tandem cells was compared to normal tandem
cells on the same substrate. The initial conversion efficiency of 8.99 £+ 0.72% is not
record-breaking, but reasonably good for the purpose of this study. The most important
observation was that only a small loss of V5, (25 mV) was found after the introduction of
the middle AZO contact. An increased series resistance was observed upon measuring the
top and bottom cell through the middle contact. An estimated value for the added series
resistance by lateral conduction through the middle contact resulted in 37.2Q cm?, which
is very close to the observed increase in series resistance for the top a-Si:H subcell of 28.8
+ 6.8Qcm?.

5.2.2 External Quantum Efficiency

Being measured in dark conditions without bias illumination, the effect of the added
series resistance by the middle AZO contact was eliminated for the EQE measurements
of the three-terminal top and bottom subcells. The obtained "true" EQE curves for the
top and bottom subcells were compared with the curves obtained with the standard mea-
surement method for multi-junction solar cells, which applies bias illumination and bias
voltage. It has been demonstrated that applied voltage can easily introduce measurement
artifacts, i.e. the spectral response of the measured subcell is affected by not being mea-
sured under short-circuit conditions, which ultimately changes the internal electric field
and thereby the collection efficiency of charge carriers. It therefore remains an interesting
research topic to monitor the voltage at the TRJ for various measurements, as the voltage
distribution between the subcells clearly affects the tandem cell performance.

5.3 Recommendations

Regarding the performed experiments, the three-terminal device structure should be
improved by eliminating most of the current spreading and series resistance effects in
order to obtain more reliable and easily comparable dark JV curves. The n-layer of the
a-Si:H top subcell could possibly be removed with reactive ion etching prior to deposition
of the bottom cell. The design of the middle contact should also be adjusted to lower the
added series resistance for measurements through the middle AZO contact substantially.
This can either be accomplished by increasing the layer thickness or by changing the
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aspect ratio of the current path to the metal dot of the middle contact. If it is possible
to obtain dark JV curves for each of the subcells and tandem cell unaffected by series
resistance or current spreading, the voltage drop across the TRJ could for instance be
calculated. This can be accomplished by including the tandem cell dark JV curves to the
voltage distribution calculation, which could potentially be a good method to determine
the performance of the TRJ.

The lower mobility gap that was observed for both three-terminal subcells compared
to the single-junction cells from the same deposition run requires further investigation.
When the obtained values in this work are proven to be correct, it would potentially
be a topic for studying the effect of bottom cell deposition on structural changes in the
top a-Si:H cell. An attempt could be made to fabricate three-terminal tandem cells with
reduced current spreading and series resistance. Another option is to obtain the mobility
gap from series-resistance-free variable intensity measurements at different temperatures
on the devices discussed in this study. However, the temperature range would be limited
to 15°C to 55 °C by limitations of the light JV measurement setup.

Correctly characterising the EQE curve for subcells of a multi-junction solar cell still
proofs to be complicated. Further investigation on the effect of applied voltage on the
three-terminal subcells is worthwhile to gain knowledge on applying the correct bias volt-
age to measure each individual cell under short-circuit conditions. Adjustments to the
EQE measurement setup are required to actually monitor the voltage at the tunnel recom-
bination junction (TRJ) when a measurement is performed. These adjustments include a
software extension to the LabVIEW program that controls the setup. The voltage at the
TRJ of the tandem solar cell should be measured as a DC signal with respect to either
the front or back contact, since every light contribution to the change in voltage should
be accounted for. This could ultimately be a good method to adapt the bias illumina-
tion intensity and applied bias voltage and check whether the measured subcell is under
short-circuit conditions for the entire spectral range. EQE curves from normal tandem
and three-terminal cells measured at the same bias illumination and bias voltage settings
should then be compared, which could potentially improve the characterisation quality of
multi-junction cells.

Lastly it might be interesting to model the current spreading effect more accurately
with a square back contact on a rectangular substrate. This way a dark JV measurement
curve that is influenced by this effect can be corrected to obtain the JV curve free from
current spreading. This could particularly be interesting for multi-junction structures,
where it is difficult to remove n-type layers located between subcells.
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6 | Appendix

6.1 Dark JV

This part of the appendix will show the dark current-voltage figures including reverse
bias characteristics for the single-junction cells, the three-terminal tandem cell and subcells
measured through the middle AZO contact. The reverse bias characteristics are not further
discussed in this study.

6.1.1 Single-junction cells
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Figure 6.1: Dark current-voltage curves including reverse bias characteristics for
(a) an a-Si:H and (b) a pc-Si:H single junction cell with intrinsic layer thicknesses of
200nm and 2500 nm respectively, measured at temperatures ranging from 100 °C to
30°C. Note that the y-axis ticks are different for both figures.

6.1.2 Three-terminal tandem and subcells
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Figure 6.2: Dark current-voltage curves including reverse bias characteristics for
(a) an a-Si:H and (b) a pc-Si:H three-terminal subcell with intrinsic layer thicknesses

of 200nm and 2500 nm respectively, measured at temperatures ranging from 100 °C
to 30°C.
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Figure 6.3: Dark current-voltage curves including reverse bias characteristics for
the micromorph three-terminal tandem cell with varying, measured at temperatures
ranging from 100 °C to 30 °C.

6.2 Standard deviation of Mobility energy gaps

The standard deviations of the mobility energy gaps are obtained by propagation of
the dark JV measurement uncertainties. As explained in section (3.2.5), contributions
to the measurement uncertainty are introduced by the temperature accuracy of + 0.5K,
resulting in an error between 0.13% and 0.16% for the temperature range of 100°C to
30°C. Furthermore there are contribution of setting the voltage with an accuracy of
0.15% and reading the current with an accuracy better than 0.01%. The sum of squares of
the measurement uncertainties was used to calculate the upper and lower bound voltage-
dependent activation energy curves by a least-squares fitting method to equation (2.2.8),
presented in figure 6.4. Note that the measurement uncertainty is increased on purpose for
this figure to clearly show the different curves. After the standard deviations derived from
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Figure 6.4: Mean, upper and lower bound fit to the dark JV measurement data
for an a-Si:H single-junction solar cell.

the 95% confidence intervals were included to the obtained upper and lower bound data,
each curve was fit to the analytic equation for the voltage-dependent activation energy as
proposed by Pieters et al. (equation 2.2.10). The mobility energy gap values for the upper
and lower bound curves were used to obtain the propagated standard deviation from the
mobility gap value obtained from the measurement data (mean fit). Note that a similar



6.3. Current spreading 75

method was used to obtain the standard deviations to the ideality factors obtained from
dark JV and pseudo JV curves.

6.3 Current spreading

The current spreading effect was modelled for a single-junction a-Si:H cell based on
the ideality factors and dark saturation current densities obtained from the SJ a-Si:H cell
with intrinsic layer thickness of 200 nm in figure 4.1. The cell was modelled as a circular
contact dot with a radius of 2mm as the centre of a circular shaped substrate with a
radius of 12.5mm. The n-layer below the metal contact has a thickness of 20nm and a
conductivity of 2- 1072 Sem™!. Section (2.2.2) describes the equations used for calculating
the voltage drop AV over the n-layer and the resulting lateral current collection. Figure
6.5 shows the obtained JV curves for varying temperatures in comparison with the single
diode curves with the same ideality factor and dark saturation current density based on
equation (2.2.3).
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Figure 6.5: Dark current-voltage curves including reverse bias characteristics for
the micromorph three-terminal tandem cell with varying, measured at temperatures
ranging from 100 °C to 30 °C.

The modelled JV curves reveal the current spreading effect in the low forward voltage
region, being more present for the lower temperature curves. Here the effect will be limited
by the geometrics of the entire substrate. In order for the model to fit experimental data,
the substrate and the location of the back contact will need to be modelled more accurate,
which might be quite difficult for a rectangular shaped substrate and a square contact dot.

6.4 Pseudo JV

The pseudo JV curves obtained through variable intensity measurements for the single-
junction a-Si:H and pc-Si:H cells and the normal tandem cell are shown in figure 6.6,
together with the dark JV curves measured at 25 °C. There is a very good overlap between
the dark JV and pseudo JV curves in the measured voltage region for the single-junction
cells and the tandem without middle AZO contact. Even the effect of current spreading
is clearly visible and overlapping in figure 6.6 (c). The ideality factors obtained from the
pseudo and dark JV curves are very close for each of the cells.
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Figure 6.6: Pseudo JV curves compared to dark JV curves measured at 7' = 25°C
of (a) the a-Si:H SJ cell, (b) the pc-Si:H SJ cell and (c) the normal tandem cell.
Least squares fits to the single diode equation between the vertical dashed lines for
each curve resulted in an ideality factor of (a) 1.58 & 0.01 and 1.63 £ 0.03, (b) 1.71
+ 0.02 and 1.67 £ 0.03 and (c) 3.31 + 0.02 and 3.56 + 0.07 for the pseudo JV curve
and dark JV curve respectively.
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