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Abstract i

Abstract

This thesis examines the detailed modelling of monocrystalline silicon solar cells.

e The first part of the thesis forms an introduction to the numerical ssimulation of silicon
solar cells.

The device physics of solar cells is presented in steps of increasing complexity. The
simplest analytical model of a p-» junction cell consisting of an emitter and a base is taken as
a starting point. This can be considered as offering a basic skeleton of equations that govern
the device physics of solar cells. This helps us to understand and interpret the numerical
simulation results explained in the following parts of the thesis.

More refined analytical models are then described in order to include the front and rear
surfaces, the influence of non-ideal dark current components and escape reflectance due to
multiple interna reflection in the infrared wavelength range. The analytical calculation of the
saturation current density of diffused emitters with a doping profile is also discussed.

A numerical discretisation method for device ssimulation is briefly outlined. The one-
dimensional numerical solution for a simple solar cell structure is discussed and compared
with the simplified analytical approach. Ray tracing simulation of optical reflection and
absorption in textured silicon solar cells is explained, including the simulation of optical
carrier generation rates in textured silicon solar cells. The first part of the thesis ends with a
description of the circuit simulation method that accounts for distributed resistive losses in the
metal grid, non-generation losses, and perimeter losses present in actual solar cells.

¢ An object oriented simulation environment for solar cell modelling, called PVObjects, is
presented. It is implemented using the Mathematica programming language. The object
oriented approach permitted the construction of the simulation tool and its data in the same
way as our knowledge about solar cells is structured. This knowledge is represented in terms
of object categories, alowing us to add specialised categories, reflecting existing objects
found in a solar cell laboratory as semiconductor materials, solar cells, and measurement
facilities.

PVObjects also includes a basic set of models describing the solar cell physics. This allows
an easy focusing on the parameter dependencies of the physical models used in solar cell
simulation.

Simulations are conducted using analytical models implemented in Mathematica or by
interfacing with the numerical simulation programs RAYN, MESH, and DESSIS. All input
files for numerical device simulations are generated by PVObjects, and the simulation output
is evaluated. A solar cell structure to be investigated by numerical device simulation with
DESSIS can be efficiently implemented in two and three dimensions, varied and enhanced by
using PVObjects.

e The commonly used band gap narrowing (BGN) models for crystalline silicon do not
describe heavily doped emitters with sufficient precision. One of the reasons for this is that
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the applied BGN models were empirically derived from measurements that assumed
Boltzmann statistics.

In contrast to previous studies — which used Boltzmann statistics and empirical apparent
BGN data - Fermi-Dirac statistics and a quantum mechanically derived band gap narrowing
model are employed here. This new emitter model is applied to the numerical simulation of
the recombination properties of phosphorous-doped silicon emitters. It is demonstrated that
carrier degeneracy and the new BGN model substantialy affect the electron-hole (p-n)
product within the emitter region.

Using the new emitter model to simulate heavily doped emitters, lower values for the hole
density near the front surface of the emitter are obtained. Thus, the surface and Auger
recombination fractions of the emitter are both reduced. As a consequence, (a) ssimulated
saturation current densities of heavily phosphorous doped emitters, calculated with the new
BGN model, are lower than results obtained with the empirical BGN model of del Alamo; and
(b) significantly higher values for the surface recombination velocities of heavily doped
emitters have to be specified in combination with the new emitter model to obtain the same
surface recombination currents.

The recombination velocity of minority carriers at the surface of phosphorous doped
emitters is re-extracted from published measurements of the emitter saturation current. In
conclusion, emitters with dopant densities higher than 3x10" cm™ can be described with a
considerably higher level of precision than has been previously possible.

e A detailed analysis of silicon on insulator (SOI) thin film cellsis presented. An analytical
model for the external reflection of planar SOI cells is developed, including multiple internal
reflection in the epitaxialy-grown layer and in the substrate. The optical properties of
textured SOI cells are described employing ray tracing simulation. These optical baseline
models are verified experimentally by reflection measurements. Textured (planar) SOI
baseline cells absorb 82 % (71 %) of the incident photon flux in the epi-layer for illumination
with the AM1.5 spectrum. The influence of epi-layer thickness on the reflection and
absorption properties of planar and textured SOI cells are examined. A strong dependence of
the maximum achievable short circuit current density Js. ... Of the planar cell on epi-layer
thickness is found. Increasing the epi-layer thickness from 15 to 100 um leads to a relative
increase of Jy. mqx Of 18 % for the planar cell, compared to only 10 % for the textured cell.

Accurate numerical baseline models for the simulation of the electrical performance of SOI
cells were established. The recombination parameters are determined from simulated contours
of constant V,. by comparison with the measured V,.. This method yields a higher accuracy
than the extraction of the effective diffusion length from spectral response measurements.

The influence of epi-layer thickness and the recombination parameters on the electrical
performance of planar and textured SOI cells was investigated. A gain in V,. can be achieved
by a surface texture in comparison to a planar cell front. J,. of a textured SOI cell can be
increased for low minority carrier base diffusion lengths if the epi-layer thickness is reduced.
This is a result of the efficient light confinement achieved by inverted pyramids. Opposite
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trends in the influence of epi-layer thickeness on J;. are found comparing planar and textured
surfaces for a base diffusion length of L, =50 um. J,. can be dightly increased for reduced
epi-layer thicknessiif the front surface is textured whereas J;. decreases for the planar cell.

Measured fill factor values of a batch of SOI solar cells tend to display substantial
variation. The origins of these deviations were investigated by taking measurements from two
batches of solar cells processed using comparable conditions. The realised cross sectional area
of the meta fingers plays a dominant role in determining the value of the fill factor. Hence,
variations in the el ectroplating process, used to increase the cross-sectional area of the contact
fingers, cause deviations in the measured fill factor values of different cells. The asymmetric
shape of the relative fill factor frequency distribution can be understood by appeal to a simple
statistical approach. The obtained probability distribution is in accordance with the frequency
distribution of the fill factor. It is concluded that one should not compare the mean fill factor
value of asolar cell batch to ssimulation results.

e 21.4 % efficient rear-contact cells (RCC) with interdigitated contact grids processed at
Fraunhofer ISE on 1.25 Qcm float zone silicon are analysed in detail. The numerica
simulation model employs optical ray tracing, two-dimensional electrical device simulation,
and circuit simulation. In addition to previous models for the RCC optical carrier generation,
distributed metal resistance losses and perimeter losses were accounted for numerically.

A new approach to separate bulk- and surface recombination losses is presented combining
photoconductance decay and open circuit voltage measurements with numerical device
simulation. The interface surface recombination velocity of the thermal oxidised emitter
covering the front surface is deduced to be 1500 cm/s, while the bulk diffusion length is
1200 pm.

The simulations reveal that at maximum power point, 80 % of the total recombination is
due to Shockley-Read-Hall recombination in the base.

A shunt effect at the floating emitter junction at the front side is shown to cause a strongly
reduced spectral response for low illumination levels as well as a hump in the dark /-1 curve.
Both effects could be modelled quantitatively assuming the same shunt resistance.

Losses due to the distributed metal resistance (including non-generation losses) were
determined to cause a fill factor decrease of 1% absolute. Recombination at the cell’s
perimeter led to an additional fill factor loss of 1.5% absolute.

In addition, parameter variations were performed. The optimum cell thickness is located in
the thickness range from 100 um to 150 um. A relative increase of 2% in cell efficiency
results from a reduced thickness in comparison to the baseline value of 250 um for the
realised cell. The metal finger spacing of the highly efficient RCC mainly affects the fill
factor. Internal series resistance losses in the semiconductor cause a 3 % relative drop in the
fill factor by increasing the metal finger spacing from 300 pm to 800 pum.

When changing the surface concentration of the front and rear emitter diffusion from
5x10% to 1x10" cm® (for constant sheet resistance), a relative improvement in efficiency of
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3 % was predicted. This modification has lead to an increase in the realised cell efficiency
from 21.4 % to 22.1 %, which is a 3.3 % relative improvement.
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10 Introduction

1 Introduction

Photovoltaics (PV), the direct conversion of sunlight into electric energy, is one component
of an evolving energy mix. This technology provides severa attractive features, such as
pollution-free operation, relatively low maintenance costs, and modularity. In future energy
scenarios solar cells (or PV cells) may well occupy an increasingly prominent role in global
electricity generation in order to limit environmental pollution and to slow down the rate at
which greenhouse gas concentration is rising.

1.1 A new energy paradigm including renewable energy based on
price competition

The economic and socia dimensions of the present climate change are threatening.
According to the Intergovernmental Panel on Climate Change Assessment, globa carbon
dioxide emissions have risen by 3.3% per year since 1950, average global temperatures have
increased from 0.3 to 0.6 °C since the late 1800's, and recent years have been among the
warmest since the 1860's [1]. The average global temperature is likely to rise by 2 degrees C
during the next century (range: 1° to 3.5° C), and in the same period the sea level is expected
toriseby 50 cm. *

Nevertheless, one has to keep in mind that modelling future climate change is based on
Globa Circulation Models (GCM’s). There are problems with the current state of GCM’s,
including inaccuracies due to a lack of understanding of the global carbon cycle and
atmospheric chemistry. Thus, there is considerable debate in the literature surrounding both
the possibility of these predicted impacts and their likely scale.

Apart from environmental concerns, several authors state that implementing renewable,
carbon-emission free energy techniques is of great economic value. Today’s dominant power
supply system is centralised, large-scale, and focused on increasing consumption. Its
successor could be decentralised, downsized and directed toward meeting demand [3]. The
forthcoming decentralised energy mix will be supplied by small modular generation units
such as combined-cycle gas turbines, wind turbines, photovoltaic panels and fuel cells.
Electricity from large power plants will soon prove too expensive for it to maintain its
traditional dominant role. As Lovins points out, ‘environmental problems due to energy use

L A partial list of potential impacts of climate change on selected natural systems includes: altered growth and
regeneration capacity of forests; altered ocean tidal range due to sea level rise; change in regional precipitation
level affecting surface and groundwater supply for drinking and industrial use; substantial changes in coastal
areas; increased mortality and illness due to intensity and duration of heat waves; and increased exposure of
humans to certain infectious diseases (malaria, dengue, etc.) [2].
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are unnecessary and only increase business costs. Specifically, meeting and surpassing the
Kyoto Protocol climate-protection targets will not be costly but profitable, because saving fuel
costs less than buying fuel, let alone burning it’ [4].

Major oil and €electricity companies have aready realised the opportunities offered by
renewable energy. Both BP Amoco and the Royal Dutch/Shell company have launched
significant research programs and investments in the solar energy field. Furthermore, Shell is
working on biomass fuels. The Shell scenario predicts a half-renewable world energy supply
by 2050, based on price competition and granting solid commercial profit [5].

1.2 The value of lowering the cost of solar power

Kim et al [6] investigated the cost for implementing PV and the likelihood of PV making a
significant contribution to the global energy system. Their model considers the interaction
between population, economy, energy, agriculture, land-use, greenhouse gas emissions, and
atmospheric dispositions. The approach compares a reference energy system over time with
an aternative policy path. It is assumed that the global population will eventually stabilise at
approximately 11 billion people. Fossil energy forms are defined as resource-constrained
technologies. In addition, the model considers solar power, nuclear power, hydroelectric
power, and biomass-derived power. Nuclear power is assumed to have been phased out in
Western Europe and North America.

The reference model assumes a transition from the present conventional oil and gas-based
world to a future world dominated by coal. It exhibits continued growth in fossil fuel
emissions. This growth is inconsistent with eventual stabilisation of CO, concentrations. This
is a common vision of the future [7]. Assuming no carbon constraints, the highest PV-cost
tragjectory under the reference’ s assumptions predicts a 10 % contribution to global electricity
generation in 2095. This contribution rises to around 40 % for the lowest PV-cost trajectory.

An adternative policy path would impose carbon constraints in order to stabilise
atmospheric CO, concentrations significantly. This, in turn, alters the evolution of the global
energy system. PV helps to lower the required emission reduction necessary to comply with
any carbon constraint. Once the carbon constraints are in place, PV technology offers a
carbon-free option for electricity. In this case, PV substitutes not only for fossil fuel
technologies, but also for expensive conservation measures.

Assuming a 750 parts per million by volume (ppmv) carbon constraint ceiling, savings of
over US$59 hillion (1996) until 2095 would result in the highest PV-cost trajectory. Thisrises
to US$4500 hillion in the lowest PV-cost trajectory under a 450 ppmv carbon constraint
ceiling [6]. It is not surprising that these results depend on the cost evolution of the utilised
PV technology. However, the authors of the study come to the conclusion, that the value of
solar technologies is robust across awide range of sensitivities.



12 Introduction

1.3 Different routes in Photovoltaics research

R&D investments in alternative technologies will help to reduce costs. A wide range of
solar cell structures on the basis of different semiconductor materials are being investigated in
laboratories around the world.

o Single- and multicrystalline silicon cells processed on wafers

Mature cell concepts include the standard screen printed cell or the buried contact
approach. Crystaline silicon solar cells can be produced on a large scale already, resulting in
cell efficienciesin the 15-18 % range [8]. Rear contacted cells are presently being developed
with aview to low cost production. Chapter 7 of this thesis presents a detailed analysis of rear
contacted cells on monocrystalline silicon.

The highest efficiency levels for one sun application were reported for the local back
surface field (or passivated emitter rear locally diffused) cell structure made of single
crystalline float zone silicon. The evolution of silicon solar cells is depicted in [9], while the
present state in research on crystalline silicon solar cellsis resumed in [10].

o Crystalline silicon thin-film solar cells

Major advantages of the crystalline silicon thin-film (CSITF) cell are a reduction in
material costs compared to wafered cells and the option for integrated series interconnection
of the module. As silicon is an indirect semiconductor absorbing light only weakly in the
infrared wavelength range, light confinement in thin silicon solar cellsis crucial (Section 6.2).

Depositing thin silicon layers on substrates that withstand processing temperatures higher
than 1000 °C is called the *high-temperature approach’ [11]. An interesting model system for
a thin-film cell is the SOI cell investigated in detail in Chapter 6. If the highest processing
temperatures are restricted to temperatures lower than 600 °C, inexpensive substrates such as
glass can be used. Thisis called the low temperature approach, reviewed in [12].

o Amorphous silicon alloy

Amorphous silicon aloy (a-Si) technology offers a way to reduce material costs, as only a
very thin (Iess than 500 nm) film is needed. However, a disadvantage with thisis the presence
of dangling bonds and other defects that impede carrier transport. Exposure to light also
creates metastable states in the gap, which degrade material and cell performance. The present
status of amorphous silicon alloy research isreviewed in [13].

o  Cadmium telluride

Cadmium telluride-based thin-film technologies are seen as one viable option for low cost
PV. The thin films and the back contact electrodes can be deposited onto a glass superstrate
and the cells can be interconnected by monolithic integration. Current activitiesin CdTe solar
cell research are focused on the development of a low cost, reliable, high throughput
manufacturing technology [14].
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o Copper indium (gallium) diselenide (CIGS)

High performance PV modules in a laboratory stage were demonstrated using
heterojunction cells made of Cu(In,Ga)Se;, (CIGS). The cell performance was optimised on an
intuitive basis and by empirical optimisation of the deposition process. Future research will
address an improvement in the understanding of the defect chemistry and the structure of the
CIGSS absorber. An up-to-date review on CIGS research can be found in [15].

o Solar cells made of II1I-V compound semiconductors

[11-V compound semiconductors are grown by liquid phase epitaxy (LPE) and by metal
organic vapour phase epitaxy (MOVPE), and allow to realise various band gaps. This
technology - more expensive than silicon based solar cells - is mainly used for space solar
cells, concentrator solar cells, and in thermophotovoltaic generators. Growing Il1-V
compounds lattice matched on GaAs or Ge substrates alows the fabrication of monolithic
multi-junction cells boosting the cell efficiency beyond 30 %. The application of I11-V
compound semiconductors to solar cell fabrication is reviewed in [16].

Thislist of solar cell approachesis by no means complete. However, the emerging PV market
will incorporate different cell concepts and semiconductor materials.

1.4 Motivation and thesis structure

Optimising cell efficiency is a major challenge in terms of reducing costs. Solar cell
simulation as outlined in this thesis is a powerful tool for quantifying and minimising the
losses that limit the cell efficiency. The quantification of limiting losses in crystalline silicon
solar cells was made possible by applying numerical semiconductor simulation techniques
and advanced models for the physical properties of silicon. These were either developed or
improved in the past few years, thereby allowing us to understand and optimise the
performance of monocrystalline silicon solar cell structures.

This thesis provides substantial contributions to severa areas of solar cell modelling,
improving the basis for device optimisation.

In Chapter 2 the device physics of solar cells is presented in steps of increasing
complexity. Starting from the fundamental equations that describe semiconductor devices
(Section 2.1), solutions are first discussed for the most simple cell model. The device
equations are solved for a simple p-»n junction cell consisting of an emitter and a base, each
with a constant doping profile, with no boundaries taken into account (Section 2.2). In this
most simple model, the ideal current-voltage characteristic of asolar cell is obtained. This can
be seen as a basic skeleton of equations governing the device physics of solar cells. A
knowledge of these equations helps to understand and interpret the numerical simulation
results explained in the following parts of the thesis
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In Section 2.3 the most critical assumptions used in the derivation of the current-voltage
characteristics are discussed, and the ideal solar cell model is extended to include both the
front and rear surfaces (Section 2.3.4). The influence of non-ideal dark current components
such as depletion region recombination and injection-level dependent surface recombination
on the solar cell’ s current-voltage characteristics are briefly discussed in Section 2.3.6.

The optical properties of planar cells, including multiple internal reflection in the infrared
wavelength range, can still be handled analytically. Section 2.3.7 outlines the derivation of an
expression for the optical charge carrier generation in planar silicon cells. Using the same
basic approach, the external reflection of planar cells, including escape reflectance, can be
described (Section 2.3.8). The concept is elaborated upon in the latter part of this thesis in
order to describe the optical properties of thin planar silicon cells on insulating substrates.

The analytical calculation of the saturation current density of diffused emitters with a
doping profile - asisthe case in most solar cells - is discussed in Section 2.3.9. The analytical
approach is sufficiently accurate for non-degenerated emitters.

The semiconductor device equations can be solved with a higher level of accuracy by

applying numerical methods. In Section 3.2, it is briefly explained how the basic equations
governing carrier transport in a solar cell are solved numerically in a commercial device
simulation program using a discretisation method. The one-dimensional numerical solution
for a ssimple solar cell structure is compared with the simplified analytica approach of
Chapter 2. However, to describe modern high-efficiency solar cells, two- and three-
dimensional features like surface texturisation, point contacts and selective emitters have to be
included in the calculation. Accordingly, 2D- and 3D-numerical models must be used.

In Section 3.4, the 3D ray tracing simulation of optical reflection and absorption in
textured silicon solar cells is discussed. The simulation of optical carrier generation rates in
textured high-efficiency silicon solar cellsis described in Section 3.4.3.

Thefill factor of asilicon solar cell is limited by series resistance losses in the base, at the
contacts and in the metal grid. These losses are naturally of a distributed nature; that is, one
has to account for the 2D (or 3D) carrier distribution in the semiconductor and for distributed
resistance losses in the metal grid. Furthermore, the fill factor is influenced by so-called non-
generation losses (Section 7.7). Charge carriers recombining at the cells perimeter further
degrade the fill factor. The performance of an entire solar cell can be modelled in such away
that explains distributed resistive losses in the metal grid by applying the circuit simulation
method, as outlined in Section 3.6.

Numerica simulation techniques can be used to model a wide range of solar cell

structures. Implementing two or three different solar cell structures as numerical models,
including ray tracing and device simulation, proves to be difficult when editing input files
manually. Section 4 presents an object oriented approach for 2D and 3D solar cell simulation.
The basic mechanisms (abstraction, inheritance, polymorphism and embedding of objects) to
control complexity in object oriented programs are outlined in Section 4.3 with application to
solar cell modelling. Objects representing the optical properties of textured thick silicon
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wafers and silicon-on-insulator thin film solar cells are discussed in Section 4.4. Objects
representing the optical and electrical properties of entire solar cells were implemented as
well. Solar cell models for rear contact cells (including emitter wrap-through cells and buried
base rear-contacted cells), high-efficient silicon on insulator thin film cells, and thin film cells
on a perforated intermediate layer are presently available (Section 4.5.4).

Heavily doped emitters are found in most industrialy relevant silicon solar cells. These

emitters cannot be described accurately using the same models as those for lowly doped
emitters of high-efficiency cells. When modelling heavily doped emitters, many relevant
silicon parameters and device models come into play. These are: the intrinsic carrier density
of silicon n;, the statistics for the energy distribution of free carriers, band gap narrowing
(BGN), Auger recombination, minority carrier mobility, the density of states (DOS) affected
by doping, and the incomplete ionisation of dopants. Apart from »;, al these items are effects
caused by carrier-carrier and carrier-dopant interactions. The improvements in the
understanding of the emitter over the past few years can be regarded as a development from
the ideal-gas to many-body theory.

Chapter 5 is a contribution towards a realistic emitter model. A new BGN model was used
here, which is described in Section 5.2. The characteristic entity of the emitter, the saturation
current density, is calculated numerically from the el ectron recombination current under open-
circuit conditions in the diode (Section 5.4). It is crucia to realise that application of the
enhanced models modifies the position dependent electron-hole product (Section 5.5), leading
to an altered distribution of the recombination in the emitter and in the base (Section 5.6).
Extracting the recombination velocity at the surface of phosphorous-doped emitters is
discussed in Section 5.8.

A detailed analysis of silicon on insulator (SOI) thin film cells is presented in Chapter 6.

An anaytica mode for the external reflection of planar SOl cells is developed
(Section 6.2.1). The model proved to be advantageous in extracting optical parameters of
crystalline silicon thin-film cells on a perforated SIO, intermediate layer as well. The optical
properties of textured SOI cells are described employing ray tracing simulation
(Section 6.2.2). These basdine models are verified experimentally by reflection
measurements. The influence of epi-layer thickness on reflection and absorption properties of
planar and textured SOI cellsis examined in Section 6.3.

In addition, the electrical performance of SOI cells is modelled by means of numerical
device simulation. The recombination parameters of the planar and textured SOI cells must be
extracted in order to establish electrical baseline models (Section 6.4). These baseline models
show agreement with measurements under both short circuit and open circuit conditions,
using the same set of recombination parameters. The employed optical generation rate
functions are based on ray tracing simulations. In Section 6.5 the electrical baseline models
are used to investigate, the influence of epi-layer thickness and recombination parameters on
the SOI cell performance. The dependency of the short circuit current and the open circuit
voltage on epi-layer thickness is modelled to a high degree of accuracy. Deviations of the
measured fill factor values from simulation results are observed. In Section 6.6 a statistical



16 Introduction

approach is used to investigate the origins of these deviations by taking a measurement series
of fill factor values.

Rear contact cells for one-sun application are analysed in Chapter 7. As this cell type has

been previously fabricated and analysed (especially at Stanford University), the literature on it
isreviewed in Section 7.1.

An accurate baseline model is established: A new approach to separating bulk- and surface
recombination losses in high efficiency cellsis presented in Section 7.5. The floating emitter
at the front of the rear contact cells at Fraunhofer ISE causes a strong bias light-dependency in
the spectral response at low illumination levels. This behaviour can be modelled
guantitatively, as outlined in Section 7.6. Distributed resistive losses are described by
applying the circuit ssimulation method (Section 7.7), which helps to understand and quantify
perimeter losses in rear contact cells (Section 7.8). Finally, the detailed numerical simulation
model reproduces the measured illuminated /-7 output parameters (7.9).

The baseline model is utilised to perform parameter studies investigating the influence of
wafer thickness, metal finger spacing, emitter coverage fractions, emitter profiles and
recombination parameters on the cell performance, as presented in Section 7.10.
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2 Device physics of silicon solar cells

As shown in this section, a semiconductor solar cell is based on a ssimple p-n junction. A
gualitative description of cell performance can therefore be given in terms of a very simple
model based on the Shockley diode equation in the dark and under illumination. This model is
sufficient for understanding the basic carrier transport mechanisms in the cell, and for roughly
predicting the performance parameters of a solar cell.

2.1 Semiconductor device equations

Five equations describe the behaviour of charge carriers in semiconductors under the
influence of an electric field and/or light, both of which cause deviations from thermal
equilibrium conditions. These equations are therefore called the basic equations for
semiconductor device operation. In the following they are smplified to one dimension. The
Poisson equation relates the static electric field & to the space-charge density p

d’¢(x) __dE(x) __ p(x)
dx’® dx €€,

2.1)

where ¢ is the electrostatic potential, ¢ is the permittivity of free space and & is the static
relative permittivity of the medium. The electron current density J, and the hole current
density J,, are given by Egs. 2.2 and 2.3

7.0 =+aD, P 1 1 () £ 2
7,0 ==aD, L g4, py ) 3

where n and p are electron and hole densities, 1, and p, are the electron and hole mobilities

and D, and D), are the electron and hole diffusion constants. The first terms on the right hand
side of Egs. 2.2 and 2.3 are diffusion currents driven by a concentration gradient, and the
second terms are drift currents driven by the electric field &.

The divergence of the current density J is related to the recombination and generation rates
of charge carriers by the continuity equation. The electron and hole continuity equations may
be written as

REXCOAC)]
d

. -r,(x)+G,(x)=0 (2.4)
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EELACE
q

1,(x)+G,(x)=0 (2.5)

where r(x) and G(x) are the position-dependent volume recombination and photogeneration
rates, respectively.

Substitution of the current densities Egs. 2.2 and 2.3 into the continuity equations 2.4 and
2.5 gives a coupled set of differential equations, the transport equations

d*n dn aé
D +uE—+nu,—— +G,(x)=0
d? d, a&é
D, dxlz? _ﬂhad_i_pﬂha_rh(x)-i_Gh(x):O' (2.7)

The electron and hole transport equations 2.6 and 2.7 are coupled by the electric field &.
The coupled set of differential equations 2.1, 2.6 and 2.7 can be solved with different degrees
of accuracy. The most basic approach will be discussed in the next section.
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2.2 The p-n junction model of Shockley

2.2.1 The p-n junction at equilibrium

(a) A p-type n-type
E |
Er | En
|
| E,
EF |
----------- I
Evp | Evn
®) A |
E

© A

Fig. 2.1: (@ Conduction and vaence
band-edge energies of separated p- and
n-type semiconductors; (b) band bending
of the p-n junction. The Fermi level is
constant at equilibrium; (c) space-charge
density p across the junction.

For a dark unbiased p-» junction, thermal equilibrium
conditions are fulfilled. In this section the density of
mobile charge carriers, the eectric field and the
electrostatic potential at thermal equilibrium are
discussed. For now, the most simple case is assumed, i.e.
a constant doping in the p- and n-regions with an abrupt
doping step at the transition. This is a good model for a
p-n junction grown by epitaxy. If an n-region is formed
by diffusion of donor atoms from the surface into a p-
doped material, the model is too ssimple and must be
refined.

The Fermi levels E . of two separated p- and n-doped
semiconductors are different, as shown in Fig. 2.1a

If the two materials are brought into contact, the
Fermi levels become identical. Fig. 2.1b shows a p-n
junction which isin equilibrium, so that it has a constant
Fermi level E, achieved by diffusion of mobile charge

carriers from one side of the junction to the other. This
causes band bending of the conduction band-edge energy
E. and the valence band-edge energy E,. A transient
diffusion current of electrons from the »n-doped to the p-
doped semiconductor leads to a positively charged
region in the n-type semiconductor, while hole diffusion
from the p-doped to the n-doped semiconductor causes a
negative space-charge in the p-type region. The space-
charge region is aimost completely depleted of mobile
charge carriers, so that » and p are negligibly small

compared to the donor and acceptor densities there. The resulting electric field produces a
drift force that opposes the diffusion force. The diffusion and drift forces are equa at

equilibrium conditions.

In the quasineutral regions that lie beyond the space-charge region the donor and acceptor
charges are compensated by electrons and holes, so the space-charge density is zero. For low-
injection conditions, i.e. when the maority carriers are the dominant carrier type
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(n,>>p,; p,>>n,)and a room temperature the majority carrier concentrations », and p,, in

the quasineutral regions are given by the density of ionised dopants

nn = ND (28)

p,=N,. (2.9)

For Egs. 2.8 and 2.9 to be valid it is assumed that the dopants are fully ionised. The
validity of this assumption will be discussed in Section 2.3.2. For a non-degenerate

semiconductor at therma equilibrium the free carrier concentrations are given by the
Boltzmann expressions

E -E,

ncheXp(— - f) (2.10)
E, —E

p=NVeXP[— ’kT ) (2.11)

where N, and N, are the effective densities of states of the conduction band and of the valence
band, respectively.

@) pC) For therma  equilibrium  conditions the

aNo semiconductor mass-action law n? = n(x) p(x) holds,

-w,
- » ¢ and using Egs. 2.10 and 2.11 this can be written as
-g N, n“=np=N_N,ex —E (2.12)
1 c v kT .
® w0 W,

whereE is the energy gap (E.-E,) between the

conduction and valence band edges.
A simple model for the space-charge region, the
exhaustion region approximation, was introduced by

X 9(x) '
© : 9a(X) Schottky assuming rectangular charge density
/ v, ) distributions as shown in Fig. 2.2a.
___/ __________ [ | The space-charge region is depleted of mobile
) charge carriers. Hence the space-charge density here is
p-QNR ! p-DR n-DR :-QNR  given by
w, | w,
Pox=0 p(x)=gN, (0<x<W). (2.13)
Fig. 2.2: (a) Space-charge density p(X);
(b) electric field &(x); (c) inner potential p(x)=—gN, (-W,<x<0) (2.14)

(x) across a p-n junction.
The electric field in the space-charge region can be

found by integrating Poisson’s equation, Eg. 2.1, from x =0 to the edges of the depletion
region with the constant charge densities Egs. 2.14 and 2.13.
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Thisgives

E(x) = —% W, +x) (W, <x<0) (2.15)

()= - o g7, — ) O<x<W,) (2.16)

Fig. 2.2b shows the linear dependence of the electric field on position in the space charge
region. The electric field vanishes outside this region.

Defining the Debye length L, as

1/2

£, kT
LP — 0%s
D quA (217)
kT 1/2
EE
L” — 0%y
D —qz N, (2.18)
the electric field can be expressed as
Va
E(x)=——"=(W, +x) (W <x<0) (2.19)
)"’ !
Vi
E(x)=——rW,—x) O<x<w) (2.20)
(L))
where
Vi=kT'lq (2.21)

isthe so-called thermal voltage.

The Debye length is a characteristic length of the p-» junction. At thermal equilibrium the
depletion-layer widths of abrupt junctions are about 8L, for silicon. For doping densities
higher than 10 cm™, the Debye length for silicon isless than ~40 nm.

The electrostatic potential in the depletion region is found by integrating Egs. 2.15 and
2.16 dong x to be

0,(0) =LV (2, +) (W, <x<0) (222)
2€,€,

6, () =20 2, - x) (O<x<W,). 2.23)
2¢c.£

0™s

At the depletion region edge and in the quasineutral regions beyond, the potential takes the
constant values ¢, (—) for the p-type region and ¢, () for the n-type region, respectively.
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The potential difference at the depletion region edges is denoted with

V,=8,(0)=8,(-=)=9,W,)=¢,(-W,). (2.24)

For equilibrium conditions V,is called the diffusion voltage or built-in potential V, of the
p-njunction (Fig. 2.2). Substituting ¢, (W,)and ¢, (=W ) into Eq. 2.24 yields

_q 2 2
Vo= e (N, w2+ N, W 7). (2.25)

The interface as awhole must be electrically neutral so
NW, =N,W,. (2.26)

Using Egs. 2.25 and 2.26 the depletion region widths for equilibrium conditions follow as

12
W= 2e,e,V, N,IN, (2.27)
! q N,+N, .
1/2
2¢,e,V, N,IN
Wp:[ oq‘ D ND+NA] . (2.28)
4 D

2.2.2 The junction under bias in the dark

At thermal equilibrium the diffusion current of one carrier type is compensated by a drift
current of the same carrier type so the net current flow vanishes. The diffusion of electrons
from the »n-doped region to the p-doped region can be expressed as a recombination current:
electrons recombine with holes in the p-doped region creating a current density J, .
Similarly the drift current of the electrons from the p-doped to the n-doped region is supplied
by thermally generated electrons in the p-region, creating a current density J, ... When the
junction is unbiased

Joree Ve =0)=J, ., (V,, =0)=0 (2.29)

e,gen Jja
isvalid.

An externally applied bias voltage 1, disturbs equilibrium conditions and shifts the
potential barrier across the p-n junction.? A forward bias Via > 0 decreases the potential barrier
and the recombination current J, ..(V;,) increases with the Boltzmann factor exp (¢V;, / kT)

2 For simplicity we do not account for a voltage drop due to the series resistance of a solar cell here; V. denotes
the portion of the applied voltage that appears across the junction.
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9V
‘]e,rec (Vja) = Je,rec (V]'a = 0) eX% k]{v J . (230)

The rate of thermally generated charge carriers J, g, is not influenced by the external
voltage, therefore

Jevge” (V/'a) = ‘]e,gen (V/’a = O) . (231)

The analogous equations for holes are

"]h,rec (V/’a = O) = Jh,gen (Vja = O) (232)
qVJ’a

Jh,rec (Vja) = ‘]h,rec (Vja = 0) €X 7 (233)

Jh,gen (V/’a) = Jh,gen (Vja = O) " (234)

The external electron and hole current densities are given by
Je = Je,rec - Je,gen (235)

Jh :J _Jh,gen . (236)
The net current density is the sum of electron and hole currents

h,rec

J=J,+J,. (2.37)
Using Egs. 2.30 to 2.37 the net current density is therefore given by

JV,)= Jo[exp(qV’“ ]—1} (2.38)
: kT

where J, isthe saturation current density of the p-n junction, given by

JO :Jc,gcn +Jh,gen . (239)

For forward bias, the current increases exponentially with the applied voltage. For high
reverse voltages 1, < 0 the Boltzmann factor in Eq. 2.38 can be neglected and the external
current corresponds to the flux of thermally generated charge carriers as follows

Jm==dg== (o n + ) (2.40)

Equation 2.38 is known as the Shockley equation [17]. Note that it was derived without
considering any specia semiconductor characteristics such as charge carrier lifetime. The
current-voltage behaviour of this idealised p-n junction is simply governed by the
recombination current as a function of the Boltzmann factor exp(q Vi /kT). The Shockley

equation describes the ideal rectifier diode and is thus a fundamental equation for
microel ectronic device physics.
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For a quantitative discussion of the idealised p-n junction the charge carrier densities at
non-equilibrium have to be calculated. The device works under non-equilibrium conditions if
charge carriers are either injected by an applied voltage or optically generated. For this
purpose, one can derive boundary conditions for the charge carrier densities at the junction
edges -, and W, respectively, as follows: at thermal equilibrium the charge carrier densities
are given by the Boltzmann distribution Egs. 2.10 and 2.11 based on the energy difference
between the band-edge energies £, and E, and the Fermi energy £, (Fig. 2.1). A similar
dependence can be stated for non-equilibrium conditions by introducing separate Fermi
energies for electrons and holes, the quasi-Fermi energy levels E, and E,. These are

defined so that replacement of the single equilibrium Fermi energy E, in the equilibrium
expressions on the |eft side of Table 2.1 by the quasi-Fermi energy levels £, and E , yields

the non-equilibrium carrier densities on the right hand side of Table 2.1.

Equilibrium Non-equilibrium
_N E -FE, E.-E,
n,=N_exp| — T (2.41) n=N_exp — T (2.42)
- Nexp - Lt 243 - Ve -2
) E, -E, E.-E E,—E,
n p — ni — Nc NV exp _ 4 v n — NN eX _ 4 v eX m Jfe
0Po ( kT J PR '{ kT ] p[ kT
E
_ _ e En—Eyx
= Nc NV GX% T J (245) =nyP, eXp[%J (246)

Table 2.1: Charge carrier density for equilibrium and non-equilibrium. Left: The charge carrier
densities for equilibrium are given by the difference of the band-edge energy and the Fermi energy.

Right: For non-equilibrium conditions the quasi-Fermi levels £, and E ; are introduced.

At the edges of the space-charge regions the minority and majority carrier quasi-Fermi
levels are separated by the bias g 1}, imposed across the p-» junction

qV,,=E,(-W,)-E.W,). (2.47)

Here, the validity of the Boltzmann approximation for the charge carriers (Table 2.1) and
low-injection conditions is assumed. More general expressions for the separation of carrier
quasi-Fermi levels were derived by Marshak and van Vliet [18]. With respect to our
assumptions, the separation of the quasi-Fermi levels I}, is related to the potential difference
V; across the junction (Eq. 2.24) by
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Vi.=V,=V,. (2.48)

J

Under low-injection conditions, the majority carrier concentrations are unperturbed
throughout the quasineutral regions, so that

p,(W,)=p,0 (2.49)

nn (VI/n) = nn,O (250)

where p,,and n, are the majority carrier concentrations in the quasineutral p- and n-type
regions, respectively.

Using Egs. 2.46 to 2.50 the boundary conditions for the minority carrier concentrations at
the edges of the space-charge regions (Fig. 2.3) are found as

qV'a
n,(-W,)=n,, exp(k—zi) (2.51)
qV'a
P,W,)=D,, exp[k—T’}. (2.52)

With these boundary conditions the transport equations can be solved to find quantitative
expressions for the saturation current density of the p-» junction.

2.2.3 The superposition principle

The transport equations for electrons and holes Egs. 2.6 and 2.7 contain the electric field
&, thus forming a coupled set of differential equations for the carrier concentrations » and p.
If the spatial dependence of the electric field and the carrier concentrations is known the
current densities can be calculated with the help of Egs. 2.2 and 2.3.

With the approximations discussed in Section 2.2.1 it was found that the electric field in
the quasineutral region vanishes, and therefore the transport equations 2.6 and 2.7 decouple in
these regions. In this case the carrier transport is purely diffusive and the minority carrier
concentrations can be calculated separately for both quasineutral regions. Under low-injection
conditions the perturbation of the majority carrier concentration due to generation and
recombination processes can be neglected. The recombination rate of minority carriersis then
proportional to the excess minority carrier concentration (n —ny) on the p side and (p —py) on
the n side. Therefore the minority carrier recombination rate r is given by

r, = (2.53)
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(2.54)

where 7, and 7, are the minority carrier lifetimes of electrons and holes, respectively.

The transport equations 2.6 and 2.7 simplify to the following decoupled linear differential
equations for the quasineutral regions if the minority carrier lifetimes do not depend on the
carrier concentrations

d’n n-n,

D, i +G,(x)=0 (2.55)
d? -

D, dxf -£ Tp" +G,(x)=0, (2.56)
h

In addition it is assumed that the photogeneration rates G.(x) and G,(x) are independent of
the carrier concentrations and depend only on distance x from the illuminated surface. For
dark conditions [G(x) = 0] Egs. 2.55 and 2.56 are then homogeneous differential equations.
The carrier concentrations under illumination are found by adding particular solutions of the
inhomogeneous differential equations to the general homogeneous solutions. For electrons in
the p-type region this may be expressed as

n"=n"+n" (2.57)

where ¥ is the solution for dark conditions, ™" is the photogenerated electron density and "
is the electron concentration under illumination. This implies that the illuminated /- curve
can be found simply by adding the photogenerated current to the dark /- curve (shifting
approximation)—the model cell is said to exhibit superposition.

This is shown schematically in Fig. 2.4, where the dark diode -V characteristic is shifted
from the first quadrant to the fourth quadrant by adding the photogenerated current density
J" =—J . Inacircuit diagram as shown in Fig. 2.7 the superposition of currents means that
the diode and the photogenerated current flow is parallel.

2.2.4 Carrier density solutions for dark conditions

The Shockley equation 2.38, for the current-voltage characteristic of a p-» junction was
found in Section 2.2.2 with the help of a qualitative discussion. A quantitative expression for
the saturation current density J, in the Shockley equation can be calculated by solving the
diffusive carrier transport equations in the quasineutral regions.

If the superposition principle discussed in Section 2.2.3 applies, the carrier density
solutions in the quasineutral regions can be found by solving Egs. 2.55 and 2.56 separately.
Under dark conditions Egs. 2.55 and 2.56 reduce respectively to
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d’n  n-n,

- =0 <-W
- (x ») (2.58)
d’p p-p
D - °© -0 >W).
b2 . (x=2W,) (2.59)

The general solution of Eq. 2.58 can be expressed as

n—ny=A cosh[%} B sinh(Li) (2.60)

e e

where the distance
L =,D,t, (2.61)

is the diffusion length of eectrons in the p-doped side. The diffusion length is the average
length a minority carrier can diffuse between generation and recombination, i.e. during its
lifetime z.

If it is assumed that there is no recombination loss at the surface of the p-quasineutral
region, the boundary condition

dn

“r -0
e (2.62)

applies. Applying Egs. 2.62 and 2.60 it is found that A = B so the concentration of electronsin

the p-QNR is given by
X

The boundary condition Eq. 2.51 yields

A= X 4V 1] ex W,

Note that the exponential excess carrier concentration decays (Eq. 2.63) from position
x=-W, inthe p-QNR with the diffusion length L. as characteristic length.

The electric field in the quasineutral region vanishes because of the exhaustion region
approximation, so the current flow is driven by diffusion only. At the edge of the p-doped
depletion region the current density is given by

x==W, (265)

2

d
J,(-W,)=4qD, E(”—”o )

and from Egs. 2.63 and 2.64 it is found that
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qDeno qV/’a
J (W ) =120 expl —2£ |-1].
(=W,) 7 [ p[ kTJ ] (2.66)

Similar arguments give the excess hole concentration in the n-QNR as

_ qV/’a 1 Wl’l —X
P—Do =D, | X T —-1[ex I (2.67)
h

and the current density of the diffusive hole carrier flow at x = W, as

v
J,07,) = qDLh Po [eXp[ qka“ ]—1] . (2.68)

To derive analytical expressions for the electron and hole carrier densities in the »-doped
depletion region it is assumed in this Section that the recombination loss in the depletion
region can be neglected, i.e. » =0 for —w, <x<w,.

The transport equation 2.6 then reduces to

d&

dx

2
Ded’:
dx

d
+U, S(X)d—zwﬂc =0. (2.69)

Using Schottky’s model for the space-charge region discussed in Section 2.2.1 and the
Nernst—Einstein relation

D,=—u, 2.70
7 (2.70)

the electric field can be expressed in terms of the characteristic Debye length Ly’
(EQ. 2.18) of the space-charge region

dzn 1 dl’l 1
E_W(Wn—x)a+n(x)w—0. (2.71)

At x = W, the carrier concentrations must match the solutions for the quasineutral regions,
and therefore

n(W,) =n, (2.72)

4
r(7,) = p, eXI{ qkTN J (2.73)

Under low-injection conditions the majority carrier concentration gradient vanishes at
x=W, ie.
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dni o, (2.74)
dx x=W,
The boundary condition for the hole gradient at the depletion region edge follows from
Eq. 2.67 as
dp Do qV/’a
— =——exp| —— [-1].
dx x=W, Lh|: p[ kT (275)

Integrating Eq. 2.71 from W, to x using the boundary condition Eq. 2.74 yields

=0.
e I n(x) (2.76)

The differential equation for the hole carrier density in the n-doped depletion region can be
found by using the boundary condition Eq. 2.75. The same steps are used as for the derivation

of Eq. 2.76, leading to
dp(x) _x-W, p(x) = Lo ex Vi |4, 2.77)
& (L) L[ AT |

The electron carrier density in the n-doped depletion region is found by integrating
Eq. 2.76 subject to the boundary condition Eq. 2.72, thus

n(x) =n, ex;{—%) O<x<w). (2.78)

Integrating EQ. 2.77 using the boundary condition Eq. 2.73 gives the hole carrier density in
the n-doped depletion region as

oo VT <)
k) L2 J2r, KT

(x=w,)"
poeX%T%)zJ (OSXSWn)

(2.79)

The Debye length Ly introduced in Eg.2.17 and 2.18 is several orders of magnitude
smaller than typical diffusion lengths L., L;. Thus the first term in EQ. 2.79 can be neglected
and this equation reduces to

v -W,)?
p(x)=p, ex;{qk—T’“Jex %] O<x<w,). (2.80)

The depletion-region concentration profiles predicted by Egs. 2.78 and 2.80 are illustrated
in Fig. 2.3. These equations are sometimes known as the quasiequilibrium expressions. They
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indicate that, although there is a net carrier flux across the biased junction, the carrier
concentrations are, to a very good degree of approximation, still related to those at the
depletion region edges by Boltzmann expressions. Physically this is because the net hole and
electron currents in the depletion regions arise from the small difference between very large
opposed drift and diffusion forces. These are exactly balanced at equilibrium (Section 2.2)
and only dlightly unbalanced when the junction is subjected to moderate bias, so the carrier
profile remains quasistatic, that is, solely determined by the local electric potential and
independent of any transport properties, such as carrier mobility (Archer et al., Ref. [19]).

An expression for the saturation current density .J, can be found as follows. Since the hole
and electron currents are constant across the dark, biased junction, it follows that all majority
carriers injected into the junction at one depletion region edge must emerge as minority
carriers from the other depletion region edge. The saturation current from Eqgs. 2.66 and 2.68
can therefore be calculated as the sum of the minority carrier currents emerging from the
depletion edges into the quasineutral regions, which gives

4
JV)=J.(W,)+J,W,)=J, {exl{ qkT’“ )—1} (2.81)

where

JO:qDen0+ thpo -
L L

-4

(2.82)

Comparing Shockley’ s current—voltage characteristic Eq. 2.38 with Eq. 2.81 and using also
Egs. 2.8, 2.9 and 2.12, the saturation current density of the p-» junction can be written as

J,=qn’ —+
0=4 I(Le N, I Nu} (2.83)
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Fig. 2.3: Electron and hole carrier concentrations across the dark forward
biased p-n junction. Arrows indicate the points where the boundary
conditions 2.51 and 2.52 apply.

2.2.5 The illuminated I-V curve

To find the carrier concentration under illumination the superposition principle (Section
2.2.3) is used. The eectron concentration in the illuminated p-type quasi-neutral region is
found by solving Egs. 2.55 and 2.56, where the position-dependent photogeneration rate G.(x)
has now to be considered. For mathematical simplicity the case of spatialy homogeneous
generation G of electron hole pairs is assumed (see Ref. [20]). This means we assume weakly
absorbing material so photogeneration of charge carriers does not fall off with x. This
assumption simplifies the treatment and does not alter the essential conclusions. From the
superposition principle one obtains

dznu De n“ —n )
D—= - (Lz —+G=0  (x<-W) (2.84)

and

n”" =n""—n"" (2.85)
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Substracting EqQ. 2.58 from Eq. 2.84 gives

danh Denph
D, L7 +G=0 (x<-m)). (2.86)

e

The photogenerated charge carrier density at the edge of the space-charge region is
considered to be negligible, and therefore

n”"(-W,)=0 (2.87)

Assuming no recombination loss at the surface of the p-type region the boundary condition
Eq. 2.62 holds also for n™", i.e.

dan”"

dx

=0 (2.88)

The general solution to Eq. 2.86 is

n"=Gr + CeXp[LiJ+Dexp[—LiJ (2.89)

where the constants C and D can be determined from the boundary conditions. Using Eq. 2.87

gives
_Wp WP
G7,+Cex 7 +Dex 7 0. (2.90)

The boundary condition Eq. 2.88 implies that D =0 for a physically meaningful solution;

thus
/4
C=-Gr, exp(L—”J (2.92)
and the photogenerated carrier density in the p-QNR isfound as
W +
n"(x)=Gr, {1— exp( ”L - ]} . (2.92)

Substituting Eqgs. 2.63, 2.64 and 2.92 in Eqg. 2.85 the electron concentration in the p-ONR
under illumination is calculated as

u G Wp+x qua 1t _G <-W
n" =n,+Gr1,+| ex 3 noyexp == -1 =G, (x<-W,) (293
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The diffusive electron flow in the p-type quasineutral region follows by differentiating
Eq. 2.93 with respect to x as

D, Wp +x q V/a Wp +x
J,(x) =gn, - ex 7 ex kT —1:—qGL, exp 7 (x<-W,) (294

with asimilar expression for the diffusive hole current flow in the n-type quasineutral region

_ Vv _
Jh(x)=qp°%{eXp(W”L xJHeXp[qkT"” ]—1}—61@;7 eXp[W”L x](xZW,,). (2.95)

Thetotal current density is found by adding the diffusive minority carrier flow at the edges
of the depletion regions as in Section 2.2.4. Including the change in current density ¢ G W
arising from the generation of electron-hole pairs in the depletion region of width
W=Ww,+W,yieds

J

total

=J,(-W,)+J,(W,)~qG W . (2.96)

Substituting Egs. 2.94 and 2.95 in Eq.2.96 yields the ideal diode equation under
illumination

qV'a t
Jroral = JO |:exp[ kz{v )_1} - ']L (297)

where i, is the saturation current density Eq. 2.82 and

J'=qGW+L +L] (2.98)

isthe light-generated current.

The most important simplifying assumptions used to obtain the ideal diode equation are:

e the exhaustion region approximation.

e |ow-injection conditions.

e the superposition principle.

e the cell is wide enough that no surface recombination has to be taken into account, i.e.
L,<<H,and L,<<H,.

e gpacialy homogeneous photogeneration of electron hole pairs.

e no parasitic losses due to series and parallel resistances.

With these assumptions simple expressions for the charge carrier distribution in an

illuminated p-n junction were derived. The saturation current density was found from the
diffusive current flow at the edges of the QNRs.
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2.3 Real diode characteristics

Though the idea diode equation 2.97 takes account of the basic physical principles of
charge carrier transport that can be found in real devices, silicon solar cells in general can
exhibit strong deviations from this ideal characteristic. In the following sections the
parameters that characterise a ‘real’ solar cell are discussed.

2.3.1 Solar cell parameters

For a practical analysis of solar cell performance the dark and light /-7 characteristics
shown in Fig. 2.4 are investigated.

Prominent parameters of the illuminated -V
characteristics include the open-circuit voltage Vo, the
short-circuit current density Js, the maximum power

dark voltage Vmp and the current density for maximum power
Jmp- The maximum power Ppp iS given by the product

v Vinp Jmp. The efficiency of the cell at the maximum power
point is the ratio of output power Pr, to the incident solar
i / Lilluminated POWEY Eo
Jmp' """"""""""" H
T P, V,J, V.J.n,
Vm Voc —Zmp _ "mp Y mp _ " oc¥sc fill >
p n E, E, E, (2.99)
Fig. 2.4: Typical dark and illuminated
solar cell -V curves where 7 is thefill factor
J V
mp mp
i = , 2.100
M V% ( )

i.e. theratio of the two rectangular areas shown in Fig. 2.4.

By setting Jiota 1IN EQ. 2.97 to zero, the relation between the open-circuit voltage Vo and the
saturation current density J, is found as

JLI

0

2.3.2 Assumptions regarding the majority carrier concentration

In Egs. 2.8 and 2.9 it was assumed that the majority carrier concentration was equal to the
density of the dopants throughout the QNRs. For this to be so, low-injection conditions have
to be fulfilled: that is, the perturbation of the majority carrier concentration due to light
generation or carrier injection is small and therefore
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n=N __ (inn-type material) (2.102)

2

p=N _(in p-type material). (2.103)

In other words, the density of free charge carriersis equal to the density of ionised dopants.
This approximation is not valid under illumination by concentrated sunlight or high forward
bias voltages.

If, in addition, the energy level of the dopant lies near the relevant band edge, all the
dopants will be ionised at room temperature, and in this case

n=N,=N (2.104)

p zNA zNA’ ) (2105)

2.3.3 Charge carrier lifetime

For the superposition principle to be valid, the minority carrier lifetimes in Egs. 2.53 and
2.54 must be constant, as noted in Section 2.2.3. These lifetimes are determined by the
dominant recombination mechanism. For an n-type semiconductor, the upper bound on the

hole lifetime, namely the radiative recombination lifetime z, , is given by

1
BTN
1

(2.106)

D
where k" is the radiative recombination rate constant.

Often the minority carrier lifetime is determined by recombination through traps. For the
simple model of recombination centres of a single energy, the Shockley—Read—Hall (SRH)
hole carrier lifetime expression in an n-type semiconductor is given by

7] = 1
" kN,

(2.107)

where Nt isthe trap concentration and %, is the hole capture rate constant.

In other cases, minority carrier lifetimes are determined by Auger recombination. In this
case, the hole lifetime for low-injection conditionsis given by

A 1

T, =———
TT N (2.108)

where C, isthe Auger band-to-band recombination rate constant.
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Shockley—Read—Hall and Auger recombination are the two dominant recombination
mechanisms in S solar cells. The minority carrier lifetime z, of holes in »n-doped silicon is

then given by
1 1 1
— =Tt (2.109)
Th Th Th

The 1/ N? -dependence of the Auger lifetime causes the minimum carrier lifetime to be
smaller in heavily doped regions (e.g. the emitter) than in lightly doped regions (e.g. the
base). Also, the doping dependence of 7, leads to a position-dependent lifetime in the

emitter region of cells with a doping profile. The saturation current density of emitters with
position-dependent carrier lifetimes can be calculated analytically as demonstrated in Section
2.3.9.

If low-injection conditions are not fulfilled, the recombination rates for electrons, r, and r,
depend on both the electron and hole concentrations, i.e. the superposition principle does not
apply. Thisisthe case in solar cells working under illumination by concentrated sunlight. The
coupled set of differential equations 2.1, 2.6 and 2.7 have then to be solved numerically, as
described in Section 3.

2.3.4 Surface recombination

In the discussion of the dark diode characteristicsin Section 2.2.4 it was assumed that there
was no recombination loss at the cell surfaces. A boundary condition that includes the surface
recombination of electrons at the surface of the p-type region (at x=—H,) can be expressed as

b

dx :Se(n_nO)

x=—H,

(2.110)

x=—H,

where S, is the surface recombination velocity of electrons. Introducing a similar boundary
condition for the recombination of holes at the surface of the n-type region and performing the
same steps as in Section 2.2.4 gives a modified expression for the saturation current density
(compare with Eq. 2.82)

qDenOP— thpnOp—
Jy=| —E= +——"=F
0 [ 7 , L .. (2.111)

e

The geometric factor =, is given by
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sinh 9 +—S” Ly cosh 124
- _ Lh Dh Lh

cosh(Q”} Sily S nh(Q"}
L D

h h h

whereQ, =H,-W,is the thickness of the »n-doped quasineutral region, S, is the surface

recombination velocity of holes at the surface of the p-doped region, L, is the hole diffusion
length and Dy, is the hole diffusion constant as introduced before.

A similar expression can be found for the geometric factor =,. The effect of surface
recombination on the saturation current density can be studied by plotting the geometric factor
asafunction of Q/L for various values of SL/D, asshownin Fig. 2.5. For L < Q, (i.e. Q/L >1)
the surface does not contribute to the saturation current density J,.

SL/D
100 . v‘, ———r
(ee]
20
10 -
[1] - 5 ]
S 2
&
o L
= 1/2
Q
£ 1/5
S L ]
S o1k 1/20 ]
0
0.01 —_— —_— —_—
0.01 0.1 1 10

QL

Fig. 2.5: Geometric factor as a function of the ratio of the width of the
quasineutral region Q to the minority carrier diffusion length L. Each curve
represents a fixed ratio SL/D.

A thin quasineutral region of width Q in combination with a high surface recombination
velocity results in a high saturation current density, and consequently a low open-circuit
voltage (see EQ.2.101). On the other hand, good surface passivation can reduce J,
considerably at low values of Q/L. Thisis particularly important for thin solar cells.

2.3.5 Series and shunt resistance

In the real device a series resistance R; and a shunt (or parallel) resistance R, may be
present. Accounting for series and shunt resistance losses, the illuminated /-7 characteristic
Eq. 2.97 becomes

kT R

p

J(V)=J, [exp[Q(V /) R‘*))—1]+—V —JIR, _ (2.113)
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where V' isthe voltage at the cell terminals.

The series resistance of a solar cell is composed of the resistance of the metal grid, the
contact resistance and the base and emitter sheet resistances. Shunt conductive losses can
arise from imperfections on the device surface as well as leakage currents across the edge of
the cell.

The influence of the series and shunt components on the illuminated and dark -V
characteristics, according to Eq. 2.113, is plotted in Fig. 2.6. The dark /- curves in the lower
half are shown on a logarithmic scale; the idea -V characteristic Eqg. 2.97 gives a straight
line on this scale. For high current densities the deviation from straight line behaviour is
caused by the series resistance, while low shunt resistances cause deviations from the ideal -
' characteristic for small current densities.
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Fig. 2.6: Influence of series resistance R, and parallel resistance R, on the /-V characteristic:
(@) uminated, R, varied; (b) illuminated, R, varied; (c) dark, R, varied; (d) dark, R, varied.

2.3.6 Non-ideal dark current components

It has so far been assumed that there is no recombination loss in the depletion region.
However, in real solar cells, depletion-region recombination represents a substantial loss
mechanism. An analytical expression for the * space-charge layer recombination current’” was
first given by Sah er al. [21], for the simplified case of a single recombination centre located
within the forbidden gap. Traps located in the vicinity of the gap give a dominating
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contribution to the Shockley—Read—Hall recombination rate. It was further assumed that the
recombination rate is constant across the space-charge region. The resulting recombination
rate can be expressed as a recombination current Jpx in the depletion region

v
Jpr=J o [EXD[qu_T)_l} ) (2.114)

Adding this space-charge layer recombination current to Eq. 2.113 gives the ‘two diode
model’ expression

)= Jm[exp(q(V—J(V) R.y))_l]+ s [exp(q(V—J(V)Ry))_lyV—J(V)RS g
kT 2kT R

r

(2.115)

Sah also derived an analytical expression for Jpr with less rigid assumptions as stated
above (see Fahrenbruch [22]); for instance, Sah’s expression is still valid for unequal electron
and hole lifetimes. In general, the recombination current in the depletion region is a function
of the applied voltage and is not necessarily of monoexponential form.

A non-ideal -V characteristic can further be caused by an injection-level-dependent
surface recombination current. In the boundary condition Eq. 2.110 the surface recombination
velocity S was assumed to be independent of the minority carrier concentration. However,
Aberle et al. [23] found that the origin of the non-ideal diode behaviour of high-efficiency
silicon solar cellsis a surface recombination velocity at the rear Si/SiO, interface that strongly
depends on the minority carrier concentration.

In practice, most measured /-V curves of solar cells can be approximated by several
exponential regions in the dark forward /-V characteristic revealing the presence of several
dark current components. One can take this behaviour into account by empirically introducing
the ideality factors [y and B, so that Eqg. 2.115 can be expressed as

)= Jm[exp[q(lf —J() RS)J_l} " [exp[q(V—J(V) Rvs')J—1]+ V=JIR i

B.kT B, kT R

P

(2.116)

Fig. 2.7 shows the equivalent circuit of Eq. 2.116, consisting of two diodes with different
idedlity factors $; and /3, the light-generated current J* and the series and parallel resistances
R, and R,,.

By varying Joi, Jo2 1, B2, Ry, and R,, a wide range of experimentally observed /- curves
can be fitted. As outlined above, different recombination components may be lumped in
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numerical fit values of the model parameters Joi, Jo2 f1 and S, of Eq. 2.116. Therefore a
unique assignment of fit results corresponding to the physical origin of one recombination
mechanism isin genera difficult.

Lt Jo1 Joz
Ve J BZ B XZ B, Rp v

O

Fig. 2.7: Equivaent circuit of a solar cell described by the two-
diode model, Eq. 2.116.

2.3.7 Photogeneration and quantum efficiency

In Section 2.2.5 an expression for the /- curve of a p-n junction under illumination was
derived under the assumption of a spatially homogeneous generation rate. This is rather
unrealistic, since good solar cells must absorb the incident light strongly. For illumination
with the solar spectrum the spatially dependent generation rate of electron-hole pairs can be
calculated with respect to a wavel ength-dependent absorption coefficient a(4).

A photon of wavelength A penetrating the surface of the solar cell is absorbed with the
probability a(4) per unit length. Each absorbed photon creates one electron-hole pair.® Thus
the generation rate G;(x) of electron-hole pairs per unit volume with respect to wavelength A
(spectral generation rate) is given by

G, (x) = a(d) j, (x) (2117)

where j;(x) is the spectral photon flux at depth x. For steady-state conditions the continuity
equation for photons gives

div j, = -G, (x) (2.118)
or
Di—_o(2)j,(x) (2.119)
dx

This leads to an exponential decay of the photon flux

3 For photon energies exceeding twice the bandgap energy E, it is possible to create two electron-hole pairs by
impact ionisation. However, the number of photons with energies exceeding 2E, can be neglected for silicon
solar cellsilluminated by terrestrial sunlight.
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J,(x)=J, () exp[-a(A) x]. (2.120)

From Eq. 2.117 the spectral generation rate isfound as

G, (x) = j,(0) a(A) expl-a(A) x]. (2.121)

The total generation rate of electron-hole pairs per unit volume can be found by integrating
Eq. 2.121 over wavelength

G(x)=[G,(x) dA. (2.122)

The electron and hole current densities can still be calculated analyticaly for the
generation rate expression Eq. 2.122, following the same steps as described in Section 2.2.
The complete current expressions can be found in a book by Sze [24].

The normalised generation function

It is convenient to normalise the generation rate function G;(x) to the incident photon flux
Jx(0)

G,(x)
J:(0)

where g(4x) is the normalised generation function. Using the continuity equation for photons
(EQ. 2.118), g(4,x) can berewritten as

g(A,x)= (2.123)

1
J:(0)

By caculating the generation rate of electron-hole pairs with EQ. 2.121, losses due to
reflection at the front and rear cell
surfaces are neglected. These losses
can be calculated anayticaly in the

g(A,x)=- Vi), (2.124)

x=0 case of planar cell surfaces. This will
be outlined in the following in order

backward to illustrate the concept of the
normalised generation function. Fig.

=W 2.8 shows a planar silicon wafer

illuminated with light under normal
incidence. The externa reflectivity,
the reflectivity of the rear cell surface and the interna reflectivity are denoted by Ry, R, and
Ry, respectively. The spectral photon flux of light travelling the n-th time from front to rear of
the wafer is

Fig. 2.8: Multiple light reflections in a planar wafer.
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jir(x)=¢. j,(0)@-R,) R} R exp(-2ma W) exp(- ax) (2.125)

where W is the wafer thickness, ¢, is the unit vector pointing towards the rear side and m =

n—1. In analogy the spectral photon flux of light passing through the wafer from rear to front
the n-th time can be expressed as

Jrk(x)==¢, j,(0)(1-R,)R} R" exp(~2maW )R, exp(-2a:W )exp(e x). (2.126)

Thus, the total photon flux at position x is

5,00= G/ )+ 71 ()
" (2.127)

=¢.j,(0)(1-R,) [ exp(—a x)- R, expler (x— 2W))]i Ry R exp(-=2maW).

The geometric seriesin Eq. 2.127 converges because |R, R, exp(—2a7 )< 1and therefore

exp(—a x)—R, expla (x—2))
1-R, R, exp(-2a W)

j,(x)=¢, j,(0)(1-R,) (2.128)

From Eq. 2.124 the normalised generation function of a planar solar cell isfound as

1 (—-d V¥
G (e" EJ; )

_(-R,)a exp(—ax)+ R, exp(or (x—2))
- 1-R,R, exp(-2a W)

g(A,x)=-
(2.129)

where Ry, Ry, R; and @ arein general functions of wavelength.

The normalised generation function describes the absorption properties of the solar cell.
Important solar cell device characteristics can be derived from g(4 x) by integration above the
cell depth and/or the incident photon flux j,(0). These characteristics are summarised in

Tab. 2.1.
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Solar cell characteristic Units Explanation
1 Generation rate function used for
G(x)=|dAj,(0) g(A, )
() -[ J3(0)g(4,x) (2.130) sem® | dectrica device simulation

Spectral dependent fraction of light
absorbed in sdlicon, that is, the

f bx(ﬂ)z.[dﬁ g(4,$) (2.131) ldlmenson- maximum  achievable  external
5 guantum efficiency (recombination
neglected)
mA Maximum achievable short circuit
Jsc,max=CI_|‘dﬂId§ 7,(0)g(4,£) (2.132) cm?  |current  density  (recombination
neglected)

Tab. 2.1: Important solar cell characteristics derived from the normalised generation function g(4,x).

Quantum efficiency and differential spectral response

The spectral response of asolar cell isdefined as

_J.(4A)
s(A) = 50 (2.133)

where J,.(4) isthe short circuit current density of the cell illuminated with irradiance E(A).

The quantum efficiency 1y (4) is defined as

n,(4)
n,(4)

where n,(4) equals the rate of charge carriers collected at the cell terminals under short circuit

N (A)= (2.134)

conditions and 7,,(4) is the photon rate illuminating the cell. Therefore, spectral response and

guantum efficiency are related by

M: s(A) E_ (2.135)

)=
Mor D=5 3 Ty )

In other words, the quantum efficiency is the probability that charge carriers are generated
and collected at the cell terminals if the cell is illuminated with photons of wavelength A. If
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both incidences, charge carrier generation and collection of a generated electron-hole pair, are
independent events®, the quantum efficiency can be expressed as

Nox (D)=, (A)71.(2) (2.136)

where £, (4) isthe spectral dependent fraction of light absorbed in the cell (Eq. 2.131) and 7,
isthe carrier collection efficiency [27].

The differential spectral response [28] is the derivative of the short circuit current density
with respect to irradiance

_dJ(A)

E(/l)_a’E(/l)

(2.137)

Here, 5(1)is determined at operating conditions given by illumination with irradiance E.
The differential spectral response equals the (absolute) spectral response if the superposition
principle (Section 2.2.3) is fulfilled. High-efficiency silicon solar cells can exhibit strong
current-irradiance non-linearities, as can be seen in Fig. 7.9.

A numerical method of simulating the differential spectral response is developed in this
thesis, and is discussed in Section 3.5.

2.3.8 External reflection

The total external reflection of a planar silicon solar cell, including escape reflectance, can
be calculated analytically by considering multiple light reflections, as plotted in Fig. 2.8. In
analogy to the derivation of the normalised generation function in Section 2.3.7, a geometric
series is obtained where each addend represents internally trapped light which is coupled out
of the wafer. The resulting expression for the external reflection is

Re};’c’? :Rf’c+TfeTﬁRbeXp (_ZOCW)
. 1-R, R, exp (—Z(ZW)

(2.138)

where R, (4) is the externa reflection of the front surface, 7;.(4) is the transmission through
the front surface, R, is the rear surface reflection, and R;(4) is the interna front surface
reflection. Equation 2. is plotted in Fig. 2.9, assuming a double layer antireflection coating on
the front surface and R, =0.72. In order to compare the calculation with a reflection
measurement, the reflection of the metal grid has to be accounted for

R . (AN)=4,,R,...+t1-4,..)R"(A). (2.139)

ext

* For light with wavelength 1>1130 nm, free carrier absorption in silicon enhances the absorption coefficient
[25], [26]. In this case Eq. 2. is only a rough approximation because light absorption and carrier collection are
not independent of each other.
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It is assumed that an area fraction of 4,,.,,; = 0.06 is covered by the metal grid and the metal
reflection is R, = 0.95 for the case plotted in Fig. 2.9.

10 | T | T | |
08rF | calculated R""_ (%) .
external reflection R_ ()
measured reflection
F! 0.6 -
o oA
= o double layer AR coating
g 1
8 layer material  thickness [nm]
o 04 Sio, 5 n
&= TiO 58
9 L © MgF
(oo
0.2 _
0.0 L e IRl TP SN 1 ! !

1000 1200

wavelength [nm]

Fig. 2.9: External reflection of a solar cell with a double layer antireflection coating on the front.
The analytically calculated reflection coincides with the measurement if it is corrected by the

reflectivity of the metal grid.

2.3.9 Accounting for doping profiles

The dopant concentrations were assumed to be
constant through the »n- and p-type regions, but this
is an oversimplification.

The emitter of a silicon solar cell has a spatially
dependent donor profile since it is manufactured by
diffusion of phosphorous atoms into a p- (boron)
doped wafer. This donor profile can often be
approximated by an error or Gaussian function.

Where the dopant concentration varies with
depth x, the assumption of a constant mobility
(Section 2.2) is not in general justified. For
example, ionised impurities in the semiconductor
cause carrier scattering, which significantly affects

log [Np-N,j|

l

xv

H,

W, W,
P P x=0

Fig. 2.10: Schematic doping profile of a solar

cell with an n-type emitter diffused into a p-

doped substrate.

the mobility. In more heavily doped regions of the semiconductor the average time between
collisions of the charge carriers with ionised impurity atoms decreases and thus the mobility
decreases. Additionally, the Auger lifetime in emitters with a non-uniform doping profile

becomes position-dependent due to Eq. 2.108.
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An anaytical approach to the calculation of the emitter saturation current density in
semiconductors with position-dependent doping profiles has been given by Park er al. [29].
Consider a p-n junction formed by diffusing n-type impurities of concentration Np(x) into a
uniform p-type substrate, asillustrated in Fig. 2.10.

To find the emitter saturation current density, the hole recombination current density in the
n-QNR is calculated. Using Egs. 2.5 and 2.54, the hole continuity equation for dark conditions
can be written as

Vi e g PO~ 2o

o ) (2.140)

At thermal equilibrium the hole drift current and hole diffusion current balance. Thus, a
quasi-electric field for the diffusion component can be expressed as

&= %T% In(N, (x)) . (2.141)

Substituting this hole quasi-field into Eq. 2.3 gives

J,(x)==q D, (x) [p%{lnNu (x)}+ %p] . (2.142)

The first term on the right side of Eq. 2. is the drift current and the second term is the
diffusion current. Note that the effective diffusion constant D,(x) of the holesis now position-
dependent

kT
D,(x)= 7% (N, (x)) . (2.143)
The boundary condition for the hole concentration at the edge of the space-charge region is
given by Eq. 2.52. The boundary condition for the recombination of holes at the emitter
surfaceat x = H, is

Ji(H,)=aS,(p=po)| =aS,p| (2.144)
Integrating Egs. 2. and 2. from W, to x gives

; 1% . 1 .
p(x)=p(x)|1-—|dx————J (x) 2.145
1 e Ly e (2.145)

and
J)=JW,)-q] ) g (2.146)
W Th(x)
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where J'(x) and p(x) are the normalised hole current and hole density expressions

N I (x)
T = tar, 1) -1 (2.147)
P (x)=— L~ Pl (2.148)

exp(qV, [kT)-1"

The second term on the right hand side of Eqg. 2. contains the current flow in the emitter
region, which causes the hole concentration to differ from the local equilibrium value po(x).
Substituting the hole current density expression Eq. 2. into Eq. 2. gives an integral equation
for the hole density. Successive substitution of EQs. 2. and 2. into each other yields an
iterative scheme for the calculation of the hole carrier distribution. Depending on the number
of iteration steps, different approximation orders for p’(x) can be gained. The innermost
integral of the approximation is taken over the equilibrium hole carrier distribution, which can
be found from Egs. 2.45 and 2.104 as

2
n/

Ny (x)

Po(x)= (2.149)

The emitter saturation current density J,,. is composed of the surface and bulk components

JOe = J, (Wn) = J, (Hn) + J,bulk . (2150)

Using Eg. 2. and the calculated hole density p (x) leads to

H, -
. ¢ p(x)
Jo.=qS, p(H)+q | =—"=dx. :
0=4S,p (H,) qJﬂ e (2.151)
The integral in Eq. 2. is taken over the volume recombination rate in the quasineutra
emitter region and represents the recombination current in this region. Here the minority

carrier lifetimez, (x) isgiven by Eq. 2.109.

Equation 2. can be solved for different combinations of surface recombination velocities S,
and doping profiles Np(x) as demonstrated by King ez al. [30]. From the emitter saturation
current density a maximum open-circuit voltage can be obtained by applying Eg. 2.101.

The surface recombination velocity S, depends on processing conditions. For high S, alow
minority carrier concentration at the surface p(H,) is advantageous. This can be achieved with
a heavily doped emitter so that the first term in Eq. 2. is minimised. Fig. 2.11b shows an
example for an unpassivated emitter surface with S, =10° cm s (Preu e al., [31]). The
highest open-circuit voltage is found for a deep doping profile with a high peak doping
concentration. Here, gaussian-shaped doping profiles were assumed.



48 Device physics of silicon solar cells

Q) | Voo [mV] for s, =10° cmis ) |V, . [mVIfors, =10°cmis
665 - 670 661 - 666 623 - 630 616 - 623
I 657 -661 M 653 - 657 I 609 - 616 [ 603 - 609
I 648 - 653 [ 644 - 648 I 596 - 603 [ 589 - 596
I 639 - 644 [ 635 - 639 I 552 -539 M 575 - 582

20

10

peak doping concentration [cm™]
peak doping concentration [cm‘3]

1019 1019
100 200 300 400 500 100 200 300 400 500

junction depth [nm] junction depth [nm]

Fig. 2.11: Maximum achievable open-circuit voltages for emitters with different Gaussian doping
profile shapes. The graphs were calculated with the Park model discussed in this section. (a)
Surface recombination velocity S, = 10* cms™; (b) S, = 10°cm s™.

The second term in EQ. 2. represents the bulk recombination contribution to the emitter
saturation current density. Varying an emitter profile, an optimum profile is found if an
increase in the bulk recombination contribution balances the decrease of the surface
recombination component. An example can be found in Fig. 2.11la for a surface
recombination velocity of S, =10%cms™. In this case, optimum open circuit voltages are
found for peak doping concentrations around 5x10™ cm™.

More detailed models require numerical calculations, as described in the next chapter.
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3 Numerical solar cell modelling

Up till now, the solar cell has been treated analytically in one dimension. In practice more
sophisticated numerical models must be used to describe a ‘real’ solar cell and to alow for a
guantitative comparison of simulation results with solar cell measurements. More accurate
models require two- or three-dimensional solar cell simulations, particularly with regard to the
lateral current density flow, which may be substantial, to describe most of the high efficiency
solar cell structures.

3.1 Previous work on multidimensional solar cell modelling

Numerical simulation techniques have been extensively used to quantify optical and
electrical losses for many solar cell structures. Aberle et al. [32] presented a numerical
optimisation study of high-efficiency silicon solar cells with rear point-contact patterns. This
cell type shows low minority carrier recombination losses at the rear surface due to the small
rear-surface metallisation fraction. This 2D parameter study took lateral current components
due to the point contacts into account.

Recombination losses at the cell perimeter of solar cells which either stay embedded in the
wafer or are sawn from the wafer can aso be described using numerical methods, as
described in this chapter (Altermatt er al., [33]).

Distributed resistive losses in the semiconductor material and in the front metal grid of
high-efficiency silicon solar cells have been investigated using a combination of device
simulation and circuit simulation. Such a combination allows the simulation of complete solar
cells, instead of the usualy restricted simulation domain, which is kept to a geometrically
irreducible minimum. With the inclusion of the whole device domain, the predictions became
S0 precise as to contribute significantly to an increase in the world record efficiency of silicon
solar cells (Altermatt er al., [34]).

Optical and electrical losses of silicon-on-insulator thin-film solar cells with interdigitated
front contacts are analysed in Chapter 6. These cells have two- and three-dimensional current
flow patterns as well as a textured front surface for light trapping. Their performance was
modelled by a combination of 3D optical ray tracing with 2D electrical device simulation.

Using ray tracing programs, the spatially dependent photogeneration rate of cells with
textured surfaces can be calculated numerically (Section 3.4.3). For example, mechanically
textured silicon solar cells were investigated by Zechner er al. by means of ray-tracing
simulation [35].

Another solar cell structure with pronounced lateral current flow is the rear-contact cell of
Swanson [36]. As both the emitter and the base of this cell are contacted at the back side,
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there are no front-surface shading losses. Furthermore, this cell type allows for simplified
module assembly because of the single-sided metallisation. The numerical simulation of rear-
contacted silicon cellsis discussed in detail in Chapter 7.

To describe current transport in metal—nsulator—semiconductor silicon solar cells, a
guantum mechanical model describing the tunnelling of charge carriers through the tunnel
insulator of the metal-insulator contact is needed. The resulting set of equations cannot be
solved analytically without making severe simplifying assumptions. A detailed numerical
model utilising two-dimensiona device simulation and circuit simulation was presented by
Kuhlmann et al. [37].

3.2 Solving the semiconductor device equations numerically

For the numerical calculation of solar cell performance, the device equations 2.1, 2.6 and
2.7 are solved at discrete mesh-points in space. A comprehensive treatment of discretisation
methods for semiconductor device simulation can be found in Selberherr [38]. In order to
solve the Poisson equation plus the electron and hole continuity equations numerically, the
box scheme as described by Birgler [39] and
Heiser [40] is discussed. The device volume is
discretised. In other words, a symmetry element
of the device isdivided into boxes.

Fig. 73shows an example of the
discretisation of a symmetry element for a rear
contact cell. A simple discretisation mesh can
be constructed of rectangular boxes. However,
a more efficient approach which is
computationally less expensive is to use
triangular boxes. Such triangular boxes can be
seen around the enlarged n-contact in Fig. 7.3.
A single box €; of this two-dimensiona
di scretisation mesh for one node 7 (mesh-point) Fig. 3.1: The graph shows part of a discretisation
of the symmetry element is shown in Fig. 3.1.  mesh for the electrical device smulation; solid
The boxes must be constructed such as to cover  lines are drawn between neighbouring mesh-points.
the whole symmetry element. Therefore, box The shaded area represents the volume Q; of a
boundaries (dashed lines) are chosen that are Singler box _fOI’ a triangular discretisation mesh in
the perpendicular bisectors of the lines between two dimensions
neighbouring nodes.
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We shall now continue by deriving the discretised form of the Poisson equation (Eg. 2.1).
In this derivation, the fact that an electrostatic electric field & is a conservative field is vital .

More generaly, the partial differentia equations treated here can be stated in a
conservation law

VI(¥) = A(F) (3.1)

where T'(¥) is a vector field and A(¥) is a position-dependent scalar field. To obtain an
equation for vertex i, Eq. 3.1 isintegrated over the volume of box €; using Gauss's theorem

[VE@ - A@] av = [FE) diz) - [AG) dv =0, (32)
Q; 0Q; Q;
The first term on the right hand side of Eq. 3.2 is integrated over the boundary 0Q2, of the

box, i.e. 7(x)denotes the normal vector of the box boundary. The discretised form of Eq. 3.2
can be written as

zry‘ dy‘ -A V= 0 (3.3

J#

where T'; is the projection of the vector field T'(¥) onto the edgel:, from node i to node j (Fig.

3.1). Here d; denotes the length of the perpendicular bisector on this edge. A, is the value of
the scalar field A(X)at nodei. In two dimensions V; is the area of box (), in three dimensions

it is the box volume. The sum in Eq. 3.3 extends over all nodes ; that neighbour node i.
Applying Eg. 3.3 to the Poisson equation 2.1 yields

>&;d;—p; V=0, (3.4)
J#i
The e€ectric fidld & in EQ.34 can be expressed as the differentia
quotientS; =— (¢, —¢,)/1; , thus

d,
FP=-3""¢, —V,(p,—n,+N,)=0 (35)

J# Zz/

where ¢, = ¢, — ¢, isthe potentiad difference along T,, :

A thorough derivation of the discretised electron and hole continuity equations 2.4 and 2.5
isgivenin athesis by Heiser [40]. The discretised continuity equations are

® This means that Gauss's theorem is valid, and the surface integral of & over a closed surface is equal to the
volume integral over the total amount of charges enclosed by the surface.
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Fr=-3 U 0 [, B@,)-n B@)|+V, (~G)=0 (3.6)

J#i 1/

r=-y ”ﬂu[P B(g,)-p, B@,)]+V,(,-G)=0 (37)

J# I]

where B isthe Bernoulli function

X

B(x) :W )

(3.8)

The mobility is denoted as u;;, and is assumed to be constant on the box edge perpendicul ar
to/,.
To solve the discretised differential equations 3.5-3.7 by computer, the physical entities

have to be scaled. For example, carrier concentrations are scaled by the intrinsic carrier
concentration, the electrostatic potential ¢ is scaled by the thermal voltage V;,, and the electric

field is scaled by Vy,/Lp, where L, is the Debye length (Eq. 2.18). This scaling is essential for
the numerical calculation because the potential typically varies by one or two orders of
magnitude whereas the carrier densities vary over ten to twenty orders of magnitude.

Egs. 3.5-3.7 give rise to 3N partial differentia equations from the N nodes of the
discretisation mesh. These have solution variables ¢, » and p. These differentia equations

can be abbreviated as

Ff(9.n,p)=0
F/(9.n.p)=0 (3.9)
F/(¢,n,p)=0

These equations can be solved by the Newton method. Given the non-linear system of
equations 3.9 written as

F(Z)=0 (3.10)
the Newton procedure iteratively computes a new solution

k+

ZM =z + 5552 (3.12)

from the old one z*. The update & s* z*isfound as the solution of the equation

ZaFai ) gt T =-Fz"). (3.12)

To achieve numerical convergence of the Newton iteration, a damping factor 0<s* <1,
determined in each iteration step from the last successful one, isused in Eq. 3.12.
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Equations 3.3-3.12 can be stated for one, two and three dimensions as discussed in ISE-
TCAD [41]. An example of the one-dimensional solution of Eq. 3.10 is given in the next
section, and applications for the two-dimensional case are treated in Chapters 6 and 7.

In modern device simulators, different solution methods can be chosen. It is possible to
solve all 3N partial differential equations 3.10 together (‘ coupled solution’). Another method
with less demand on memory and faster convergence for low and intermediate injection

conditions is the ‘plug-in method': First the N Poisson equations F,* (¢, n, p) =0 are solved.
The resulting potentiad @(X)is inserted into the electron continuity equations
F"(¢,n, p)=0, and iteration by the Newton method then yields a new electron density
distribution 7(x,). Both@(X,) andn(X,) are then used to solve the hole continuity equation

F’(¢,n,p)=0.
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3.3 Comparison of numerical and analytical solution

As an example of how Eg. 3.10 may be solved numerically, a p-» junction solar cell with
diffused doping profiles will be modelled in one dimension. The cell model is shown in Fig.
3.2. The base material consists of homogeneously doped p-type silicon of 250 um thickness.
In order to reduce the surface recombination velocity at the rear surface a back-surface field
was built into the cell. The doping profiles for the emitter and the back surface field are of
Gaussian form (Fig. 3.2b).

€) antireflection (b)

.................................... L PP— .
’ R, n-type emitter o ), No- N,
.......................................... X,
p-type base
Ve Re H N, = const.
I [ backsurfacefield ]

............................... Sback

Fig. 3.2: A one-dimensional model of a planar silicon solar cell with Gaussian doping
profiles: (a) A back surface field and the series and shunt resistances are accounted for; (b)
doping density distribution. For this ssimulation a doping profile of Gaussian shape with a
peak doping density of 5x 10™ cm™ and a junction depth of 1.4 um was assumed. The base
diffusion length was taken as L, = 350 um and the cell thickness as 250 um; the surface
recombination velocity was set to S = 800 cms™ at the front and S = 10°cm s™ at the rear.
The calculated solar cell output parameters are ig = 37.6 MA cm™>, Vo, = 626 mV,
7% = 73 % and a conversion efficiency of 7= 17.2 %. One-Sun (AM 1.5) illumination was
assumed.

Most of the restrictions of the analytical models can be overcome by solving the transport
equations numerically. The doping dependence of charge carrier mobility, mentioned in
Section 2.3.9, and band gap narrowing in heavily doped regions of the cell, arising from
many-body interactions of the charge carriers, can both be incorporated (Chapter 5).
Moreover, the coupled set of differential equations 3.10 can be solved for intermediate- and
high-injection conditions, whereas for low-injection conditions only analytical solutions can
be found.

The simulations presented in this section were performed with the program PC1D, which is
commonly used for one-dimensional solar cell ssimulations ([42]; [43]; [44]).

Fig. 3.3 shows the simulated space-charge density, the electric field and the inner potential
across the p-n junction for this particular cell. The curves were calculated for three terminal
voltages: V' =0, V' = Vimgp, and V' = V.. Note the difference between the results shown in Fig.
2.2 and Fig. 3.3. The numericaly simulated space-charge density distribution is smooth in
comparison to the sharp analytical case. The highest space-charge density is found for short-
circuit conditions. Applying a forward bias to the p-n junction injects carriers into the
depletion region and reduces the space-charge density.
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The electric field in the space-charge region is also reduced by forward bias, as shown in Fig.
3.3b. In contrast with the abrupt-doping case, the electric field does not vanish in the n-type
guasineutral region. The net force on an electron is given by

F =g 8(x) + kr 4@ (3.13)

dx

where the first term of Eq. 3.13 is the drift force and the second term is the diffusive force.
For equilibrium conditions the net force on an electron is zero. Substituting the Gaussian
doping profile with the electron density 7(x)

x—H)?
Ny(x) =N, (Hn)eXp[— G-,y 2”) } (3.14)
20
where o isthe standard deviation and setting F, = 0 yields
E(x) =V, —5= . (3.15)

o

Thus, a doping gradient of Gaussian shape produces the linear dependence of the electric
field on position shown in the »-QNR of Fig. 3.3b.

Fig. 3.4 shows the numerically calculated band-edge energies, quasi-Fermi potentials,
carrier densities and current densities for short-circuit conditions. Cell parameters are listed in
the caption in Fig. 3.2. The equilibrium carrier densities shown as black curves in Fig. 3.5b
can be compared with Fig. 2.3. Again, the electron majority concentration in the quasineutral
region is given by the doping profile. The small electron minority concentration gradient in
the p-type quasineutral region is due to the long diffusion length of L, =350 um (see
Eq. 2.63), which is greater than the cell thickness of 250 um. This is typica for high-
performance c-Si cells.
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To solve the differentia equations for the carrier densities, it was assumed that the
photogenerated carrier density vanishes at the edge of the depletion region. In Section 2.2.5,

this was expressed by the boundary condition »”" (-W,)=0(Eq. 2.87). That is to say, in the

analytical approximation the space-charge region serves as a perfect sink for minority
carriers, i.e. minority carriers at one edge of the space charge region are transferred to the
opposite edge where they emerge as magjority carriers. This boundary condition can be
checked by looking at Fig. 3.4b, which shows the dark and illuminated charge carrier
densities for short-circuit conditions. The numerical simulation reveals that the boundary
condition 2.87 is an idealisation for short-circuit conditions. However, this assumption can be
justified as giving a good degree of accuracy for open-circuit conditions; the differences
between dark and illuminated minority carrier concentrations at the edges of the depletion
region are small for V' = V,., as can be seenin Fig. 3.6b.

The quasi-Fermi levels are separated by the ssimulated open-circuit voltage of 626 mV,
given by Eq. 2.47. This can be seen in Fig. 3.6a. Under illumination the electron and hole
currents J, and J, are mainly recombination currents at open-circuit conditions. The small
total current density depicted by the red dotted line in Fig. 3.5c is a result of the current
feeding into the external shunt resistance R,..

3.4 Ray tracing

The externa reflection of a textured silicon surface is minimised by the multiple
reflections of the incoming light at the front surface. Furthermore, the light trapping quality of
a texturisation scheme can be enhanced by the rough rear cell surface [27]. These effects
cannot accurately be described using anal ytical approaches asin Section 2.3.7.

Ray tracing procedures alow the calculation of optical properties of silicon solar cells with
textured surfaces. This is especially important for the investigation of light confinement in
thin silicon solar cells. The ray tracing programs TEXTURE [45], SUNRAYS [46], SONNE
[35] and RAYN (Section 3.4.2) are based on geometrical optics. These programs account for
the wavelength, the angle of incidence, the optical constant of antireflection layers and
contacting metal s°.

3.4.1 Light trapping investigations

Light confinement in thin planar silicon cells was studied by Goetzberger in 1981 using an
analytical approach [47]. Ideal diffuse reflection at the rear surface was assumed. With such a

® Although the mentioned programs allowed the investigation of awide range of surface textures, there is still no
‘general purpose’ ray tracing program publicly available. Typically, the source code of an existing ray tracing
program has to be modified in order to define sufficiently realistic simulation conditions to match new
problems (e.g. round shapes, non-standard illumination conditions, polarisation of light, non-Lambertian
surface roughness, absorbing antireflection coatings, 3D-spatialy distributed absorption ezc.). Various
laboratories (Fraunhofer ISE, University of New South Wales, University of Konstanz and others) have
developed their own ray tracing software suitable for handling special cases of interest.
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perfect rear reflector, a fraction of the light equal to 1/»? is lost each time a ray strikes the top
surface, assuming unity transmittivity of the front surface. Here, n refers to the ratio of
internal to external refractive indices.

The maximum optical pathlength enhancement of such a randomising scheme was calculated
as 4 n® by Y ablonovitch [48]. Thisis equivalent to a pathlength enhancement factor of around
50 for silicon, that is, the average pathlength of alight beam is enhanced by 50 times the cells
thickness.

Substrates with pyramidally textured surfaces were analysed by Campbell using ray tracing
[49]. Light trapping schemes with front surface texture and a planar rear surface were
investigated. Random pyramids were shown to provide superior light confinement compared
to aregular pyramid texture. The weakness of the single sided pyramidally textured schemes
is the high proportion of light coupling out after only two passes. Enhanced light confinement
can be achieved by arranging pyramids in groups as regular square arrays (‘tylers pattern’).
Campbell aso studied double-sided textures, which revealed enhanced light trapping
properties compared to single sided textures. A comprehensive overview on light trapping
investigations was compiled by Thorp [50].

The optical path length enhancement of light trapping schemes using inverted pyramids on
the front side was investigated by Wagner and the author of this thesis at Fraunhofer ISE [51].
The ray tracing program RAYN was used which is described in detail in Section 3.4.2. A
textured structure with a planar reflector at the back enhances the optical path length 9 times.
This vaue is much smaller than that for an ideal diffuse back reflector, which yields a
pathlength enhancement factor of 25. Therefore, structures with an ideal diffuse back reflector
are better suited for textured thin silicon solar cells than those with a planar rear surface.

The above mentioned investigations assumed ideal diffuse reflection according to
Lambert’s law. This law states that the intensity of light reflected from a surface is
proportional to the cosine of the angle between the vector to the light source and the normal
vector perpendicular to the surface. Assuming ideal diffuse reflection, the amount of reflected
light isindependent of the observer's position.

However, experimentally observed scattering patterns from semi-circular silicon probes,
sandblasted (rough) on the planar part, do not exhibit ideal diffuse reflection [52]. The
observed scattering pattern of internally reflected light shows a symmetrical distribution
around the direction of direct reflection. The width of the scattering cone depends on the
surface roughness. Redlistic light scattering can be modelled using RAYN as outlined in
Section 3.4.2.

3.4.2 The ray tracing program RAYN

The ray tracing modelling in this work was performed with the program RAYN which was
originally developed by Wagner in order to optimise the illumination homogeneity in rapid
thermal processing ovens [53]. It is written in the programming language C. The program was
extended by the author of this thesis for the simulation of the optical properties of silicon solar
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cells [26]. RAYN has also been used by R. Preu [54] and P. Koltay [55] to investigate the
absorption enhancement resulting from the structuring of cell interconnectors in solar
modules.

In RAYN, rays are randomly generated and geometrically traced through a geometrical
structure until the intensity of aray is below athreshold value. This threshold value must be
set very low (especialy for long wavelengths above 1000 nm) since only a small fraction of
the ray is absorbed in each pass through the structure. This is due to the low absorption by
silicon of photons with an energy close to the bandgap energy. Since for each ray a reflected
and arefracted ray have to be traced, the total number of rays to be computed becomes higher
than in the visible wavelength range. Polarisation of light is not considered by this program.
An average over p- and s-type polarisation is taken for oblique light incidence. This averageis
agood approximation for unpolarised incident light [56].

Structures investigated with RAYN  a) b)
are composed using severa types of
optical surface:
W
Light emitting surfaces are used to
illuminate the ray tracing geometry (Fig. :

3.8d). The starting points for rays are v
generated randomly  with  equal
distribution over the emitting surface.

d
An angular distribution can be specified A\, )
N Y
aswell. N 7
Absorbing surfaces are used to model \
- AR-

a light detector or a non-transparent
surface in a solar cell (Fig. 3.8b).
Additionally,  reflecting  boundary /
conditions of the ray tracing geometry ”
can be modelled using this surface type
by specifying zero absorptivity.

Layers

Fig. 3.8 Optica surfaces available in the ray tracing
program RAYN: (a) Light emitting surfaces; (b) absorbing
surfaces; (c) multilayer-surfaces for the ssimulation of AR-
Antireflection coatings are modelled  coatings; (d) virtual surfaces

with multilayer surfaces (Fig. 3.8c). The

angular and wavelength dependent reflectivity of a surface covered with thin antireflection
layers is calculated using Born’s matrix method [57]. To monitor the light flux through a
plane, virtual surfaces are implemented in RAYN (Fig. 3.8d). Such virtual surfaces are also
needed to model closed surfaces of boxes. This alows the application of the divergence
theorem: the total absorption in the box volume enclosed by the surfaces is equal to the light
flux through al surfaces limiting the box.
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Diffusive reflection from the bright etched surfaces used on the rear of the Fraunhofer ISE
high efficiency solar cells was redlistically modelled by a model of Phong [58]. The scattering of
light with initia intensity /)is expressed as a symmetrical scattering pattern about the direction
of direct reflection. /(a), where a is the angle off the direction of direct reflection (see Fig. 3.9)
isgiven as an angular distribution

I(a)=1, cos" (x) (3.16)

The "Phong exponent” w determines the
width of the scattering cone. With Phong
reflection the direction of beam propagation is
not fully randomised, but essentiadly remains
close to the angle of direct reflection. This can
be modelled by adding a random angle offset .
to reflected rays. The angular distribution of a "0/87%

large number of traced rays is computed using

o A, case

gives a more realistic description of the Fig. 3.9: Phong model for the description of diffusive
observed scattering pattern of bright etched — reflection

silicon surfaces than a superposition of direct

and Lambertian reflection.

3.4.3 Simulation of normalised generation function

Numerical device simulation programs cannot handle the 3D-distribution of optical charge
carrier generation due to the surface texture. Spatial resolution within a single optical
symmetry element of for example 10 um width is not compatible with the wide contact
spacing of about 800 um. Thus, a 1D projection of the three-dimensionally simulated charge
carrier generation rates is necessary. A simple paralel projection leads to an unrealistic
generation function with g(4,z) = 0 of atextured surface.

In this work the depth dependence of the normalised generation function g(4,z) is obtained
via a projection technique to give the 3D generation function adapted specifically for textured
surfaces as shown in Fig. 4.5. The volume close to the surface is divided into layers parallel to
the surface. Carriers generated within each layer are attributed to the respective 1D depth
coordinate, since they have approximately equal probability of reaching the surface.

Utilising the normalised generation function provided by RAYN, counteracting optical and
electrical loss mechanisms can be described by combining realistic optical modelling with
semiconductor device simulation (Section 6.5). This is an advantage over the ray tracing
programs mentioned previously.
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3.5 Numerical modelling of differential spectral response

The differential spectral response of a solar cell can be simulated by a numerical approach
which was developed during the course of thisthesis.

Below, E denotes the total irradiance (W m) and E; is the spectral irradiance at a given
wavelength (W m? nm™).

The differential spectral response (Eg. 2.) can be approximated by

~ J(Go +Gz)_J(Go)

E(ﬂ) E(Go + G/l) - E(Go)

(3.17)

where J(G,) isthe short circuit current density determined for illumination with the bias light
generation profile G,(x) and E(G,) is the bias light irradiance. By analogy, J(G,+G,) and
E(G,+G,) are the short circuit current density and irradiance, respectively, determined for
illumination with added monochromatic light of wavelength A. G, (x) is determined from the
normalised generation function g(4,x) (Eq. 2.130) smulated using RAYN.

To avoid numerical errors in solving the integral, the solar spectral irradiance for AM1.5
conditions is divided into m wavelength intervals each containing 1/m of the total irradiance

E. The centroid wavelengths4,for m =100 equa irradiance intervals AE of the AM1.5
spectrum are tabulated in  Ref.[59]. Each irradiance interval  AE contains
1

AE=L E=E, A2, =107 and thus
m m

A
Go(x)=[dAE, -g(A.x)
C
1 m
1 E m
=——» A g(4,x).
» le ,g(4,,%)

In order to simulate the differential spectral response, monochromatic light of
wavelength 4, is added to the bias light generation profile G, (x)

G, (x) =h—1c%(i(l+b5ki) 4, g(ﬂi,x)) (3.19)
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or k=i . . . . . . E
whered,, :%)J}O,,i# and the intensity of monochromatic light is given by b— (i.e. h=lequals
m

10 W/m? added monochromatic light for 7, =100 and E :100012 using the mentioned AM 1.5
m
spectrum).

The differential spectral response at wavelength A, isfound by numerical simulation to be

(4= LG =G (3.20)

b—
m

where J(G,)is the short circuit current density for illumination with the generation profile

G, (x). Thus, modelling a numerical semiconductor device according to Eq. 3.20 alows the

direct ssimulation of the measurement technique introduced by Metzdorf [28] for determining
the differential spectral response.

This simulation technique can be used to numerically investigate the origins of current-
irradiance non-linearities as observed for rear-contact silicon solar cells (Fig. 7.9).
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3.6 Circuit simulation

A discretisation mesh of the entire solar cell device volume could not be constructed, using
state-of-the-art simulation software nor could the device equations be solved on such a huge
mesh. Therefore, semiconductor device simulation as described in Section 3.2 is restricted to
a symmetry element representing an irreducible section of the solar cell. Considering a solar
cell with single sided contacts this symmetry element of the interior cell part typically consists
of one n- to p-contact finger distance multiplied by the wafer thickness for a 2D simulation.

nFingerBegin
pFingerEnd (\p‘contad pad
TR ]
_ perimeter diode —{F}—
it o o @ elementary diode—{E}—
£ 2 ‘ﬂ""‘"& v VY e—— - ]
o resistor —W—
S E : @ | B | E
g | n-metallization — ee—
N >
= B L 1] 1] 2 p-metallization = em—
H H definition lines
® T (e of areas
H corresponding
: : : : to diodes
FingerBegin
\_—«solar cell border Pringerses
nFingertnd
Cellwidth

lastFinger

Fig. 3.10: Electrical circuit for the circuit simulation consisting of half of the solar cell.
The small boxes denote the elementary diodes (E) and the perimeter diodes (P). The
resistors are arranged in order to describe the interdigitated metal grid indicated as dark
areas.

Losses arising from the ohmic metal resistance and recombination losses at the cell perimeter
can not be included using a symmetry element of the interior cell part. These losses can be
accounted for by using the circuit simulation method [60].

An equivalent circuit of asolar cell with single sided interdigitated contact grid is shown in
Fig. 3.10. It consists of elementary diodes (E) and perimeter diodes (P) which are connected
by Ohmic resistors. Contact pads of the solar cell are located in the upper corners of the
graph. The I-V curve of each diode is simulated by semiconductor device simulation and
tabulated. These tabulated /-J curves are considered as voltage controlled current sources in
the subsequent circuit simulation [41]. Each current density value of a diode is scaled by an
associated area fraction shown as hatched areas in Fig. 3.10. For symmetry reasons only half
of the metal grid has to be resolved in the circuit simulation in order to describe the /-7 curve
of an entire solar cell.
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The total current flow causes a voltage drop along the metal grid. Thus, different cell
regions (represented by the tabulated /-7 curves in the circuit) are driven by different voltages
to that at the contact pads. The resulting losses are known as non-generation losses [61].
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3.7 Chapter summary

This chapter has presented an overview of numerical methods of silicon solar cell
simulation. It has briefly explained how the basic equations that govern carrier transport in
solar cells can be solved numerically using a discretisation method.

One-dimensional numerical solutions of the semiconductor device equations using the
program PC1D are presented for a p-» junction solar cell with a diffused emitter. The position
dependent carrier- and current densites for short-circuit, maximum power and open-circuit
conditions have been compared to the analytical Shockley model.

Early analytical light trapping investigations were performed for planar cells with ideal
diffuse reflectors on the rear side of the wafer. Modelling light trapping in textured silicon
solar cells requires numerical ray tracing techniques. This led B. Wagner and the author of
this thesis to develop the ray tracing program RAYN. This program is capable of handling
textured surfaces, antireflection coatings, non-Lambertian surface roughness (Phong model),
and spatially distributed absorption. RAYN represents an improvement compared to other ray
tracing software as it has achieved a more realistic description of surface roughness: Modelled
scattering patterns of rough silicon surfaces are observed to match those determined by
experiment.

RAYN was used to simulate the external reflection and absorption of silicon solar cells
textured with inverted pyramids and random pyramids. In addition, the absorption
enhancement due to structuring of cell interconnectors in solar modules has been investigated
by R. Preu and P. Koltay using RAYN.

Using RAYN, the normalised generation function of a solar cell with textured surfaces can
be smulated. This is essential in order to realistically simulate the short circuit current of
textured cells, especially textured thin silicon solar cells. Furthermore, the normalised
generation function calculated by RAYN provides the basis for modelling the differential
spectral response of solar cells with injection level-dependent recombination mechanisms.
Thisfeature is not provided by other ray tracing programs.

Distributed resistive losses in the metal grid can be accounted for by applying the circuit
simulation method. Moreover, this method accounts for non-generation losses. when the
entire cell is operating at maximum power, different cell parts work at different voltages.
Therefore, the maximum power point of the entire cell deviates from the maximum power
point of the elementary diodes constituting the circuit.

Losses due to recombination of charge carriers at the solar cell perimeter can be quantified
aswell by introducing /- curves of the perimeter region into the circuit simulation.

Both distributed Ohmic losses in the metal grid and perimeter losses influence the solar
cell’ sfill factor (thiswill be exemplified in Sections 7.7 and 7.8).
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4 An object oriented approach to analytical and
numerical modelling of silicon solar cells

4.1 Introduction

A two- or three-dimensional computer simulation of a solar cell is often considered as an
attempt to estimate the cell output parameters by feeding black boxes (executable programs)
with several independent input parameters. The input parameters specify the optical properties
of antireflection coatings, the surface texture, the device geometry, and the doping profiles.
Furthermore, details of physical models like those for carrier recombination and minority
carrier mobility etc. have to be specified.

However, when solving a scientific problem, researchers communicate in abstract terms,
rather than exchanging numerous lists of numbers.

Accordingly, how can our knowledge of the physical properties of solar cells be organised
in terms of a hierarchy of categories reflecting the way we formulate problems when
discussing them in a research group? In this study the problem is solved by using the object
oriented paradigm, which is a new way of thinking about the process of decomposing
problems and developing programming solutions.

4.2 The purpose of PVObjects

The design of PVObjects alows us to examine a wide variety of solar cell-related
problems. Some examples of this are outlined in the following:

* Reflection and absorption of atextured silicon wafer or encapsulated solar module can be
simulated using ray tracing techniques.

» Models describing the solar cell physics can be accessed separately, e.g. mobility, band
gap, and recombination models. This is useful in gaining insight into the physical
dependencies without having to perform a complete device simulation.

» The electrical symmetry element of device ssmulations is based on a simple set of two-
and three-dimensional geometrical elements implemented as objects. All geometrical
and doping parameters determining the topology of the device can be varied.

Solar cells are represented by complex objects (solar cell models), in which al of the
above-mentioned objects are embedded. A solar cell model includes severa interfaces with
commercia device simulation programs.

All the standard measurement procedures of a characterisation laboratory for solar cell
analysis can be smulated: the external reflection, the spectral response, the dark- and
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illuminated /-7 curve, and the J,.-V,. curve. Thisis achieved by passing a solar cell model to
an object representing a measurement apparatus in avirtual laboratory.

4.3 Object oriented programming with application to solar cell
simulation

In the following, the basic principles of object oriented programming are outlined with
application to the analytical and numerical modelling of silicon homo-junction solar cells.

Object oriented programs can be seen as a collection of largely autonomous agents, called
objects [62]. These objects encapsulate both the data values and the operation information.
Operations that an object can perform are called methods. Writing an object oriented program
means first of al defining the object classes. The object classes determine the object’s
behaviour; that is, the data structure and the methods are defined in the classes. Every object
isan instance of aclass. To illustrate the meaning of class and object think of the class "solar
car" and of the object "Dream" as an instance (or one reaisation with this name) of the class
solar cars.

PVObjects was implemented in the scientific software tool Mathematica [63] using an
object oriented extension [64]. PVObjects is designed according to the way we think when
analysing solar cells: there are specidists involved in the characterisation process. The main
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Fig. 4.1: The object tree called SemiconductorPhysicist'Material is shown. The degree of speciaisation
increases to the right in the tree. The concept of inheritance can be illustrated with the class semiconductor,
which represents an abstract base class. The more speciaised class silicon inherits attributes of the class
semiconductor.
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specidists are the OpticSpecialist, the SemiconductorPhysicist and the SolarCellResearcher.
Each object tree, to be described in the following, belongs to one of these three speciaists.

4.3.1 Abstraction and inheritance

Abstraction is a mechanism to control complexity: if a number of related data types share
some common characteristics, they are isolated and encapsulated in an abstract object class.
Specidisations of the abstract class are implemented as subclasses inheriting the
characteristics of the superclass. Only the aspects in which a class differs from its superclass,
have to be implemented. Therefore much of the program code needs to be written only once.
This ensures consistency and reduces development time. Constructing object trees using the
mechanisms of abstraction and inheritance allows us to create categories of object classes that
reflect the structure of terms in our natural human language. This can be illustrated by the
object tree shown in Fig. 4.1 including material objects needed for the ssimulation of silicon
solar cells.

Isolators, semiconductors and contacts are implemented as subclasses of the abstract class
material. For instance, an abstract class semiconductor provides the materia features common
to al semiconductors; it contains methods for the definition of a band gap model, a model for
the charge carrier mobility, and so on.

4.3.2 Polymorphism and reusable code

When simulating solar cells, a basic consideration is how to represent their physical
dependencies in a computer model. Often one has to compare the influence of different
physical models on the cell’s characteristics. Consider different models for the minority
carrier mobility, e.g. the model of Masetti [65] and that one of Cuevas [66]. The temperature
dependency of the mobility is included in Masetti's model, whereas Cuevas parameterisation
is given for a fixed temperature only. Therefore, in a functional implementation one has to
deal with different numbers of arguments for the calculation of the mobility. As a
consequence, the code for the calculation of the mobility as a function of doping density has
to be written twice. This leads to a tight interconnectedness of the software, which was a
major problem in past implementations, insofar as the extraction of elements of the software
from one project to another, unrelated project was difficult.

One tool for writing "reusable" software is polymorphism. It permits a code to be written
once, at ahigh level of abstraction, and to be tailored as required to fit avariety of situations.

An example of the calculation of the minority carrier mobility with a reusable code is
given in Fig. 4.2. The function calculate Mobility accepts an object of type mobilityModel,
regardless of the detailed dependency hidden in the model. Applying the polymorphic method
electronMinorityPar 10 the mobility, the mobility parameters are switched to a parameter set
describing electrons as minority charge carriers. This parameter set is hidden in the object; in
other words, the data defining the model’s dependency on electrons as minority carriers are
part of the object.
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a)
Needs ["PVObjects SemiconductorPhysicist CarrierMobility ™ "];
masetti = new[masettiMobilityModel]; electronMinorityPar [masetti];

setDonorDensity [masetti, 1016];

mobility [masetti]

1429.68

b) pcld = new[pcldv51MobilityModel]; electronMinorityPar [pcld];
setDonorDensity [pcld, 1016];
mobility [pcld]

1417.

C) calculateMobility[model_, doping_] :=
(electronMinorityPar [model]; setDonorDensity [model, doping]; mobility [model])

calculateMobility [masetti, 1016]

1429.68

calculateMobility[pcld, 1016]

1417.

Fig. 4.2: An example of the calculation of the minority carrier mobility of phosphorous-doped silicon using the
polymorphic methods electronMinorityPar, setDonorDensity and mobility: (d) Masetti’s model is used; (b) using
the model implemented in PC1D [67]; (c) polymorphic methods allow us to write a reusable code without the
need for modification even if the dependencies of the models on the physical entities are changed.

4.3.3 Embedding of objects and autonomous objects

Instances of object classes

embedding in other objects are a
}_’ pqwerful tool for §tructur|ng object
oriented programs. Fig. 4.3 shows part

. ‘ of the structure of the abstract base
bandGapModel . i

class semiconductor  with an

: embedded model for the density of

states in the conduction band.

Fig. 4.3. Schematic diagram of the embedding of object Furthermore, the model for the
classes for physical models. Arrows indicate embedding of density of sates contains an

classes: the class semiconductor embeds a model for the i
density of states, which itself embeds a band gap model. emb_ec_jded class for the calculation of
the silicon band gap.

Each embedded object can be used autonomously. This alows us to immediately focus on
specific physical dependencies, without any further programming effort. An example is given
in Fig. 4.4. The effective intrinsic carrier density of silicon is calculated depending on the
donor density for two different models of the effective intrinsic density. The object delAlamo
shows a constant effective intrinsic density value for donor densities lower than 7x10* cm™
whereas the object schenk shows a smooth curve (Fig. 4.4a). The shape of the two effective
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intrinsic density curves can be understood by looking at the embedded band gap narrowing
models. As each model for the effective intrinsic density embeds a band gap narrowing model
it is easy to investigation this. The method giveBandGapNarrowingModel in Fig. 4.4b
extracts the objects for the band gap narrowing. Plotting the band gap narrowing model
depending on the donor density yields the curves shown in Fig. 4.4b which explains the
effective intrinsic density curves. The band gap narrowing model of Schenk [68] is derived
from guantum mechanics, leading to a smooth curve; whereas del Alamo [69] gave an
empirical fit expression, leading to the dash-dotted curve with the kink in Fig. 4.4b.

The object oriented approach is superior to functional programming, where complex
functions are behaving like a black box: as explained in the introduction, due to the high level
of interconnectedness in functional software, specific physical dependencies cannot easily be
accessed.
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Needs ["PVObjects SemiconductorPhysicist BandGap "] ;

schenk = new[schenkEffIntrinsicDensityModel] ;
delAlamo = new[delAlamoEffIntrinsicDensityModel] ;

makeDataList[g_] := Map|[g, logTakat[lOls, 1021, 5011

niEff[model ] := Function[doping,
(setElectronConcentration[model, doping] ; setDonorDensity[model, doping];
{doping, effectiveIntrinsicDensity[model]})]

data[f , = , T ] := Map[makeDatalist, {f[=], £[T]}];

multipleLogListPlot[{"Schenk", "del Alamo"},
data[niEff, schenk, delAlamo], < graphics optionsdiscarded>];
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bgnSchenk = giveBandGapNarrowingModel [schenk ];
bgnDelAlamo = giveBandGapNarrowingModel [delAlamo ],

bgn[model ] := Function[doping,
(setElectronConcentration[model, doping] ; setDonorDensity[model, doping] ;
{doping, bandGapNarrowing[model]}) ]

multipleLogListPlot[{"Schenk", "del Alamo"},
data[bgn, bgnSchenk, bgnDelAlamo], < graphics options discarded>];
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Fig. 4.4: Focusing on model dependencies is easy because each object can be used
autonomously: (a) Effective intrinsic density »; . of silicon as a function of doping for two
different models; (b) focusing on band gap narrowing models to explain differencesin n; .
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4.4 An object class for the simulation of optical properties

This section describes optical models for silicon solar cells. From an abstract point of view,
the most important spectrally dependent properties of any silicon solar cell structure are the
external reflection and the light trapping quality; that is, the fraction of incident light absorbed
in the electrically active part of the solar cell. Moreover, it isimportant to calculate the charge
carrier generation profile in the solar cell structure to redlistically simulate the short circuit
current density using an electrical device simulation program.

Fig. 4.5 shows an object tree for the optical smulation of silicon solar cells. Methods for
the above-mentioned optical properties are implemented in the object class opticalGeneration.
The optical properties can be calculated analytically in the case of a planar front and rear
surface of a silicon wafer (Section 2.3.8). This model is implemented in the object class
analyticalOpticalGeneration.

A numerical approach to the simulation of textured silicon solar cells is achieved by
interfacing with the ray tracing program R4 YN which is described in detail in Section 3.4.

4.4.1 Light trapping geometries

Models for the most important light trapping geometries realised at Fraunhofer ISE are
implemented in PVObjects as subclasses of the object class opticalGenerationStack (Fig. 4.5).
This class represents optical symmetry elements with stacked optical boundaries. An optical
boundary consists of optical surfaces, which are shownin Fig. 3.8.

Three examples of optical symmetry elements are shown in Fig. 4.5a - d.

Optical properties of regular inverted pyramids etched in monocrystalline silicon are
modelled with the object class invertedPyramidGeneration [27]. It embeds the optical
symmetry element shown in Fig. 4.5a, b. The inverted pyramid on the front side is composed
of four triangular-shaped multi-layered surfaces. Therefore, antireflection coatings on textured
surfaces can be simulated as well.

Optical properties of random upright pyramids can be approximated by an optical
symmetry element composed of one upright pyramid [70]. This optical symmetry element is
embedded in the object class upright PyramidGeneration shown in Fig. 4.5c.

Light trapping in thin film silicon solar cells can be simulated with the object classes
planarThinFilmGeneration and invertedThinFilmGeneration. The optical symmetry element
shown in Fig. 4.5d describes a thin-film layer deposited on a substrate. Light trapping in the
thin silicon layer is achieved using inverted pyramids on the front side and an intermediate
oxide layer, which acts as a backside reflector. The intermediate oxide is modelled by a multi-
layered surface [71].
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Fig. 45: The graph shows objects of the package OpticSpecialist OpticalGeneration
describing the optical properties of textured monocrystalline silicon solar cells: (a) The optical
symmetry elements are implemented in three dimensions, graphs b - d are 2D-cuts through the
respective 3D-symmetry element; (b) front texture with inverted pyramids; (c) upright

pyramid; (d) inverted pyramid texture of athin film cell on an insulating substrate.
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4.4.2 Example: Optical characterisation of thin silicon solar cells

This section presents an example ray tracing calculation of the optical properties of a
planar silicon on insulator (SOI) solar cell [72]. The modelling was performed with the object
planarThinFilmGeneration. The complete code for the simulation and graphical output is
shown in Fig. 4.6.

The external reflection of the SOI cell is plotted as a solid line in Fig. 4.6a. In the example
the object of class planarThinFilmGeneration assumes a default thickness of the surface
passivation oxide of 105nm. The external quantum efficiency of a solar cell with these
optical features cannot exceed the upper limit plotted as a dash-dotted line in Fig. 4.6a (active
absorption). Maximum transmission of light through the intermediate oxide layer occurs at
1050 nm: 40 % of light at this wavelength is transmitted through the intermediate oxide layer
and absorbed mostly in the supporting substrate (dotted line in Fig. 4.64).

Another interesting feature of the class opticalGeneration is its ability to simulate mixtures
of white light illumination and additional monochromatic illumination. Different mixtures can
be simulated where the ray tracing procedure is invoked only once. An example calculation is
shown in Fig. 4.6b. The incident light intensity is varied from 0.001 suns to 10 suns.
Additional monochromatic illumination with 1100 nm wavelength and an intensity of
10 W/m? was set. The curvesin Fig. 4.6b show depth-dependent optical generation profiles. A
discontinuity of the generation profile is found at a depth of 30 um. This is due to reflection
of light at the intermediate oxide layer.

The example discussed above illustrates the autonomous use of complex objects in
PVObjects. Only a few parameters have to be specified, differing from default settings to
obtain reasonable results. This ensures a short and clear code. Data generated by the objects
can immediately be displayed with Mathematica, as demonstrated in Fig. 4.6.
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a) Needs ["PVObjects 'OpticSpecialist ' OpticalGeneration "];

G = new[planarThinFilmGeneration];

setOpticalThickness[G, 30 (#umx)]; setRearPhongExponent[G, 20];

setIntermediateOxideThickness[G, 200 (xnm#)];

request[G];

data = {externalReflection[G], frontSurfaceBalance[G], cumulativeAbsorption[G], activeAbsorption[G],

intermediateOxideBalance[G]};

descriptor = {"externalReflection", "frontSurfaceBalance", "cumulativeAbsorption™,

"activeAbsorption”, "intermediateOxide"};

multipleLoglListPlot[descriptor, data, <« graphics options discarded >]

externalReflection
frontSurfaceBalance
cumulativeAbsorption
activeAbsorption

intermediateOxide

0.4 \ B
L C N~ A
0.2 B
L - - _—
400 600 800 1000 1200
wavelength [nm]
b) setMeasLightWavelength[G, 1100 (#nm+)]; setMeasLightIntensity[G, 10 (+W/m?%)];
generationForGivenSuns[suns_] := (setSuns[G, suns]; giveGenerationList[G])
data = generationForGivenSuns /@ {0.001, 0.01, 0.1, 1, 10};
descriptor = ToString /@ {0.001, 0.01, 0.1, 1, 10};
multipleLogListPlot[descriptor, data, <« graphics options discarded »>]
b)  generation rate [cm ®s ]
— 0.001
- 0.01
- - 22
oo 7 17. x1022 | . 01
1
L L L depth [um]

0.01 0.1

10

Fig. 4.6: Mathematica input and output for the simulation of the optical properties of a 30 um thick planar
SOI solar cell on a 200 nm thick insulating intermediate oxide layer. The intermediate oxide layer is

assumed to be rough.
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4.5 Solar cell models

This section presents an object oriented implementation of models describing solar cells. A
solar cell is represented by an object of class solarCellModel. The object class
solarCellModel can be associated with the prototype of a solar cell: if no further details of the
term solar cell are explained, the author thinks of a homo-junction silicon solar cell with a
boron-doped base and a phosphorous-doped emitter. Therefore, the abstract base class
solarCellModel collects material properties of this solar cell prototype by means of embedded
material objects which are independent of the device geometry. The definition of subclassesis
based on the distinction between anal ytical solar cell models and numerical solar cell models.

4.5.1 An abstract class for the simulation of silicon solar cells

A p-n junction silicon solar cell consists of a base, an emitter and two contact types.
Therefore, these shared characteristics are isolated in an abstract class - the object class called
solarCellModel. The objects for the base and emitter are embedded in the solar cell modd,
and are sub-objects of the silicon class including the doping type (Fig. 4.1). It provides
methods of calculating all important semiconductor properties such as the effective intrinsic
density, doping dependent mobility, charge carrier dependent recombination rates etc.

Another feature common to al solar cells is that they are illuminated with light, causing
charge carriers generated in the base and emitter. To subsume the optical properties of the
device, the solar cell model embeds an object opticalGeneration describing the optical charge
carrier generation as explained above.

4.5.2 Numerical device simulation tools

For exact solar cell simulations, numerical device simulation programs have to be
involved. The most important steps for the device simulation are ray tracing simulation,
construction of a discretisation mesh, and numerical device simulation, performed with the
programs RAYN (Section 3.4.2), MESH and DESSIS [41], respectively. The objects involved
in the numerical simulation process are shown in the object tree of Fig. 4.7. The Mathematica
objects mesh and DESSIS provide interface methods for the programs MESH and DESSIS.
The operating system-specific code is collected in the class computer, which is embedded in
the class simulationTool. Objects of the class computer for the operating systems Linux and
HP-Unix have been implemented so far.

The device simulation program DESSIS alows us to use different solution algorithms. The
selection of the solution algorithm and details concerning the order of solving the Poisson
equation and the electron and hole continuity equations are embedded in subclasses of
dessisSolveScheme (Fig. 4.7).

An object of type dessisSolveStrategy provides interface methods specifying the voltage
applied to the solar cell device within DESSIS. For example, an instance of
dessisSolveStrategyQuasistationary can be used to ramp the voltage applied to the solar cell
contacts to a given level assuming quasistationary conditions in the device.
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Fig. 4.7: Object tree SolarCellResearcher IseTcadTools for interfacing with numerical device simulation
tools.

Finally, the optical generation rates at the nodes of a discretisation mesh have to be
specified. This is achieved by using an object of type illuminationAssistant. Files specifying
optical generation rates can be generated with this object for white light illumination and for
added monochromatic light (see Fig. 4.6b). The last case is important for the simulation of the
spectral response of a solar cell.

The class numericalSolarCellModel embeds al simulation tools shown in Fig. 4.7. Details
concerning the device geometry are specified in  subclasses of the class
numericalSolarCellModel; thiswill be discussed in the following section.

4.5.3 Two and three-dimensional solar cell geometries

In order to numerically simulate the electrical characteristics of a solar cell with a device
simulation program, a geometrically irreducible symmetry element of the cell has to be
constructed.

In PVObjects all physical dimensions and doping profiles are encapsulated in a subclass of
electricalSymmetryElement. Fig. 4.8 shows two examples of geometricaly irreducible
symmetry elements with reflecting boundary conditions: (@) two-dimensional symmetry
element of a silicon on insulator thin film cell with both contacts on the front side; (b) three-
dimensional symmetry element of an emitter wrap-through cell. The front and rear emitters
are connected by a diffusion through holes (called hole emitter). Due to the current collecting
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Fig. 4.8: Object tree SolarCellResearcher ElectricalSymmetryElements for two- and three-dimensional device
simulation.

activity of the hole emitter, the current flow patterns found in an emitter wrap-through cell
cannot accurately be described by atwo-dimensional model.

The conception of the object class electricalSymmetryElement minimises the
implementation effort for the simulation of a new solar cell geometry: the coordinates of all
cell regions are calculated from a few fundamental dimensions, e.g. from the cell thickness,
the spacing of the metal contact fingers, etc. This allows for variation of the size or thickness

of the symmetry element without having to draw the symmetry element anew with a CAD
tool.

An electrical symmetry element is constructed from subobjects of the classes region and
profile shownin Fig. 4.1.

An object of type refinementAssistant helps to construct discretisation meshes for the
electrical device simulation in two and three dimensions. The regions of a semiconductor
device have to be refined differently. A high density of mesh points in device regions with a
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steep doping gradient is needed for the convergence of the numerical device ssmulation.
Therefore, refinement regions used by the refinementAssistant are distinguished as follows:
bulk refinement, optical refinement at illuminated surfaces with high gradients of optically
generated charge carriers, emitter refinement, space charge region refinement and contact
refinement. Typically, a device region is given as an argument to the refinementAssistant and
the type of refinement is specified. The refinementAssistant automatically provides the output
for the program MESH which is used for the construction of the electrical discretisation mesh.

b)

a)

n—co/ntact

oxide
emitter

SCR

Fig. 4.9: Discretisation meshes created by the refinementAssistant,
(a) Emitter refinement at the front surface of a three-dimensional cell
structure; (b) enlargement of the black sguare in a): the
refinementAssistant automatically generates a dense space charge
region (SCR) refinement for each emitter refinement; (c)
discretisation mesh for three-dimensional simulation of an emitter
wrap-through cell.
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4.5.4 Baseline models

Fig. 4.10 shows baseline models of solar cells representing realised solar cells. Models for

the following solar cells are implemented in PVObjects so far:

object

electricalDeviceModel

—

numericalSolarCellModel

solarCellModel

numericalModelOneElementaryDiode

numericalModelsWithBasicSolveMethods

analyticalSolarCellModel

oneDiodeSolarCellModel

twoDiodeSolarCellModel

industrialEWT2D

standardNumerical
SolarCellModel

numericalModel

highEtaEWT2D
numericalModel

rtpScreenPrintedCell

industrialEWT3D

numericalModel

rearContacted intermediateHole
SolarCellModel2D Cell
standardNumerical
| SOICell
SolarCellModel3D planar €

texturedSOICell

Fig. 4.10: The object tree SolarCellResearcher SolarCellModels contains models for analytical and numerical
solar cell smulation.

e Silicon oninsulator solar cells (Chapter 6)

e Highly efficient rear contacted solar cells (Chapter 7)

e Cdls with an emitter from rapid thermal processed (RTP) phosphorous dopants and
evaporated contacts [31]

e The emitter wrap-through cell [73]

e Crystalinesilicon thin film cells on low cost substrates [74], [75]

4.6 A virtual measurement laboratory

In a real laboratory situation a solar cell is carried to a measurement apparatus to be
measured. The illumination conditions and specific electrical boundary conditions at the cell
terminals are controlled by the measurement apparatus. This situation is reflected in the
objects responsible for the device characterisation: in the virtual laboratory a solar cell model

is passed to an object of type measurementApparatus.

The abstract base class



Object oriented approach to solar cell modelling 85

object

measurementApparatus

darklVTester illuminatedlVTester jscVocTester spectralResponse

standardDarkIVTester intervalNestinglVTester

standardllluminatedIVTester

Fig. 4.11: SolarCellResearcher MeasurementLab: a virtual measurement laboratory for the characterisation of
solar cellsimplemented in PVObjects.

measurementApparatus represents al standard characterisation facilities. Illumination
conditions and the applied voltage are controlled via polymorphic methods by the
measurement apparatus. Therefore, it was possible to implement measurement-objects, which
can be used to characterise anaytical and numerical solar cell models using the same code.
As long as the solar cell model provides all polymorphic methods to realise illumination and
injection conditions it can be "measured"” by the measurementApparatus.

4.6.1 Characterisation facilities

Using the abovementioned polymorphic methods for the simulation of illumination and
injection conditions it is a straightforward procedure to implement all standard solar cell
measurement facilities at a high level of abstraction. Fig. 4.11 shows the object tree of a
virtual measurement laboratory implemented in PVObjects. The series resistance-corrected
Jse-Voe curve [76] can be simulated with the object jscVocTester. The object spectralResponse
is capable of simulating the differential spectral response as described in Section 3.5.

4.6.2 Example characterisation

One application of the characterisation facilities is shown in Fig. 4.12. The model of a
planar silicon on insulator cell (class planarSOICell in Fig. 4.10) is passed to the virtual
measurement apparatus spectralResponse. Applying the method evaluateSpectralResponse 10
the instance of class spectralResponse causes all numerical simulation tools to be executed
automatically: first, a request to an object of class planarThinFilmGeneration (Fig. 4.5)
causes the ray tracing procedure to calculate the generation function using RAYN. In the next
step, an object of type mesh (Fig. 4.7) generates the discretisation mesh for the SOI-structure
(Fig. 4.8) using default values for al physica dimensions and doping profiles. Optical
generation rates with white bias light and added monochromatic measurement light are
calculated (Fig. 4.6b) for several wavelengths. The difference between simulated short circuit
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current densities with and without monochromatic light added to the white bias light resultsin
the differential spectral response. Thisis achieved by an instance of type dessis.

Needs ["PVObjects SolarCellResearcher MeasurementLab "] ;
solarCellModelVar = new[planarSOICell];

monochromatorVar = new[spectralResponse, solarCellModelVar];
evaluateSpectralResponse [monochromatorVar] ;

egeSimulated = giveExternalQuantumEfficiency[monochromatorVar] ;
egeMeasured = sR2QE [readSrWimo["simox4_2cl.dat"]];

multipleLogListPlot[{"simulated", "measured"}, {eqeSimulated, egeMeasured},

< graphics options discarded >]

Wednesday 17.5.2000 - 16:32:4
[<<examples .nb>>]

—_— simulated

] measured

400 600 800 1000 1200
wavelength [nm]

Fig. 4.12: Simulation of external quantum efficiency of a silicon on insulator solar cell with planar
front. The complete code for the simulation is shown including a comparison with measured data.

Since al requests to numerical tools are handled by Mathematica, numerous operations on
objects can easily be combined to higher level functions. Thus, the powerful set of
mathematical functions built into Mathematica [63], [77] can be used to process the simulation
input and evaluate simulation results. An example is shown in Fig. 4.13. The influence of the
n- to p- meta finger distance of a textured silicon on insulator structure on the solar cell
output parameters is examined. The function variation, which is defined in the example,
performs a complete simulation of an illuminated /-7 curve for a given n- to p- finger
distance.
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Needs ["PVObjects SolarCellResearcher 'MeasurementLab "] ;
solarCellModelVar = new[planarSOICell] ;

elem = giveElementaryDiode[solarCellModelVar] ;

myMesh = giveMesh[solarCellModelVar] ;

myIVTester = new[standardIlluminatedIVTester, solarCellModelVar] ;

variation[dsym ] := (setElectricalSymmetryElementWidth[elem, dsym]:
reset[myMesh] ; request[myMesh] ;
ivSweep[myIVTester] ;
{ivOutput -> giveIVOutputParameters|[myIVTester], d -» dsym}
)

result = variation /e Table[i, {i, 400, 1000, 100}];

selectIVOutput[dataSet ] := Transpose[{d /. result, Abs[dataSet] /. (ivOutput /. result)}];
jscPlot = multipleLogListPlot[{"Jsc"}, {selectIVOutput[isc]}, < graphics options discarded >]
ffPlot = multipleLogListPlot[{"FF"}, {selectIVOutput[ff]}, < graphics options discarded >]
vocPlot = multipleLogListPlot[{"Voc"}, {selectIVOutput[voc]}, < graphics options discarded >]
etaPlot = multiplelogListPlot[{"efficiency"}, < graphics options discarded >]

Show [GraphicsArray[{{JscPlot, vocPlot}, {£ffPlot, etaPlot}}]]

0.67
37.9

37.8 0.668
37.7 7 0.666

W

. 0
2 0.664
37.5
0.662
37.4 /

400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
symmetry element width [pm] symmetry element width [pm]
0.21
0.83
0.825 0.208
= —
© 0.82 1 0.206
o .
=0.815 =
s 0.204
= 0.81 -8 FF = —a— efficiency
0.805 0.202
0.8
400 500 600 ~ 700 800 900 1000 400 500 600 700 800 900 1000
symmetry element width [pm] symmetry element width [um]

Fig. 4.13: Influence of the n- to p- finger distance on the solar cell output parameters calculated for the
textured SOI cell.
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4.7 Conclusion and outlook

A new simulation environment for solar cell characterisation is presented: PVObjects
unifies analytical physical models, interfaces with elaborate commercial simulation software
and the corresponding evaluation methods. Furthermore, prototypes of existing solar cells are
implemented in terms of measured values and material data.

The tool can be enhanced by new materia objects, physical models and solar cell models.
New solar cell structures resembling implemented structures can easily be implemented using
the mechanism of inheritance. Therefore, PVObjects provides a system for solar cell
knowledge representation, achieved by objects having default values corresponding to
realised materials and solar cells.

The code of PVObjects is written in the Mathematica programming language, which is
based on system independent commands. This assures compatibility on a wide variety of
computer operating systems without the need to compile the code. The simulation code can be
published at a high level of abstraction, as shown in this chapter. Simulation results can be
reproduced by the reader if the short source code is attached to publications.

PVObjects is highly suitable for teaching purposes: predefined examples can be executed
and modified interactively by students.
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Numerical simulation of recombination properties of
phosphorous doped emitters

5.1 Introduction

The commonly used band gap narrowing (BGN) models for crystalline silicon do not
describe heavily doped emitters with desirable precision. One of the reasonsis that the applied
BGN models were empirically derived from measurements assuming Boltzmann statistics. A
new BGN model derived by Schenk [68] from quantum mechanical principles is applied to
the numerical simulation of recombination properties of phosphorous doped silicon emitters.
It is demonstrated that carrier degeneracy and the new BGN model substantially affect the
electron-hole product within the emitter region. Simulated saturation current densities of
heavily phosphorous doped emitters, calculated with the new BGN model are lower than
results obtained with the empirical BGN model of del Alamo [69].

5.2 Band gap narrowing

Many-body interactions among the free carriers and between free carriers and dopants |ead
to a shrinkage of the silicon band gap, called band gap narrowing (BGN): In n-type silicon,
free electrons are attracted by ionised donor atoms. This electron-impurity interaction |eads to
a shift of the conduction band to lower energies. The Fermion nature of the electrons tends to
keep the ones with parallel spin orientation away from each other. This spatial exclusion
principle reduces the repellant Coulomb forces between electrons and hence is equivaent to
an attractive exchange energy. Free electrons screen the Coulomb forces between holes. This
shifts the valence band upwards by the so called correlation energy. The electrons in the
conduction band allow the valence holes to relax around positively charged donor centres and
thus gain in energy. This hole-impurity interaction causes a rise in the energy of the valence
band.

The emitter models for silicon commonly found in the literature are not able to describe
highly doped emitters (obtained, for instance, with rapid thermal annealing) with satisfactory
precision. Such models use empirical (or apparent) BGN data AE,”” derived from transport
measurements of highly doped silicon, and are parameterised as a function of doping density
Np. Hence, physical effects like carrier-impurity or carrier-carrier interactions are not
separated from each other. Moreover, empirical BGN data represent a conglomeration of
various physical effects; these are degeneracy effects at high doping levels, the change in the
density-of-states due to the formation of an impurity band at medium to high doping densities,
and the asymmetry in gap shrinkage [78]. The emitter model developed in this thesis
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considers these effects separately and is therefore a more precise one. It goes beyond the
application of empirical BGN models.

The BGN model of Schenk [68] is applied here, which is a comprehensive silicon BGN
model that is entirely derived from quantum mechanical principles. This model provides the
band gap energies £, and E,. separately, and hence is compatible with Fermi-statistics. It aso
distinguishes between dopant- and free-carrier induced gap shrinkage. Thisis a fundamentally
different approach from the determination of AE,#”. Hence, it is generaly insufficient to
compare solely the resulting AE, of Schenk’s model with the AE,”” values. However, at low
dopant densities and under low-level injection conditions, the BGN model of Schenk can be
directly compared with AE;”*. Fig. 5.1 shows that there is good agreement between the two
approaches. In the high doping range, the model of Schenk provides a similar AE; as
photol uminescence measurements (crosses in Fig. 5.1). They give a dlightly higher AE, than
the model of Schenk due to band tails, which host immobile carriers and therefore do not
contribute to BGN relevant to electronic devices.

Gernot Heiser from the University of New South Wales in Sydney implemented the new
BGN model of Schenk into a developer version of the device simulator DESSIS [41]. This
version was used for all simulation results presented in this chapter. The developer version of
DESSIS numerically solves the complete set of coupled semiconductor equations, and uses
Fermi-Dirac statistics for the charge carriers. Hence, using this program version, BGN can be
simulated for any doping and injection condition relevant to electronic devices.

In the simulations discussed here, the BGN model of Schenk is compared with the widely
used empirical BGN model of del Alamo [69]. With del Alamo's model, Boltzmann statistics
must be used for the calculation of the charge carrier distribution [78]. The application of
Fermi statistics would overestimate the degeneracy effects, because they are already
contained in del Alamo's AE,(Np) data.

When comparing these two BGN models, care has to be taken as to the choice of the
intrinsic carrier density, »;. In analogy to the law of mass action for ideal gases, the relation
ni’=n,p, holds only if the carriers do not interact strongly with each other, i.e. in weakly
doped silicon. The validity of this law is extended to the heavy doping range by introducing
the effective intrinsic carrier density, »; .z, using the expression

2

} =1V gon (5.1

AE
2 2 g

n. =n_p, 6 =n, eXx
ieff ol’o i p|: kT

where n, and p, are the equilibrium carrier densities in the heavy doping range. The BGN
model of del Alamo was derived from electrica measurements using »; = 1.45x10% cm® at
300 K. In 1991, the value of »n; was revised to be 1.00x10™ cm™ at 300 K [79]. Hence, in
order to achieve comparability, 7,=1.45x10" cm™ is used for simulations with the BGN
model of del Alamo and 7,=1.00x10™ cm™ in combination with the BGN model of Schenk.
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Fig. 5.1: Band gap narrowing as a function of phosphorous concentration under low-injection conditions.
Symbols indicate measured data [80], the solid lines show the model dependency as obtained from

Ref. [68].

5.3 Simulation method

In order to determine the recombination properties (i.e., J,.) of n-type emitters, steady-state
photoconductance (PCD) measurements [81] of » p structures with a perfectly passivated rear
surface are simulated. A schematic doping profile of an n-type emitter is shown in Fig. 5.2.

In contrast to the commonly treated case of an abrupt p-» junction with a quasi neutral

emitter, a Gaussian doping profile is used.
Thus, the electric field at the front surface and
in the bulk of the emitter is non-zero (see Fig.
53) due to the doping gradient. It is
considered that the edge of the space charge
region x. is to be located towards the base
side of the p-n junction, where the electric
field has dropped to 1 %0 of its maximum
value. Therefore, the emitter saturation
current density Joe is determined at the edge
of the space charge region at position x,,
shown as dotted linein Fig. 5.2 and Fig. 5.3.

In order to determine J,e as a function of
injection level, the intensity of the incoming
light is varied, so that the simulation approach

10g [Ng-N,|

peak

x=0 X;

Fig. 5.2: Schematic doping profile of an n-type
emitter diffused into a p-doped substrate of
thickness . The dotted line with position x, is
the edge of the space charge region to be
located towards the base side of the junction.

is equivalent to the commonly used PCD measurements.
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All simulation results shown in this
chapter are obtained illuminating the
sample with blue light from the rear side.
Comparison with simulations, using
illumination of white light from the front,
showed that the influence on J,e of such
variations in steady state illumination can
be neglected in comparison to the
deviations between the BGN models. The
simulation parameters are listed in Tab.
5.1.

Lquasi o
: neutral
: region

space charge * 10 [cm”]

electric field * 10° [V/cm]
0O B N W A O O W
T

.0 0.2 0.4 0.6 0.8 1.0
distance from front surface [um]

Fig. 5.3: Space charge density and electric field across a
heavily doped emitter with a Gaussian doping profile.

For a fixed injection level, the averaged electron density 7 in the base is calculated by
numerical integration of the simulated local electron density n(x) over the p-type region

n=

1 W
[n(x)dx. (5.2)

W—x, M

The averaged generation rate is calculated as

. w
G= JG(x) dx (5.3)

1
w
where G(x)is the optical generation profile. Given the generation current-density as
J o =9G , We define the effective minority carrier lifetime in the base for steady state
conditions by [82]
_An
Ty =z (5.4)

The Shockley-Read-Hall (SRH) and Auger recombination currents in the emitter and the
base are found by integration over the simulated local recombination rates
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X, w
JAuger,em =4q _[RAuger (X) dx’ JAuger,base =9 J.RAuger (x) dx (55)
0 X,
X¢ w
JSRH,em = q J‘RSRH (x) dx’ JSRH,base = q J‘RSRH (x) dx . (56)
0 X,

Ve

The hole recombination current density at the emitter surface is given by

where S, is the surface recombination velocity of holes at the emitter surface, and p, is the
hole density at thermal equilibrium. For steady state conditions, the generation current density
(Eq. 2.) equalsthe sum of all recombination currents

Jgen ZJAuger,base + JAuger,em + JSRH,base +JSRH,em +Jsurf' (58)

Dividing Eq. 5.8 by J

gen

gives the relative recombination fraction for each recombination
‘channel’

fAuger,base +fAuger,em + fSRH,base + fSRH,em + fsurf :1 (59)

Finally, the emitter transparency factor ¢; is defined as the minority-carrier current
reaching the front surface divided by the current injected into the emitter [83]

Jsurf

o, =2 5.10
Jh (xe) ( )

If all carriers injected from the p-n junction reach the surface, the emitter is called
“transparent” [84]. A transparent emitter has transparency factor near one. For a vanishing
transparency factor the emitter is said to be “opague” and, in this case, most of the emitter
recombination occursin the bulk of the emitter.
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Investigated structure Gaussian shaped n* diffusion on p-type substrate
Substrate Intrinsic with Npase = 10™ cm™ or Npge = 10 cm™
Temperature 300K

SRH bulk recombination Midgap traps with equal capture cross sections for

electrons and holes, T,k = 600 us

Radiative recombination Neglected

Auger recombination "
Cl’l =Cn,l/i 1+ Hn exp[_ _] ) Cp Sm'lar

Oo,n
C,1=2.8x10°% cm®s; C,,;,=0.99x10°%" cms;
H,=1.96; H,=7.38
Ny,=5x10"" cm®; N,,=5x10"" cm®

RAuger Z(Cn n+Cp p)(l’l p_nl?eﬁr)

Surface recombination Oxidised front surface, S, =S,

Oxidised rear surface, S, =S,=0

Intrinsic carrier density n; = 1.00 10" cm™ [85] for simulations with the BGN
model of Schenk and 7, = 1.45 10 cm™ in combination with
the apparent BGN model of del Alamo

Mobility model Klaassen unified mobility model [80]

Tab. 5.1: Simulation parameters used for the emitter modelling in this chapter.

5.4 Emitter saturation current density
A genera definition of the emitter saturation current density is given as

_ J.(x,)
- on(x) p(x,)=nly (x,)

Oe nfeﬁ (xe ) ' (511)

i.e. Jy. s determined (at open-circuit conditions of the diode) by the electron recombination
current J,(x.) at the edge x, of the space charge region, divided by the normalised excess p-n
product.

Assuming non-degenerated holes, the p-n product in Eq. 5.11 can be expressed as [18]
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E -F
”(x)p(x):”fz ?’gGN (%) Yoy (Z(x)) eXIO( i (x)kT F (X)} (5.12)
where the degeneracy factor 7, isgiven by
F E. (x)-E,
Y ey (2) _Fu2(2), z=—1 )£, (x) . (5.13)

exp(z) ’ kT

F» is the Fermi integral of order Y%, describing Fermi-Dirac statistics. The degeneracy
factor 7, is @ measure of how much the electron density deviates from its classical value.

The quasi-Fermi levels Ex(x) and Ex(x) are found with DESSIS from a self-consistent solution
of the coupled semiconductor differential equations.

Pietro Altermatt from UNSW has proved that simulating J,. in this way gives results which
are consistent with J,. measurements [86]. Cuevas et a. measured the J,. values of planar
emitters after applying various surface passivation treatments, and also after covering the
surfaces with metal. These samples served to test the consistency of the simulation method
described above as in the case of metal covered surfaces S is limited by the thermal velocity
of free carriers, i.e. S=1x10’ cm/s,

5.5 Electron-hole product in heavily doped emitters

The simulated, position dependent p-n product (Eg. 5.12) is visualised in Fig. 5.4 for a
Gaussian shaped phosphorous diffusion with N = 1.2x10%° cm™. In this simulation, the
deviceisilluminated with blue light from the rear with constant intensity.

Schenk’s model yields lower AE,-values for high doping densities than the model of del
Alamo. One has to keep in mind that del Alamo measured AE, at Ngop < 7x10™ cm™. At
higher doping densities, an extrapolation of his expression, given in Ref. [69], is used. This
extrapolation has been commonly used to simulate heavily doped emitters. However, for

E . —-E, _
z:%>—2 the electron gas becomes degenerated [87]. Hence, Fermi statistics

becomes important at doping densities above 10'® cm™ (Fig. 5.4c).

Band gap narrowing increases the p-n product towards the emitter surface (Fig. 5.4b). For
very high doping densities, the degeneracy factor (Fig. 5.4c) tends to decrease the p-n
product, leading to a maximum value at a certain distance below the emitter surface (solid line
in Fig. 5.4d). The counteracting effect between band gap narrowing and carrier degeneracy
cannot be quantified using the model of del Alamo, as this BGN data was extracted from
electrica a Ny < 7x10" cm™ where no strong degeneracy occurs[88].
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Fig. 5.4: The p-n product within a heavily doped n-type emitter with respect to the
two investigated BGN models. Solid lines show the results using the BGN model of
Schenk, and Fermi-Dirac statistics for the charge carriers. The dashed lines are
obtained with the BGN model of del Alamo and Boltzmann statistics. (a) Doping
profile; (b) influence of band gap narrowing on p-» product, i.e. %ey" =exp(AE/KT);
(c) degeneracy factor due to the use of Fermi-Dirac statistics in the model of
Schenk; (d) resulting p-n product in steady state condition, given by Eq. 5.12.

5.6 Recombination fractions of a heavily doped emitter

As an example of the application of the numerical emitter model developed in this thesis,
the recombination properties of a heavily phosphorous doped emitter is analysed. The emitter
was fabricated by King er al. [89] (emitter M4X, peak doping density N,.»=1.2x10%° cm?,
junction depth=0.64 pum). A surface recombination velocity of S,, = S,, = 10*cm/s and a
wafer thickness of 260 um is assumed. Numerical simulations with DESSIS revea the
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recombination current within each region, using equations 5.5, 5.6 and 5.7. The relative
recombination fractions (Eqg. 5.9) are shown in Fig. 5.5 as a function of An.
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Fig. 5.5: Recombination fractions of sample M4X as a function of the averaged electron
concentration in the base. The solid curves were calculated using the BGN model of

Schenk, and the dashed curves using the BGN model of del Alamo; (8) Ny = 10™ cm™
(Pyeer = 1.5 Qem); (b) Nyase = 10" cm® (0yeer > 1000 Qcm).

5.6.1 Low injection conditions

Fig. 5.5 indicates that SRH recombination in the emitter (occuring mainly in the space
charge region) can be neglected for sample M4X, as the emitter recombination is dominated
by Auger- and surface recombination. Under low injection conditions, 79% (52%) of the
recombination occurs in the emitter, using the BGN model of del Alamo (Schenk). This
difference arises because the BGN model of Schenk is used in conjunction with Fermi
statistics, leading to a decreasing p-n product towards the emitter’s front surface (Fig. 5.4d).
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Lower values of the p-n product lead to lower values of the hole density near the front surface
of the emitter. Thus, both the surface and Auger-recombination fractions are reduced. Due to
the difference in the hole density at the front surface, significantly different values for the
surface recombination velocities have to be specified to obtain the same surface
recombination currents. This explains why surface recombination velocity values, extracted
from Jy. measurements, depend on the applied simulation models, as will be discussed in
further detail below.

5.6.2 High injection conditions

A strong injection dependence of the recombination fractions is found for high injection
conditions. At 7=2x10"cm*, the emitter recombination fractions are at a maximum of 83 %

(63%), using the BGN model of del Alamo (Schenk). At this injection level, maximum
sengitivity for the extraction of the surface recombination velocity from PCD measurementsis
reached.

5.7 Simulated J, of Gaussian doping profiles

—— Schenk
1E-12 N 21020 cm

3 Mo -~ del Alamo, scaled
e del Alamo, unscaled

B3 E
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Fig. 5.6 shows J;, of various Gaussian shaped doping profiles, simulated as described above.
The sheet resistance is varied by changing the junction depth. For comparison of Jj.-values,
results obtained with the BGN model of del Alamo are scaled to 7,=1.00x10" cm?® as

described in [89], namely using J,, =Jq, s 1.0/145)° . At N, =10%cm™, the Schenk
model yields double the Jy.-value than the model of del Alamo, because the latter was derived
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from measurements using the old (and excessively large) value of ; = 1.45x10'° cm™. Nearly

identical results are obtained with the two modelsat N, =10" cm™>.

peak

The largest differences between the two models occur in heavily doped emitters where
carrier degeneracy becomes important. Jy.-values obtained with the BGN model of Schenk
are five times lower for small junction depths. The difference in Jy. between the two models
becomes less pronounced at large junction depths (i.e. at a low sheet resistance), because the
surface recombination losses become small compared to the bulk recombination losses in the
emitter.

—— Schenk

N_ =10°cm®
1E-12 ek > CM ___ del Alano, scaled

A U del Alamo, unscaled

1E-13

Jo. [MA/CM?]
LAY |
1 1 L L 11 Il
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Fig. 5.6: Simulated J.-values, using Gaussian doping profiles with a fixed peak doping density. Simulation
results obtained with the BGN model of del Alamo are shown as short dashed curves. The long dashed curves
were obtained by scaling these simulation results to the currently accepted value for the intrinsic carrier density
of silicon. To allow comparison between curves of constant peak doping concentration the same S,-values were
used for both BGN models: S, =10"cm/s for N,,=10"cm? S, =10°cm/s for N,.,.= 10" cm?
Spo = 10% cnisfor N = 10" cm®.

5.8 Extraction of surface recombination velocities

To the author’s knowledge, the surface recombination velocity S of heavily doped emitters
cannot be measured directly. S is commonly extracted by reproducing J;. measurements with
atheoretical model, assuming that the boundary condition for the recombination current at the
surface is Ju.r= q S Ap, where q is the electronic charge and 4p is the excess minority carrier
density at the surface. Thus, the extracted value of S depends in a complex way on carrier
mobility, Auger recombination, BGN and carrier statistics. Only if the simulation model
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describes the recombination fractions at the surface, in the bulk of the emitter and in the base
readligtically, can meaningful values of S be extracted (by comparing Eg.5.11 with
measurements of J;,). Otherwise, the extracted S value represents solely a fit factor, and may
have no physical meaning.

Using DESSIS, Jy. of some selected emitters fabricated by King [89] was simulated, and
compared with King's Jj;, measurements. It is assumed that the base was highly injected
(An=10" cm™; N
in the SRH formula (mid gap traps). The simulated J).(S,) values are shown in Fig. 5.7 for a
wide range of S;, using the BGN model of Schenk (solid curves) and del Alamo (dashed
curves), respectively. The measured Jy.-values, indicated by dotted horizontal lines, are scaled
to n; = 1.00x10°%cm. A 10 % error for J,, smaller than 10 A/em? is assumed, and 20 % for
sample M4X [89].

=10" em™®) in King's experiment. J. is simulated as a function of S,

base
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Fig. 5.7: Jy. as afunction of the surface recombination velocity for three different emitter
doping profiles. J,.-values, measured by King are scaled to match #; = 1.0x10™ cm™ and
shown as horizontal lines with respect to the estimated measurement errors [89]. Solid
curves. simulations using the BGN model of Schenk; dashed curves. BGN model of del

Alamo. Emitter transparency factors are plotted on the right y-axis.
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Fig. 5.8 compares simulations with the outlined emitter model with the Sy-values
extracted by King. King oxidised the samples at 1000°C (without TCA), followed by a
forming gas anneal. The simulated S;, values, shown in Fig. 5.8, can be understood with Fig.
5.7, representing simulation results for a lightly doped emitter (J3F-1), a medium doped
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emitter (K1F) and a heavily doped emitter (M4X). In the lightly doped emitter, the extracted
Sy, values differ significantly between the two BGN models (65 cm/s < S}, serenk < 80 cm/s and
100 cm/s < Sp, deraiamo < 110 cm/s). The reason for this is that the Schenk model provides a
considerable amount of BGN at low doping densities, while the del Alamo model yields no
BGN at N < 7 10" [78], [68]. At medium doping levels, the extracted S, values are similar
for both BGN models (300 cm/s < Sy, schent < 400 cm/s and 330 cm/s < S, geraiamo < 480 cm/s).
In this doping range, the Schenk model yields a dlightly larger gap shrinkage, but its effect on
the p-n product is compensated by a decreasing 7., as degeneracy effects become significant.

Finally, in the case of heavily doped emitters, completely different S, values are obtained
(Fig. 5.7c). Using the BGN model of del Alamo, the heavily doped emitter M4X is predicted
to be opague (emitter
transparency factor o; ~ 0) [84],
i.e. most of the recombination
occurs in the bulk of the
emitter. Jy, values that are
consistent with King's
measurement can only be
obtained (dotted horizontal
lines in Fg 57 if
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. Fig. 5.8: Vadues of the surface recombination velocity, extracted from J,
model, which lowers the P"" measurements of oxide passivated phosphorous emitters. The data shown
product (Fig. 5.4). Thisexplains was extracted from samples which received a forming gas anned; O)
the smaller contribution of extracted by King [89] using a numerical procedure of del Alamo [90]; @)

.. this work, using DESSIS, the BGN model of Schenk and Fermi-Dirac
volume recombination to the statistics for charge carriers; A) this work, using DESSIS, the BGN model of
total recombination in the del Alano and Boltzmann statistics for charge carriers; ¢) extracted by

emitter, resulti ng in higher S- Cuevas [91] using an analytical emitter model of Park [29], solid source
diffusion; V) Cuevas[91], POCI;-diffusion.

BGN: del Alamo

values.

The extraction of surface recombination velocity S, with the method described above was
also applied to the Jj, measurements of Cuevas [91] and Glunz [92]. An examination of the
Sy-values extracted from these measurements can be found in Ref. [86].
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5.8.1 Conclusion

A comprehensive numerical emitter model was applied in this thesis describing heavy
doping effects accurately. The emitter model uses a new BGN model derived from guantum
mechanical principles formulated by Schenk. To obtain the p-n product in a heavily doped
emitter, the BGN model has to account for carrier-carrier and carrier-impurity interactions
separately. Moreover, degeneracy effects become important, and these can only be described
using Fermi-Dirac dtatistics. Taking into account carrier degeneracy, lower vaues are
obtained for the minority carrier density near the front surface of a heavily doped emitter in
comparison to results obtained using the Boltzmann approximation and apparent BGN data.

As carrier degeneracy lowers the p-n product near the front surface of heavily doped
emitters, significantly different S;, values are obtained with the two BGN models in the high
doping regime. For example, a difference of two orders of magnitude is obtained at
Np=1.2x10%° cm™. The Schenk model yields more realistic values of S, than the model of del
Alamo. Thisisrelevant for both experiment and simulation.
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6 Silicon on insulator solar cells with interdigitated front
contacts

6.1 Structure and technology of silicon on insulator (SOI) cells

Silicon on insulator (SOI) cells with interdigitated front metal grid are investigated in this
chapter. This SIMOX-technology (Separation by Implanted Oxygen) uses high-dose oxygen
implantation in order to achieve a buried oxide layer on single crystalline silicon wafers [93].
After an annealing step, a 200 nm thick silicon seeding layer of high crystal quality remains
on top of the SIO;, layer. A subsequent epitaxial CVD step is performed to achieve the final
layer thickness of the electrically-active thin silicon layer [94].

prepared with an additional highly doped p™ -layer between the SiO.-layer and the
electrically-active silicon film in order to study the influence of a back surface field on the
cell’ s performance.

Fig. 6.1 shows the solar cell structure, including the physical dimensions of the SOI cell
with the highest conversion efficiency level of 19% (SIMOX5-2c). This cell structure shows
al the features of a high-efficiency LBSF-PERL cell, ie texturisation with inverted
pyramids, a double-step emitter, alocal p*-diffusion under the front base contacts, passivation
of the surface with a high-quality SiO.-layer, grid metallisation with Ti/Pd/Ag and
electroplating of the grid structure. The fabrication process relies heavily on the process
sequences which have been developed for the LBSF cells at Fraunhofer ISE [95]. A more
detailed description of the processing sequence for the SOI cells can be found in [72].

i epitaxial Si-layer
csumy,  SYMmetry-element

Si - substrate

implanted insulating SiO, - Layer

Fig. 6.1: Structure of textured SOI solar cell with interdigitated front contact.
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6.2 Optical baseline models

6.2.1 Analytical calculation of the external reflection of a planar cell

The performance of thin silicon solar cells is restricted by loss of light with long
wavelengths. In order to understand the limiting loss mechanisms in SOI célls it is therefore
particularly important to develop an accurate model of light trapping.

Assuming planar surfaces, the external reflection including escape reflection can be
approximated by

nm __ Tf@ Tﬁ exp(_ ZaHepi) [ T2
int

+ int Rh exp(_ ZOYW)
o 1- Rint Rﬁ exp(— ZaHepi) 1- Rb Rint exp(— ZO(W) ’ (6-1)

where R, (4) is the external reflection of the front surface, R;(4) is the internal front surface
reflection, 7%(4) is the transmission through the front surface, 7(4) is the internal front
surface transmission, R;,(A) is the reflectivity of the intermediate oxide layer, R, is the
reflectivity at the rear side of the substrate, H.,; is the thickness of the epi-layer and IV is the
substrate thickness. Equation 6.1 was derived in the same way as Eq. 2. Escape reflectance
from the substrate is also included: The term in Eg. 6.1 containing R, accounts for multiple
reflections in the substrate. Light transmitted from the substrate through the intermediate
oxide and the epi-layer contributes to the external reflection in the long wavelength regime.
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Fig. 6.2: Anadysis of externa reflection of planar SOI cell. (a) External
reflection calculated with EqQ. 6.1. (b) comparison of reflection measurement
with ray tracing simulation for different assumptions listed in the figure
caption.
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The reflectivity of the front, intermediate and rear surfaces is plotted in Fig. 6.2a for a
planar SOI cell with the surface properties listed in Tab. 6.1. The externa reflection
calculated with Eqg. 6.1 and assuming transparent thin films (7'=1-R) is plotted as a solid

line. A characteristic hump in the external reflection is observed at A = 1030 nm, due to the
decrease in reflectivity at the intermediate oxide (long dashed curve). This hump is seen in the
measured external reflectivity of planar SOI cells as well (open circlesin Fig. 6.2b).

The intermediate implanted oxide layer of the SIMOX wafer does not have a constant
refractive index. The influence of an absorbing intermediate oxide was therefore investigated.
Assuming a complex refractive index of 7 =1.46—i0.25 produces the dashed curve in Fig.
6.2b: less light is retransmitted from the substrate due to absorption in the intermediate oxide
layer.

Taking account of the surface roughness of the intermediate oxide does not change the
results from the simulation: The dotted curve in Fig. 6.2b was ssmulated by ray tracing,
assuming a Phong exponent of w = 30. Essentidly the same curve is obtained as with the
assumption of a planar intermediate oxide. This is because the scattered light impinges the
front surface with angles lower than the critical angle of total interna reflection. Therefore,
surface roughness of the intermediate layer is not the reason for the deviation between
measurement and ssimulation in Fig. 6.2b.

6.2.2 Ray tracing simulation of the optical properties of a textured cell

The optical properties of textured SOI cells were simulated using the ray tracing program
RAYN (Section 3.4.2). Modelling parameters for the textured reference cell are listed on the
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Fig. 6.3: Externa reflection of textured SOI thin film cell. The open circles show a
reflection measurement, the solid line is the ssmulated external reflection.

right hand side of Tab. 6.1. Using these parameters, the ssmulated external reflection in
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Fig. 6.3 is obtained. The ray tracing result was corrected by the metal grid reflectivity with
Eg. 2. The ssimulated and measured external reflection are in excellent agreement.

Due to the low thickness of the silicon layer it is important to include the angle- and

wavelength  dependent  internal
reflectivity at the front- and
intermediate oxide in the ray

tracing model. Fig. 6.4 shows the
reflectance  curves of  the
intermediate oxide used by the ray
tracing program RAYN. The light
trapping properties in the long
wavelength range (A=800 to
1200 nm) are determined by
internal reflection a  the
intermediate oxide and the front
surface  texture. Good light
trapping is achieved if the incident
angle of light exceeds the critical
angle of total internal reflection,
that is, 17° at the front surface and
30° at the intermediate oxide layer.
The angles are specified relative to
the respective plane normals.

The measured externa
reflection cannot accurately be
reproduced by direct reflections at
the  optica surfaces:.  The
intermediate oxide layer exhibits
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3.9).

of incidence is specified relative to the plane normal.

Theoretically, optimum light trapping would be achieved by Lambertian reflection at the
intermediate layer. This would lead to total randomisation of the direction of reflected light.
This case is not redlised in the fabricated SOI cells. For a more detailed discussion see

Section 3.4.1.
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6.2.3 Optical baseline models for planar and textured cell

As outlined in the previous two sections the simulated externa reflection coincides with
the measurements. Thereby, the optical baseline parameters listed in Tab. 6.1 were used. This
provides the basis for an analysis of the optical 1oss channels of planar and textured SOI cells.

The planar and textured reference cells exhibit different metal area fractions due to
differences in the electroplating process, used to increase the cross-sectional area of the
contact fingers after lift-off. The contact grid geometries of the cells investigated displayed
significant variation. For the comparison of optical losses in both cell types the metal area
fraction for planar and textured cells were assumed to be the same.

planar front textured front
reference cell Simox 4-2c Simox 5-2¢
metal area fraction 4,0 1.4% 4.4%
metal reflectivity R, 96% 96%
Front double layer AR coating: inverted pyramids of 10pum width,
7.1 um depth with thermal oxide on
native oxide (d = 6 nm) top (d = 104 nm)
TiO (d =55 nm)
MgF (d = 92 nm)
Epitaxial layer 42 um 45 um
intermediate oxide idealised: transparent oxide with refractive index n =1.46 (d =380 nm),

roughness of intermediate layer in ray tracing simulation is described by the
Phong model (w = 60).

substrate W =525 um

rear native oxide (d = 6 nm) oxide (d = 104 nm)

Tab. 6.1: Optical baseline parameters for planar and textured reference SOI cells (d denotes layer thickness).

The fraction of incident photon flux transmitted through the intermediate oxide layer, T,
can be calculated by ray tracing simulation. Further, the fraction of incident photon flux
absorbed in the thin electrically active silicon layer is given by

jfabs (/1) :1_ R:Zz (2’) - f;nelal - ];nter (/1) ' (62)

This is plotted as dashed line in Fig. 6.5. In the last equation, f,...; iS the photon flux
fraction absorbed in the metal grid. 7. can be further split into two parts, the photon flux
fraction absorbed in the substrate f;,, (dotted line) and the fraction transmitted through the
rear surface of the substrate 7., (dash-dotted line), thus
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Lare D =1=RG () = i = L (D) =T, (A). (6.3)

The four terms with negative signs in Eq. 6.3 are the optical loss channels of the SOI thin
film cell. Eq. 6.3 can be expressed in terms of current density by integrating over the incident
photon flux density. Thereby, it can be assumed that each incident photon equals one

1200 nm

generated or lost electron-hole pair. Under this assumption the integral ¢ IJ' 2 A4 over the

300 nm
AM 1.5 photon flux density equals a current density of 46.14 mA/cm?. This value can be
taken as a reference to express relative absorption, reflection, and transmission fractions, e.g.
the externaly reflected current loss fraction is given by

(6.4)

These relative absorption, reflection and transmission fractions are plotted in Fig. 6.6 for
the textured and the planar reference cells. Assuming 4.4% metal area fraction, a fraction of
82.4% of the incident photon flux is absorbed in the epi-layer in the case of the textured SOI
cell. Thisvalue comparesto 71.1% for the planar cell assuming the same metal area coverage.
The spectrally resolved photon flux fraction is plotted in Fig. 6.5 revealing enhanced
absorption of light in the long wavelength range for the textured cell. In other words, in the
case of the planar cell, more light is transmitted through the intermediate oxide. To be more
precisaly, 10.5% of the incident photon flux is absorbed in the substrate of the planar cell,
whereas this loss is reduced to 2.4% of the incident photon flux in the textured cell, due to
light confinement.

external reflection R_,
——————— fraction absorbed in epi-layer f,,_

- fraction absorbed in substrate £,
------ fraction transmitted through rear T,__
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08l a) planar + ) texture los
2 ,’ \\ "fsubsr

06F R

‘ L L // Trear
04+
0.2 Rsxtnm

1 ot 1 . e 1 Ao "/J //'/ 1
400 600 800 1000 400 600 800 1000 1200
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Fig. 6.5: Optical baseline models simulated by ray tracing. (a) Planar front side; (b) inverted pyramids on front
side. No reflection or shading due to the metal grid was accounted for in these calculations.
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a) planarfront with double b) front surface fexturedwith
layer antireflection coating inverted pyramids

<> <>
100% incident photon flux density 100%

11.3% <4 external reflection —— > 12.2%
10.5% <4 absorption in substrate ———————— > 2.4%
.99 <4 transmissionthrough
6.9% rear surface 2 2.8%
0.2% <4 absorptioninmetal ————» 0.2%
71.1% 82.4%

convertible photon flux density

Fig. 6.6: Relative absorption, reflection and transmission fractions of the SOI thin film cells; a)
Planar front surface with double layer AR-coating; b) front surface textured with inverted pyramids.
A metal areafraction of 4,,..,; = 4.4% was assumed for both cell types.

As outlined in Section 3.4.3 RAYN provides the spatially resolved optical generation rates.
The generation profiles G(z) of both planar and textured SOI cells (calculated with Eq. 2.130)
are shown in Fig. 6.7. It can be seen that the discontinuity in the generation rate at the z-
position corresponding to the intermediate oxide is more pronounced in the case of the
textured cell than that of a planar cell. In the textured case most of the light reaches the
Si/SIO,/Si-interface with an angle that exceeds the angle of total internal reflection.
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Fig. 6.7: Generation profiles calculated for textured and planar SOI cells.
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Therefore, less light is transmitted through the intermediate oxide layer, and thus the rate of
generation of uncollectable charge carriersin the substrate is lower.

6.3 Influence of the epi-layer thickness on reflection and absorption

We will now proceed with a discussion of the influence of the epi-layer thickness on the
reflection and absorption properties of planar and textured SOI cells. With the exception of
the epi-layer thickness and metal area fraction all input parameters were fixed to those of the
baseline models listed in Tab. 6.1. As can be seen in Fig. 6.8c and Fig. 6.8d, the absorption in
the epi-layer strongly depends on the epi-layer thickness for both cell types. The dependency
is much more pronounced for planar cells due to enhanced absorption in the substrate. This
can also be seen in Fig. 6.9ac The current loss in the substrate of the planar cell decreases
from 7.7 mA/cm? to 3.3mA/cm? if the epi-layer thickness is increased from 15um to
100 pm. This compares to a decrease from 2 mA/cm? to 0.6 mA/cm? for the textured cell. Fig.
6.9c and Fig. 6.9d show the same dependency for the optical loss channels of the SOI cell,

1200 nm

normalised to the photon flux _[ J, dAof the AML1.5 spectrum as an upper limit (100%). A

300 nm
fraction of 16.6% of the incident photons is absorbed in the substrate of a 15um thick planar
SOl cell. This loss decreases to 7% for an epi-layer thickness of 100um. The corresponding
values are 4.3% and 1.4%, respectively, for the textured SOI cell.
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Fig. 6.8: Influence of epi-layer thickness on reflection and absorption in planar and textured SOI cell. The curves
are not corrected for reflection (shading) due to the metal grid of the solar cell. () External reflection of planar
cell; (b) external reflection of textured cell; (c) absorption in epi-layer of planar cell; (d) absorption in epi-layer of
textured cell; (e) absorption in substrate of planar cell; (f) absorption in substrate of textured cell.

The maximum achievable short circuit current density Js. ... determined from Eq. 2. is
shown in Fig. 6.10a and b as a function of the epi-layer thickness. Assuming no
recombination losses, the short circuit current density of a planar SOI cell is limited to
Ise.max = 29.5 mA/cm? for an epi-layer thickness of 15um. This value increases to
Ise.max = 34.8 mA/cm? for an epi-layer thickness of 100um. The short circuit current density of
the textured cell islimited to Jy. juu = 35.7 mA/cm? for 15um epi-layer thickness, increasing to
Jse.mar = 39.2 mA/cm? for a 100pm thick epi-layer.
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illumination with the AM 1.5 spectrum.
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6.4 Electrical baseline models

The same two SOI cells as n-contact jp-contact
in the previous section were
chosen as reference cells in
order to establish redlistic

baseline models for the n+ emitter gap
electrical performance. Tab. il p-doped epi-layer L,

6.3a summarises the doping _insulating SIO layer S

parameters of these cells. —

Their measured -V output substrate

parameters are listed in Tab. = A o A a a o A g
6.2. < p-n contact spacing >

Fig. 6.11: Symmetry element for 2D semiconductor device simulation of

The electrical properties 0

of the SOI cell were modelled

using the 2D symmetry element shown in Fig. 6.11. The surface recombination velocity S
of the n" doped emitter can be determined with good accuracy from Fig. 5.8. Sj. is found to
be 500 cm/s for the oxide passivated phosphorous doped emitter with peak doping

concentration of 5x10" cm™. Sj,,, of textured oxide passivated phosphorous doped emitters

is enhanced by a factor of between 3 and 5 compared to that for a planar surface [86].
Therefore, Sp.,,» = 1500 cm/s was chosen for the textured reference cell. The influence of the
‘gap region’ of the front surface, between the emitter and base contacts, on the overall
recombination is insignificant compared to the base recombination. Parameter variations
clearly show the dominant influence of the effective base diffusion length, L., on the open
circuit voltage V..

The back surface field of the SOI cdlls is accounted
planar textured

for in the €eectricd model as an effective surface front front
recombination velocity, denoted Siye. (Simox | (Simox
The effective diffusion length of the planar SOI 4-2c) 5-20)
reference cell can be estimated from the measured |7,.[mV] 658 671
quantum efficiency and external reflection plotted in Fig. [ Tmajcnd 330 371

6.12a. L.;= 160 um is found from the linear dependence

_ _ . _ fill factor [%] 735 77.7
of the inverse internal quantum efficiency on absorption

length shown in Fig. 6.12b [96]. The range of Ly-Sie, |STCENCY[%] | 1591 193

values compatible with L.; = 160+5 pm is plotted asgrey ~ Tab. 6.2: Measured /- output
area in Fig. 6.13. However, these error bounds do not  parametersof SOI reference cells.
include systematic errors in the reflection- and quantum

efficiency measurements.
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Fig. 6.12: Measured reflection, external quantum efficiency, and internal quantum
efficiency of SOI reference cells. (a) Planar cell; (b) the effective diffusion length was

extracted from aplot of IQE vs. absorption length; (c) textured cell.

Numerical device simulation allows greater precision in the determination of compatible
pairs of recombination parameters L, and S;,., for solar cells with a high base diffusion
length. An array of I-V curves for different L;-S;.., combinations was determined using
DESSIS. These were then used to plot the contours of constant .J,. and V. shown in Fig. 6.13a
and b, respectively. As IV, can be measured with an accuracy of +1 mV, the range of possible
Ly-Siner Values can be determined with higher accuracy from contours of constant V. than
from the internal quantum efficiency or contours of constant J..
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Fig. 6.13: Contours of constant short-circuit current density (left) and open-circuit voltage (right) of the planar
SOl cell. The bulk diffusion length L and the effective surface recombination velocity S at the intermediate oxide
was varied using DESSIS resulting in the labelled lines. The two arrows indicate the measured /-7 output
parameters of the planar reference cell. The numerical model reproduces both the measured J,. = 33.0 mA/cm?
and V,. = 660 mV using the same set of recombination parameters. In addition, L-S combinations corresponding
to the same effective diffusion length L.;= 160 pm are plotted within error bounds as grey area. This effective
diffusion length was determined from a spectral response measurement.

Using the baseline model for the textured SOI cell, the effective base diffusion length of
the textured reference cell was determined to be L., = 200 pm. Possible L;-S;.., combinations
for this diffusion length are shown as solid linein Fig. 6.14.

Bulk recombination (L;) and surface recombination at the back surface field (S;..-) could
not be separated accurately due to the high minority carrier lifetime in the base of the SOI
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9 .
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% o500 | i
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© I / R = =
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@ 1500 - -
3
& 1000 _
5 I
n
500 .
0 - . L . 1 . 1 . L . I
0 100 200 300 400 500 600

bulk diffusion length L, [um]

Fig. 6.14: Possible combinations of recombination parameters for different
effective diffusion lengths. The measured open circuit voltage of the
textured baseline cell is 670 mV (solid line).
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reference cells (L., / H,, >3) [96]. Assuming dominating surface recombination at the back
surface field of the textured reference cell leads to S, ~ 1200 cm/sand Ly, ~ 470 pm.
The recombination parameters of the baseline models for the planar and textured SOI cells

are listed in Tab. 6.3b. Using these recombination parameters results in the simulated external
guantum efficiency curves shown in Fig. 6.15.

a) 10 JELECEE .._“_1'_';'_"_'l'-"—"----.-.:,j:.~|~\ T
=84%
o8k £ e T -
0.6 [ 4
=
o
= 04 -
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-------- carrier collection efficiency
] ; ] ; ] ;
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I i e —_ 90%
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o2+ | e carrier collection efficiency
00 1 L 1 L 1 L 1

400 600 800
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Fig. 6.15: Comparison of the simulated external quantum efficiency with
measurements. In addition, the light absorption in the epi-layer and the carrier
collection efficiency is shown. (a) Planar SOl reference cell; (b) textured SOI
reference cell.

The carrier collection efficiency was determined using Eq. 2. for both cell types. Maximum
carrier collection efficiency isfound in the wavelength range from A = 500 to 600 nm; carriers
are absorbed in the emitter and collected with 7, =1 for these wavelengths. The carrier
collection efficiency in the base is 84% and 90% for the planar and textured reference cells,
respectively. The higher 7, -value for the textured cell is due to its higher base diffusion

length (Tab. 6.3b).
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a) Doping
region peak concentration [cm’?] depth [um]
epi-layer 810% constant doping
n” 19 2 jan profil
(phosphorous 510 3 (Gaussian profile)
n 18 1.1 ' fil
(phosphorous) 510 5 (Gaussian profile)
p" (boron) 210% 4  (Gaussian profile)
BSF-layer modelled  with  effective  surface  recombination
velocity S;,.z.r
b) Recombination parameters
planar front | textured front
recombination velocity at » diffused front 500 1500
surface S [cr/s]
recombination velocity at gap region S, [crm/s] 2000 2000
effective base diffusion length L, [um] 160 200
(Leﬁ/Hapi)zS (Leﬁ/Hapi)z‘l'
base diffusion length L, [um] 150 470
recombination velocity at intermediate oxide
Iayer Sin/cr [Cm/S]
_ o 1200 1200
(assumption of dominating surface
recombination at BSF)
c) Metal grid and cell geometry
n-p contact spacing: 715 pm
metal resistivity: 1.6x10° 2 cm
cell area: 4 cm?
Length [um] height [um] | width [um] shape
Fingers 1910 10 15 constant
bus 1910 20 110 tapered
pad -- 400 rectangular

Tab. 6.3: Parameters of electrical baseline models for planar and textured SOI
cell. (@ Doping profiles used for semiconductor device simulation; (b)
recombination parameters determined from EQE measurements and device
simulation; (¢) metal grid geometry parameters used to account for correction of
fill factor due to Ohmic lossesin the metal grid.
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6.5 Influence of the epi-layer thickness and the recombination
parameters

In this section, the influence of epi-layer thickness H.,; on the cell performance of textured
and planar SOI cells will be investigated for different combinations of the recombination
parameters L, and S;,..,. Other cell parameters were fixed to those listed in Tab. 6.3.

Fig. 6.16 revedls that cells with surface texture have a higher V,. compared to those with a
planar cell front. The relative gain in V,. due to atextured surface is higher for cells with low
diffusion lengths (compare Fig. 6.16a and c). The gainin V. arising from a surface texture in
comparison to a planar cell front can be neglected for high base diffusion lengths L,. This can
be explained using Eq. 2.101. For high L, and low emitter saturation current densities,

Lt
JOb + JOe
current density J*.

>>1 jsvalid. Thus, V,. in Eg. 2.101 is not sensitive to changes in the light generated

Since the influence of the back surface field is negligible for H,,; > 3 L;, curves of different
recombination velocities, S;... approach each other in this limit (see Fig. 6.16a and b).
Reducing the epi-layer thickness increases V,. if base recombination dominates over surface
recombination at the back surface field. Conversely, V,. decreases for a poorly passivated
intermediate oxide, e.g. if no BSF is present.

The impact of recombination parameters on V,. can be understood using the anaytical
approach visualised in Fig. 2.5. V,. is determined by the influence of the geometric factor
Z,0n the base saturation current density Jy. Base and surface recombination at the

inter Lb

intermediate oxide are balanced for =1. Thus the geometric factor = is independent

€

~ D
of the epi-layer thickness when S = L“

. In this case the saturation current density given by
b

Eq. 2.111 isindependent of H,,;, and it isfound from Eq. 2.101 that V,. remains constant. The

S -values corresponding to the base diffusion lengths of 25 um, 50 pm, 150 pm and 470 um
of this study are 8010 cm/s, 4005 cm/s, 1330 cm/s and 425 cm/s, respectively.

The influence of H,,; on J,. cannot be understood using a simple analytical approach. Here,
the results of ray tracing simulations are essential. This is discussed in Section 6.2. A
substantial boost in short circuit current density can be achieved by texturing the surface.

Regarding J,. of atextured SOI cell athin epi-layer is beneficial for low diffusion lengths
(Fig. 6.17a). Thisis aresult of the efficient light confinement achieved by inverted pyramids
on the front side. Reducing H,,; leads to an increase in J;. due to the reduction in base
recombination. This effect is not observed for planar cells as any reduction in base
recombination is compensated by increasing optical losses (black linesin Fig. 6.17a).

The influence of H,, on J, is plotted in Fig. 6.17b for a base diffusion length of
L, =50 um. Opposite trends are found comparing planar and textured surfaces. J;. can be
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dightly increased by reducing the epi-layer thickness if the front surface is textured whereas
Js. decreases for the planar cell.

The 21.5% relative improvement in J., (indicated as blue arrow in Fig. 6.174) is due to the
surface texture in the case of a base diffusion length of L, = 25 um and an epi-layer thickness
of H,p; =45 um.

A gainin V,. due to surface texture has been observed previously. A similar and yet lower
relative gain in J,. can be achieved for high base diffusion lengths in comparison to low base
diffusion lengths. A dightly reduced gain in J,. of 17% and 15% is observed for L, =50 um
and L, = 470 um, respectively.

The assumption of an excellent surface passivation by the back surface field
(Siner =500 cm/s) and L, = 470 um gives the limiting case of negligible recombination in the
bulk for short circuit conditions. Here, the carrier collection efficiency 7, of the SOI cell
approaches unity. As a result the solid linesin Fig. 6.17d are essentially the same as those in
Fig. 6.10a and b, that is, the short circuit current density calculated by semiconductor device
simulation approaches the maximum achievable short circuit current density simulated by ray
tracing.

The fill factor calculated by DESSIS has to be corrected in order to account for resistive
losses in the metal grid. The expressions for the fill factor corrections due to the finger and
bus geometry are given in detail in [97], the metal grid geometry parameters for the reference
cellsarelisted in Tab. 6.3c.

Decreasing the epi layer thickness enhances the base sheet resistivity. Therefore, the fill
factor decreases for lower epi-layer thickness shown in Fig. 6.18. The fill factor is generally
lower for textured cells which is due to the higher current density.

Fig. 6.19 shows the potential of planar and textured SOI cells in terms of conversion
efficiency under the premise of the theoretical fill factor values. The energy conversion
efficiency for planar and textured cells with a base diffusion length of L, =25 um islimited to
14% and 17.5%, respectively. In order to reach this efficiency, the epi-layer thickness must be
reduced to 20 um. The efficiency decreases for a higher epi-layer thickness due to enhanced
base recombination as discussed previously.

20% efficiency could be reached for atextured SOI cell with 80 um epi-layer thickness as
shown in Fig. 6.19d, assuming the same recombination parameters as for the textured
reference cell. Thereby, the ideal fill factor value of 80.8% must be realised. Although fill
factors of 80.4% were reached for textured SOI cells (with lower open circuit voltages), the
19% efficient textured reference cell only showed afill factor of 77.7%. The origins of these
deviations are investigated in the next section based on a statistical approach.
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Fig. 6.16: Influence of epi-layer thickness /., on the open circuit voltage of textured and
planar SOI cells for different combinations of the recombination parameters L, and S;,..,-
The red curves were calculated for atextured front, the black curves for a planar front.
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6.6 Comparison of simulated and measured fill factor

In this section we shall compare the measured fill factor values 77:; to those obtained by
simulation. Despite having been produced using basically uniform conditions a batch of SOI
solar cells tends to display substantial variation in the measured fill factor values. The
electrical baseline models described in Section 6.4 reproduced the measured 7, and J,. with a
high degree of accuracy. However, measuring the planar and the textured reference cells gave
6.7 % and 2.2 % lower absolute values for the fill factor, respectively, compared with the
simulation results. The origins of these deviations were investigated by taking measurements
from 37 solar cells processed using comparable conditions in two batches.

The effective base diffusion

014 [ relative frequency for V., ; fitted Gaussian PDF |engthS of the |nve5t|g&aj cell
a) ] batches (Simox 11 and Simox 12)
0.12 | .
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g oor 20,,— — those of the two reference cells.
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Fig. 6.20: Histograms showing measurement results of 37 solar cells corresponds to the area in Fig.

(patches Simgx 11 and Simole). (a) Relative frequency of V,. and 6.21 labdled with 655 mV. The
fitted Gaussian PDF with mean value uy, =6525mV and N .

_ _ . ) . same recombination velocity as
e =355 mV; (b) asymmetric relative frequency of fill factor ) )

(bars); theoretical PDF, calculated for a p-n contact spacing of USed for the baseline model in the

715 ym and a standard deviation of ;=6 um for the finger width previous sections
(solid line). (Siner = 1200 cm/s) was assumed.

Hence, L,-values of 47 um and
55 um were extracted from Fig. 6.21. In other words, using these L,-values for the
semiconductor device simulation leads to the V,.-values corresponding to the boundaries
Wvoc = Ovoe AN Uy, + oy, Of the confidence interval, respectively.
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Simulating the fill factor as a function of the p-n contact finger distance for L, = 47 um and
L, =55 pum results in the dashed lines plotted in Fig. 6.22. Resistive losses in the metal grid
are neglected regarding the dashed lines. If a random sample from the batches of solar cells
under investigation is taken and its fill factor is simulated based solely on its recombination
parameters (L, and S;,..,), this simulated fill factor value will have 68 % probability of falling
within the interval given by the two dashed lines in Fig. 6.22. This applies because the fill
factor has a monotonic relashionship with V,. [20] and the interval boundaries were
determined from a V,. confidence interval of width of 2 ov,. around uy,.. This provides a
measure for the uncertainty in the fill factor simulation, arising from variations in the
recombination parameters of the cells.

A highly asymmetric frequency distribution is obtained for the fill factor, with the center of
the distribution at 79.5 %, dightly below the maximum realised value of 80.4 % (Fig. 6.20b).
The fill factor is mainly effected by the realised cross sectional area of the metal fingers.
Variations in the electroplating process, used to increase the cross-sectional area of the
contact fingers, cause deviations in the measured fill factor values of different cells.

The asymmetric shape of the relative fill
factor frequency distribution can be o000
understood by appeal to a smple statistical
approach. The finger width is assumed to
follow a Gaussian distribution with
probability density function (PDF) fiw), ¢
where w denotes arealised value of the finger ~ »2°00°
width. An aspect ratio of 3 (finger width to
finger height) was determined for the two
investigated solar cell batches. This aspect
ratio was used in the analytical approach of | ‘ ‘ ‘ ‘ |
Serreze to correct for the resistive losses in 20 40 0L (um) ®° 100 120
the metal grid [97]. This leads to the Fig. 6.21: Contours of constant V. of the textured SOI
following dependency of fill factor 77z on  cell. The black dot indicates the parameter combination
finger width w which was chosen for the semiconductor device

simulation of the fill factor as a function of p-n contact
spacing (upper dashed linein Fig. 6.22).

3000

1000

c_ finger

U (w)~ 1 it sim (1- 7 - Chus)

where cinger 8Nd cpys are constants depending on the metal grid geometry. 775 1S the upper
fill factor limit obtained by semiconductor device simulation using DESSIS. 7,,(w)is shown

in Fig. 6.23b as a solid line. The upper fill factor limit 77, for a contact finger spacing of
715 umisindicated in Fig. 6.22 as a black square and as a horizontal dashed linein Fig. 6.23b.
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Fig. 6.22: Comparison of simulated and measured fill factor of textured SOI cells. The dashed
lines show thefill factor calculated by DESSIS as afunction of p-n contact finger distance. The
upper and lower solid curves were simulated for L,-values of 47 pm and 55 pm, respectively.
These two L,-values give V,. values located within about one standard deviation of the
investigated solar cell batches. Accounting for metal resistive losses resultsin the solid curves.

N, (w) is amonotonic increasing function. Therefore, the PDF () for thefill factor of
the SOI cell can be obtained by transformation of the PDF according to the formula

/()
‘i7]ﬁn(‘V) .
dw

f(nﬁn):

(6.5)

The resulting PDF is plotted in Fig. 6.23c. The observed relative frequency for the fill
factor and this theoretical PDF is compared in Fig. 6.20b for a standard deviation of the finger

width of o7=6 um.
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Fig. 6.23: Transformation of probability density function (PDF) for the finger width in order
to obtain the PDF for the fill factor. (a) PDF of finger for three different values of the standard
deviation o (b) analytical dependence of fill factor on finger width for a p-n contact finger
spacing of 715 um and an aspect ratio of 3; (c) transformed PDF f{7;,) for fill factor on the
basis of the three o values listed in the caption.

The simple statistical approach reproduces the shape of the relative frequency for the fill
factor successfully. Moreover, the center of the theoretical PDF is located at the same fill
factor value as that observed for the relative frequency. It can be concluded from this
discussion that a comparison of simulated fill factor values with measured fill factor values
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should be based on a series of measurements. However, a simplified comparison is possible
for the maximum realised fill factor, which corresponds to the group of cells with constant p-»
contact finger spacing! These maximum values are plotted in Fig. 6.22 as the three open
circles with the highest fill factor values and are in close agreement with the simulated solid
curves. These curves have been corrected for the ohmic resistive losses occuring in metal
fingers of 40 um width and 13 um height. Obvioudly, this agreement is not affected by
possible deviations of the fill factor due to variations in the recombination parameters in the
solar cell batch as the two solid lines, side by side, were simulated for the V. confidence
interval with boundaries[uyoc = o, tyoc + Tvod]-

High fill factor values are realised only if the contact resistance is low. The fact that the
metal fingers of some SOI cells are not completely connected to the semiconductor can be
clearly seen with the naked eye. Consequently, the contact resistance is enhanced and the fill
factor is degraded for these cells. This accounts for cases of SOI cells where fill factors of
lower than 70 % are observed. These observations do not fit in with the theoretical PDF which
does not take this factor into account.

In conclusion, one should, in general, not compare the mean fill factor value from
measurements of a solar cell batch to simulation results. As has been demonstrated in this
section, such afill factor comparison should instead be based on the relative frequency of the
measurement series.

epi-layer doping —

concentration 1.35<10" cm

L;-vaues correspond to sy,

+ oy, Of the Gaussian 47 um and 55 um

distribution in Fig. 6.20a

Sin/cr 1200 cm/s

) ) Gaussian

finger width distribution with
mean value of
18 um

finger height 1/3 finger width

cell surface textured

Tab. 6.4: Cell parameters extracted from the
batches which were used to investigate the fill
factor of textured SOl cells (Simox 11 and
Simox12). All other parameters were fixed to the
baseline parameterslisted in Tab. 6.1 and Tab. 6.3.
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6.7 Performance of simplified SOI cells

The metal grid of the high efficiency SOI cells discussed so far was photolithographically
defined with a high aspect ratio of the fingers (see Tab. 6.3c). We continue with the
discussion of the performance of an industrially manufacturable SOI cell with an
interdigitated front grid and front surface texture.

A finger width of 50 pm with full
area contact of the metal to the
silicon-layer was assumed. The gap
between the p-type diffusion and the
emitter was chosen to be 40 pum
compared to 8 um for the high
efficiency SOI cell. To prevent
dominant ohmic losses in the
emitter, the emitter sheet resistivity 533 1658

was scaled to lower values with \—W*@CN 222
increasing n-p contact spacing. The P

emitter sheet resistivity was i
decreased from 138 Q/sguare for a
contact spacing of 700um to
70 Q/sguare for the 1500 pum contact
spacing.

For increasing contact distance
the simulation shows an increase of
the short circuit current density (Fig.
6.24) due to the decreased shadowing 117.0
losses from the metal fingers. The 116.5 =
open circuit voltage is more or less
unaffected by the n-p contact
spacing whereas the fill factor

decreases due to increasing ohmic Fig. 6.24: Variation of n-p contact spacing for a simplified
losses in the base. manufacturable SOI cell.

800 1000 1200 1400 1600

w
v
6]

w w w
» o U
o ” o

Short Circuit Current [mA/cm?]

[AW] 207

80

78}

76

Fill Factor [%]

741

118.0

117.5

%] Aouaniyy

600 800 1000 1200 1400 1600
n-p contact spacing [[Lm]

A correction of the fill factor, calculated by the device simulator for additional ohmic
losses in the metal, was performed for three different types of front metal grids (Tab. 6.5). In
accordance with the realised SOI cell afinger and bus height of 10 and 20 um, respectively,
and a metal resistivity of 1.6-10° Q cm were taken as the upper limit. The measured values
for the metal resistivity of screen printed contacts are found to be around 4.7-10° Q cm. As
the lower limit for metal grid quality the height of the fingers was set to be 7 um and the
height of the bus to be 15 um. This leads to a difference of 1.2 % (absolute) in the cell
efficiency between the lower and upper limit as can be seen in Fig. 6.24. Losses due to
contact resistance were not included in the modelling.
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Symbol Metal Resigtivity Finger Bus
[©cm] height height
[nm] [(um]
n evaporated 1.610° 10 20
° screenprinted 4.7 10° 15 20
. screenprinted 4.7 10° 7 15

Tab. 6.5: Meta grid parameters for the study of simplified SOI cells.
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6.8 Summary of results

The external reflection of planar SOI cells with a double layer antireflection coating can be
described analytically. Thereby, escape reflectance in the long wavelength regime is
accounted for using a geometric series. The formula reproduces a characteristic hump in the
measured reflection at 1030 nm.

The measured external reflection of SOI cells with inverted pyramids can be described
with high accuracy using ray tracing. Optical baseline models for a planar and a textured SOI
reference cell were established. A detailed quantitative analysis of the optical losses for both
cell typesis presented revealing that, for illumination with the AM1.5 spectrum, the textured
(planar) SOI reference cells absorb 82% (71%) of the incident photon flux in the epi-layer.
The lower epi-layer absorption of the planar cell is mostly due to enhanced absorption in the
substrate. Whereas 10.5% of the incident photon flux is absorbed in the substrate of the planar
cell, only 2.4% islost in the substrate of the textured cell.

The influence of epi-layer thickness on the reflection and absorption properties of planar
and textured SOI cells is investigated utilising the optical baseline models. A strong
dependence of the maximum achievable short circuit current density of the planar cell on epi-
layer thickness is found. The short circuit current density of a planar SOI cell is limited to
isemar=29.5mA/cm? for an epi-layer thickness of 15um. This value increases to
ise.max = 34.8 MA/cm? for an epi-layer thickness of 100um. The short circuit current density of
the textured cell is limited t0 iy uax = 35.7 mA/cm? for 15um epi-layer thickness, increasing to
ise.max = 39.2 MA/cm? for a 100um thick epi-layer.

For the electrical modelling of thin silicon solar cellsit is particularly important to account
for the optical carrier generation rates determined by ray tracing. Electrical baseline models
for the planar and the textured SOI reference cell were established implementing the optical
carrier generation rates determined with the optical baseline models.

The recombination parameters of the reference cells were determined by combining
numerical device smulation with measurements of 7, and the effective diffusion length L.,
extracted from spectral response measurements. Thereby, it was found that the most sensitive
method to determine compatible pairs of the bulk diffusion length and the effective surface
recombination velocity at the intermediate oxide are contours of constant V. The effective
diffusion lengths were determined to be three times the epi-layer thickness for the planar
reference cell and four times the epi-layer thickness for the textured reference cell,
respectively.

The influence of epi-layer thickness and the recombination parameters on the electrical
performance of planar and textured SOI cells was investigated by using the above mentioned
combination of optical ray tracing and electrical device simulation. Counteracting optical and
electrical losses were identified and quantified.

A gainin V,. can be achieved by a surface texture in comparison to a planar cell front. This
gain is due to the increased p-n product across the cell, which is a result of enhanced light
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absorption. A back surface field is beneficial if the base diffusion length exceeds half the
thickness of the epi-layer. Reducing the epi-layer thickness increases V,. if base
recombination dominates over surface recombination at the back surface field. In contrary, V.
decreases for a poorly passivated intermediate oxide, e.g. if no BSF is present.

Jy. of atextured SOI cell can be increased for low minority carrier base diffusion lengths
by reducint the epi-layer thickness. Thisis aresult of the efficient light confinement achieved
by inverted pyramids on the front side. This effect is not observed for planar cells as a
reduction in base recombination is compensated by increasing optical losses.

Opposite trends in the influence of epi-layer thickness on J;. are found comparing planar
and textured surfaces for a base diffusion length of L, =50 um. J;. can be dlightly increased
for reduced epi-layer thickness if the front surface is textured whereas J;. decreases for the
planar cell.

Measured fill factor values of a batch of SOI solar cells tend to display substantial
variation. The origins of these deviations were investigated by taking measurements from two
batches of solar cells processed using comparable conditions.

The relative frequency of the open circuit voltage can be approximated to a normal
distribution. This can be explained viathe Central Limit Theorem.

In contrast, a highly asymmetric frequency distribution is obtained for the fill factor The
realised cross sectional area of the metal fingers plays a dominant role in determining the
value of the fill factor. Hence, variations in the electroplating process, used to increase the
cross-sectional area of the contact fingers, cause deviations in the measured fill factor values
of different cells. The asymmetric shape of the relative fill factor frequency distribution can
be understood by appeal to a ssimple statistical approach. The finger width is assumed to
follow a Gaussian distribution. Transformation of this normal distribution using an analytical
expression for series resistance losses in the metal grid gives the probability distribution of the
fill factor. The obtained probability distribution is in accordance with the frequency
distribution of the fill factor. It is concluded that one should not compare the mean fill factor
value of solar cell batch to simulation results. Such afill factor comparison should instead be
based on the relative frequency of the measurement series.
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7 Analysis of one sun mono-crystalline rear contacted
silicon solar cells

7.1 Introduction

Rear-contacted solar cells have their complete metalisation on the rear surface. This
decoupl es the series-resistance versus shadowing loss compromise of conventional solar cells.
The sunward side of the cell may be optimised for optical performance and the back side for
electrical performance. Thus, rear-contacted cells are especially suitable for concentrator
application with its need for very low series resistance. Unlike conventional cells, there is no
trade off between increasing cell size decreasing efficiency on account of series resistance
losses, because the whole cell surface can be covered by an appropriate metallisation scheme.
Moreover, having both contacts on the rear cell side simplifies module assembly significantly.
In addition, back-contacted cells offer an easy way of producing bifacial solar cells.

Most of the rear-contacted cells in the past have also been rear-junction cells, ie. the
minority carriers generated predominantly at the front surface have to diffuse through the base
of the cell to the rear side, where they are collected by the back-side emitter. This cell concept
was used mostly for high efficiency approaches, since, unlike conventiona cell designs, it
requires high quality base material and an excellent front surface passivation. This
disadvantage may be partly overcome by a collecting emitter on the front-side of the cell. The
emitter-wrap-trough (EWT) cell concept provides an elegant method of connecting the front
emitter to the rear emitter [73,98]. The front and rear emitters are connected by emitter-
diffused holes from the front to the back.

The cell concept of rear-contacted silicon solar cells with an interdigitated rear-contact
metallisation pattern was introduced by Schwartz in 1975 [99]. Conversion efficiencies of
17.5% under 50 suns concentration were reported. In atheoretical study by Lammert [100], it
was postulated that with heavier doped junctions, a lower metallisation resistance, reduced
reflectance, and improved bulk lifetime it was possible to achieve a cell efficiency of 24% at
an illumination intensity of 300 suns. However, severe simplifying assumptions were made in
this study, such as neglecting external reflection losses and assuming ideal junctions.

Schwartz [101] compiled a list of approaches to silicon solar cells for use under
concentrated sunlight, which includes a discussion of unconventional designs of rear-
contacted solar cell structures, such as the polka dot cell [98].

Swanson investigated an improved rear-contacted cell structure in 1986 [36], the point-
contact silicon solar cell. At that time, 23% efficiency at 100 suns could be reached using
80 um thick high resistivity float-zone silicon. Similar to the interdigitated rear-contacted
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solar cell in [99], the entire metallisation of the point-contact solar cell is located on the rear
surface in the form of an interdigitated grid structure. To reduce contact recombination, the
metal contacts the silicon only at small points. These points are opened in the passivation
oxide and covered by n-type and p-type diffusions alternating in a checkerboard fashion. The
front surface and the regions between contacts on the rear are covered with SIO, for surface
passivation. Swanson developed an improved analytical cell model to explain the three-
dimensional charge carrier distribution around point contacts. The approach emphasises the
accurate determination of the total recombination current rather than carrier densities and
fluxes. The semiconductor transport equations are solved using a variational approach to
obtain the carrier density in the highly injected base. The recombination activity of the n* and
p’ diffusions at the point contacts is modelled using measured values of the diffusion
saturation current density. In order to solve the coupled semiconductor equations, Swanson
assumed a position-independent diffusion constant in the base, neglected base recombination,
and assumed that photogeneration is confined to an infinitesimally thin layer at the front of
the device.

Sinton refined Swanson’s analytica model by incorporating a numerical solution of the
effects of bulk generation and recombination [102]. Sinton analysed 28% (at 100 suns)
efficient point-contact cells fabricated on high resistivity silicon (100-400 Qcm n-type float-
zone). He established a baseline model that included a universal set of parameters fixed by
independent measurements. The model was shown to be in agreement with measurements to
within 1 percent in absolute efficiency for awide range of illumination intensities.

Research on rear-contacted concentrator cells produced various results that are also
relevant to solar cells operating at one sun. King [103] investigated saturation current
densities of shallow diffusions for passivating the front surfaces of point-contact solar cells. A
one-sun efficiency of 22.3% was reported for a cell with an open-circuit voltage of 706 mV.
Verlinden proposed a multilevel metallisation scheme that produces a series resistance
independent of the cell size[104].

The above-mentioned solar cell results were obtained with complex processing technol ogy
that is too expensive for one-sun application. Sinton [105] proposed a ssmplified fabrication
sequence for rear-contacted cells operating at one sun. A self-aligned metallisation technique
proposed in this work allows for the fabrications of rear-contacted cells with only one
photolithographic mask step. However, to avoid shunt effects in heavily doped compensated
regions, Sinton used a ssimplified fabrication sequence with two mask steps. Large area cells
with 21.9% efficiency for one-sun operation were fabricated on high-resistivity, 390 Qcm,
phosphorous doped silicon wafers that were 130 um thick.

Matsukuma et al. from Hitachi Research |aboratories enhanced the analytical point-contact
cell model of Swanson to account more accurately for multiple internal reflections and carrier
recombination in the base [106]. In this study, smplified large area rear-contacted cells with
point and line emitters are investigated. The modeled cell dimensions were adjusted to be
achievable using screen printing technology for the contact metallisation.
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In 1991, research on one-sun rear-contacted cells at Stanford University resulted in 22.7%
efficient cells [107]. The first pilot line production of large-area rear-contacted cells for one-
sun operation was started at SunPower in 1993 [108], followed by the fabrication of the 7000
high efficient rear-contacted cells for the winning car, the "Dream", in the 1993 solar car race
[109]. At SunPower it was shown that a rear-contacted cell fabrication line can be
implemented with a production yield greater than 90% and with an average cell efficiency of
21.1%. A total of five photolithography masks was used in the 1993 production line and the
cells were processed on high-resistivity float-zone silicon wafers of 160 um thickness, i.e. the
production line was not optimised for low cost.

The cell design was further optimised in order to reduce parasitic perimeter losses [110].
The maximum cell efficiency was enhanced to 23.2% by reducing the carrier recombination
at the saw-cut perimeter, by using lower resistivity material [111].

7.2 Rear contact cells for one-sun application at Fraunhofer ISE
Two goals were pursued within the development of rear-contacted cells at Fraunhofer ISE:
1. theutilisation of low-resistivity base material and
2. theoptimisation of this cell type for bifacia application.

A set of masks for cells with interdigitated grids was used on 250 um thick low-resistivity
(2.25 Qcm) p-type FZ-silicon.

The front side of the RCC is textured with random pyramids for optima optica
characteristics, the rear side is planar. An oxide passivated floating emitter is applied to the
unmetallised side (bottom side in Fig. 7.1) in order to decrease surface recombination
velocity. A thermal oxide alone on a textured surface is known to have a non-optimal surface
recombination velocity of more than 1000 cm/s and leads to a decrease of 30 mV in V. for
this cell type [92]. Therefore, the performance of the RCC depends strongly on the
minimisation of the front surface recombination, a fact discussed for one-sun rear point-
contact cellsin Ref. [112].

Since the floating emitter on the unmetallised side is processed in the same step as the one
on the metallised side, this additional feature does not make the process more complex. Both
emitters have a sheet resistance of 127 Q/sq. and peak doping concentration of 5x10™ cm™.
On the metallised side of the cell nearly the whole surface is a phosphorous diffused area.
Only a fraction of around 2% is left undiffused for the base contacts. Local deep diffusions
underneath both emitter and base contacts were used. Due to the resulting high surface doping
concentration, it is possible to use Ti/Pd/Ag not only for the emitter but also for the base
contacts. The distance between the finger lines of one grid type lies between 1000 to
1430 pm.

The RCC investigated in this chapter had an efficiency of 21.4% and was improved in the
course of the optimisation studies to 22.1%. A RCC structure optimised for bifacial



Rear contacted silicon solar cells 137

application has, for the first time, produced an efficiency of more than 20% for illumination
from either front or rear side [112].

p- contact pad

i M‘IH'!H \“‘ ‘I‘ 1l ’l‘\ HM

a)

n-contact pad

Fig. 7.1: Structure of the rear-contacted cell fabricated at Fraunhofer ISE. (a) View of the rear side of the rear-
contacted cell showing the interdigitated contact pattern. (b) Detail, with the cell shown upside down, so that the
light illuminates the cell from the bottom. For bifacial application the rear surface is also textured.
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7.3 A comprehensive electrical and optical numerical model for the

rear-contacted cell

Fig. 7.2 presents a diagram of the simulation steps for a complete device smulation of the
RCC. The reflection and absorption properties of textured silicon solar cells can be calculated
with the ray tracing program RAYN [113]. An optical symmetry element suitable for ray
tracing simulation of the random pyramid texture of the rear-contacted cell is shown in Fig.

7.2a. Front side illumination on the random pyramids is
approximated by calculating the geometric path of a
monochromatic light ray of random incidence on a single
upright pyramid [70].

For electrical device simulation the device volume has to
be discretised. Fig. 7.3 shows the discretisation mesh of a
symmetry element of the rear-contacted cell, including one »—
to p— contact finger distance. In the following this symmetry
element of the interior cell region is called an elementary
diode (Fig. 7.4). A high density of mesh points in device
regions with a steep doping gradient is needed for
convergence of the iteration scheme used by DESSIS [41].
This is shown in Fig. 7.3 in the detail of the discretisation
mesh around the n-contact region. To calculate a realistic
short-circuit current, we need a very high density of mesh
points at the illuminate front surface. Thus, the discretisation
mesh is adapted to the gradient of the generation function, as
shown in the details at the top of (Fig. 7.3).

Ray tracing, construction of a discretisation mesh, and
device simulation are performed in an object oriented
simulation environment described in Section 4.

Fig. 7.2: Simulation flow for the numerical calculation of the optical
and electrical properties of the RCC. (a) A single upright pyramid of
5um width is the symmetry element for the optical ray tracing
simulation; (b) the discretisation mesh is generated in the next step;
(c) for the electrical device simulation, the optical generation profile
and the discretisation mesh calculated in the previous two steps are
used; (d) the current-voltage characteristic from the device simulator
is used as input for the circuit simulation, taking into account the
voltage drops along the metal bus bar and the metal fingers of the
solar cell.
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Fig. 7.3: Optical and electrical discretisation of the cell volume.

Till now, the description of device simulations performed with an elementary diode region
has ignored resistive metal grid losses and recombination losses at the cell perimeter.
Recombination losses at the cell perimeter are a consequence mainly of the unpassivated cut
surface of the cell. Perimeter recombination losses also degrade the cell efficiency of cells that
remain embedded in the wafer. This is due to outdiffusion of minority carriers into the
unilluminated wafer regions outside the cell area.

We shall include the distributed resistive losses of the interdigitated metal grid using the
circuit smulation method as introduced in Section 3.6. Losses due to recombination of charge
carriers at the device perimeter can aso be quantified by introducing /-1 curves of the
perimeter region into the circuit ssimulation. The perimeter region represented by a perimeter
diode is shown at the right side of Fig. 7.4. Half of a p-contact, the collecting emitter, and the
shaded cell perimeter are included in the perimeter diode.
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hv

p-contact n-contact p-contact n-contact

™ elementary diode ~ perimeter diode

Fig. 7.4: Vertica section through the RCC, including the perimeter region. Dotted lines show the
simulation domain of an elementary diode and a perimeter diode.

The electrica circuit representing the entire solar cell comprises elementary diodes and
perimeter diodes connected by Ohmic resistors (Fig. 3.10). For reasons of symmetry, only
half of the metal grid needs to be resolved in the circuit simulation in order to describe the -7
curve of an entire RCC. The elementary diodes of the RCC are
modelled in two dimensions in this work. Doing the numerical
device simulations in two dimensions allows simulations to be
performed within acceptable computing time. Differences
arising from three-dimensional current flow patterns in the base
were investigated by Ohtsuka [114]. The RCCs investigated by
Ohtsuka have a large area fraction of the rear surface that is not
covered by the emitter. The third dimension in the simulation of
the elementary diodes is neglected here because the rear surface 9. 7.5: Equivalent circuit for
is amost fully covered by the collecting emitter. Therefore, the  the description  of  carrier
current flow patterns in the base of our RCC can be recombination of the floating
approximated by 2D simulations. junction.

To investigate shunt effects on the floating emitter, one-
dimensional simulations using PC1D [67] were performed. The equivalent circuit for these
calculationsis shown in Fig. 7.5 and discussed in Section 7.6.

7.4 Optical properties of random pyramid texture

The random pyramid texturisation is approximated by a symmetry element consisting of
one upright pyramid. Fig. 7.6 demonstrates that even the simplified upright pyramid approach
provides a good approximation of the measured reflection of a wafer with random pyramid
texture at the illuminated surface and a planar rear surface.
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Fig. 7.6. External reflection and absorption of the RCC. The open circles show the
measured external reflection of a wafer with random pyramids at the front and planar
rear surface. The lines indicate ray tracing results obtained by simulating one upright
pyramid.

7.5 Determination of recombination parameters

This section describes a general method to extract the recombination parameters of a high
efficiency solar cell by combining numerical device ssmulation with measurements of open-
circuit voltage and microwave-detected photo conductance decay (MW-PCD). In addition, the
gpatia distribution of excess carrier recombination in the different regions of the RCC for
standard AM 1.5 global illumination is determined.

The peak doping concentration of the emitter at the planar oxide-passivated rear side is
5x10™ cm™. Various references in the literature give an extracted interface surface
recombination velocity of Siefuce ~ 500 cm/s (Fig. 5.8).

The method applied here to determine the bulk diffusion length L, and the effective surface
recombination velocity of the emitter passivated front side S,z s0n: IS the same one as in [70]:
to match the overall recombination of the solar cell model and the redised cell, device
smulations were performed for different combinations of L, and S, ., Which reproduce the
measured open-circuit voltage. For this purpose, we used an iterative algorithm, determining
Sesesvom fOr @agiven L, to reproduce the measured 1, by device simulation.

Upper and lower limits for the range of possible recombination parameters are obtained as
follows. The solid linesin Fig. 7.7 show different combinations of S, .. and L, resulting in
the same open-circuit voltage in a device ssimulation with DESSIS and RAYN. The line with
the circles was calculated for a measured open-circuit voltage of 689 mV for the cell under
investigation. A range of + 5mV in V,. was assumed as an upper limit for the tolerable
deviation between measurement and simulation.



142 Rear contacted silicon solar cells

110 I I I I T i]
100 - —®—V_-5mV /./ i
- —e—V_ (689 mV) - ]
20 - AV, +5mV .]/ ]
80 - —t T - 10% ./ ./' .
- X1, (245us) - 1
707 s +10% / P i
g
5
= _—
mﬂ)

eff, PCD
or
—| TAuger

0 A~ AL P N R N I B L
800 900 1000 1100 1200 1300 1400 1500 1600 1700

L, [um]

Fig. 7.7: Determination of the recombination parameters of the RCC. Curves of constant open-circuit
voltage were simulated with DESSIS for different combinations of bulk diffusion length L, and effective
front surface recombination velocity S.; The range of possible combinations of L, and S, can be further
constricted applying PCD measurements to the same starting material .

Additional  information on Sz Was obtained from  microwave-detected
photoconductance decay (MW-PCD) measurements on test structures [92]. The effective
minority carrier lifetime at one-sun illumination was determined to be .= 245 ps [115]. An
upper limit for Sz 4., Can be estimated by assuming Auger recombination as the only loss
mechanism in the base. This assumption leads to S,z .= 46 cm/s and a range of possible
values of L, and Sz, Shown within the lightly shaded areain Fig. 7.7. The dashed lines in
Fig. 7.7 show (Ls, Sesronr)-cOMbinations, resulting in the same measured 7., including the
estimated measurement error.

The intersection of possible (Ls, Sepsonr)-cOMbinations determined by device simulation
and PCD measurement is shown as the dark grey areain Fig. 7.7.

In addition to S,z the interface surface recombination velocity of the front surface,
Sinterface » Was determined by DESSIS simulations, including the front »"-diffused layer. The
measured V,. was obtained for Siy,uc. = 1500 cm/s. As mentioned before, the value deduced
from Fig. 5.8 for a planar surface with the same phosphorous peak doping concentration is
500 cm/s. Thus, Siuerce for the oxide—passivated random pyramid texture is approximately
three times higher than that for a planar surface. The surface area with random pyramid
texture is 1.7 times larger than a planar surface. Therefore, the increase in surface
recombination velocity is not merely caused by greater surface area. The same strong increase
IN Sinerace WS Observed for awide range of emittersin [92].
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Tab. 7.1: Recombination distribution in the RCC for different

the recombination fractions are given . .
operating conditions.

for short circuit, maximum power, and
open-circuit conditions.

The light-generated current density in the RCC obtained by ray tracing simulation is
41.0 mA/cm?. This represents the maximum achievable short circuit current density assuming
no recombination losses in the device. Under open-circuit conditions, this current density is
identical to the overall recombination current density in the solar cell. Under short circuit
conditions, only 1 mA/cm? of the generated current density recombines within the cell. The
main recombination mechanism, independent of the operating conditions, is Shockley-Read-
Hall recombination in the base region. Thus, even when high-quality materia is used, it is
beneficial to reduce the cell thickness as will be investigated in detail in Section 7.10.1.

The recombination fraction of the emitter under open-circuit conditions is twice the
recombination fraction under short circuit and maximum power point conditions. This can be
explained by the fact that under open-circuit conditions there is no external current flow.
Therefore, the minority carrier density in the emitter, and hence the Auger recombination
fraction, is higher under open-circuit conditions.

The surface recombination fraction increases from 8% to 15% under short- and open-
circuit conditions, respectively. The surface area of the non-diffused gap region at the rear
side contributes only 1.5% to the entire cell area. However, under maximum power point
conditions 30 % of the overall surface recombination occurs at the undiffused gap region.
This emphasises the surface passivating effect of the floating emitter and the contacted
emitter.

Fig. 7.8 shows the influence of the interface recombination velocity at the front surface on
the RCC efficiency. The plotted cell efficiencies do not include fill factor losses due to the
metal resistance of the grid. The dotted line shows the strong impact of the front surface
interface recombination velocity for an RCC without floating emitter passivated front surface.
Increasing the front surface interface recombination velocity from 0 to 3000 cm/s compl etely
degrades the cell efficiency. In contrast, an effective front surface passivation can be achieved
by a floating emitter: Even an increase in the front surface interface recombination velocity,
Sinterface, 10 10000 cm/s causes an absolute decrease in cell efficiency of only 3%, because the
effective front surface recombination velocity, S,z remains moderate.
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Fig. 7.8: Conversion efficiency of the RCC as a function of recombination velocity at the
front surface. Distributed resistive losses and perimeter |osses are neglected here.

7.6 Injection level dependence of the floating emitter

RCCs with floating emitter are strongly non-linear, i.e. the short circuit current density J;.
depends non-linearly on the illumination intensity. A non-linearity was also found for
Passivated Emitter and Rear Floating junction (PERF) cells, where shunts of the floating
emitter junction to the rear-contacts were found to be an important factor in the interpretation
of the I-V curves [116]. In contrast to this type of shunt, in the case of the diffused front
floating emitter of a RCC, a shunt element constitutes a contribution to the recombination
losses at the front surface. This shunt effect might be due to inhomogeneities of the doping
profile adong the random pyramid texturisation. The passivating property of the floating
emitter is weakened where the doping profile is thinner. In other words, a non-negligible
minority carrier recombination current towards the less passivated parts of the front surface
OCCurs.

The shunt effect of the floating emitter causes a strongly injection-level-dependent
effective front surface recombination velocity. This injection dependence is reflected in a
drastic decrease in the measured quantum efficiencies for low illumination intensities (Fig.
7.9)".

" The measured quantum efficiency without bias light is vanishing between 350 and 650 nm, shows a linear
increase from 650 nm to 900 nm and a maximum of 40% at 1050 nm. The increase in quantum efficiency can
be explained by an increasing fraction of the generated carriers being able to reach the collecting rear emitter.
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Fig. 7.9: Measured bias light dependence of the external quantum efficiency of the RCC. A strong
non-linearity of short circuit current on the bias light is observed.
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Fig. 7.10: Dark current voltage characteristics of the investigated baseline cell. The hump in the
measured dark /-1 curve is due to increased recombination of charge carriers at the floating junction
with decreasing excess carrier density (lower applied voltage). The value of the parallel resistance in
the equivalent circuit of the floating junction was quantified using PC1D.
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A model for the injection dependence of the recombination at floating emitter passivated
surfaces was proposed by Loélgen [117]. Based on this physical background, a shunt
resistance, R, fiaing, 1S introduced as shown in Fig. 7.5. In addition to a shunt resistance,
R, nioaring, the space charge region recombination of the floating emitter is accounted for by
introducing a diode with ideality factor 2 and saturation current density Jy,,. Using PC1D
[67], we ssimulated dark /-7 curves using the equivalent circuit shown in Fig. 7.5 for different
values of R, oaring @Nd Jy2,. The best fit with the measured dark -V curve was obtained for
Ry fioating = 2.2 kQ cm? and Jy,, = 8x10°° Alem?, as can be seen in Fig. 7.10.

In analogy to the effective surface recombination velocity S.; of the floating emitter
passivated front side described by Ldlgen, we define

Ser = Seff,JO + Seff, ot Seff,Shunt
oatin 1(2k1)
_ J, JOZD (qufl o2 _1) n I/vﬂoating /Rpﬂoating (71)

0p +
9 Viioating! (kT)
qny, gng(e ™ =1) qng,(e

q Vfloaing/ (kT) _1)

where g isthe elementary charge, & is the Boltzmann constant, 7' is the cell temperature, ny, is
the equilibrium minority carrier density at the edge of the space charge region (8.8x10° cm™®
for the doping profile of the floating emitter), Vp,aing 1S the voltage that appears across the
junction, and J;, is the saturation current density of the floating emitter. J,, was calculated to
be 5x10™* A/cm? under the assumption of Auger recombination as the limiting recombination
mechanism in the floating emitter. The first term in equation Eq. 7.1, S.4 s, is due to the
current injected into the emitter. The second term, S, 02, is the contribution to S,z which is
due to recombination in the space charge region, and the last term, Se4 smm, 8ccounts for the
recombination current due to the shunt effect.

The three components contributing to S, are shown as a function of ¥uine in Fig. 7.11.
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Fig. 7.11: Contributions to the effective recombination velocity of the floating junction
at the front surface (Eq. 7.1).
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On the upper X-axis, values of the bias light intensity in units of 1 sun (1000 W/m?) are
shown. Under short circuit conditions, the bias light intensity corresponds to ¥Jung indicated
on the lower X-axis. The second and third terms in EqQ. 7.1 are injection-dependent
contributions to S, whereas S,z IS independent of the injection level. At low bias light
intensities, there is a strong increase in the front surface recombination owing to the
dominating shunt component. Thisis reflected in the strong injection level dependence of the
RCC for low illumination intensities. As illumination intensities increase, S.; approaches a
lower limit given by S.z..

To further verify the validity of the model, two different measurements were compared
with the theoretical predictions:

In a first step, the injection dependence of S was determined from spectral response
measurements at 600 nm (light absorbed close to the surface) for different bias light
intensities (see Fig. 7.12).
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Fig. 7.12: Bias light dependence of the external quantum efficiency for illumination with monochromatic
light of 600 nm wavelength. The external quantum efficiency saturates towards one-sun illumination
conditions. The solid line shows a PC1D simulation using values for R,, jouin, and Jy;,, extracted from the
dark I-V-curve (see Fig. 7.10).

Then, PC1D simulations of a RCC (modelled without floating emitter) were used to
determine the effective surface recombination velocity at the front side, Sg., which resultsin
the measured EQE at the given bias light intensities. This Sy, represents the effective
differential surface recombination velocity, S.;q Of a RCC with floating emitter at the
injection levels calculated for the given bias light intensities.
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A second independent measurement of S,z Was realised by PCD measurements on test
samples. Test structures with oxide-passivated floating emitters on both sides were processed
from the same starting material and with the same processing conditions for the emitter and
the thermal oxides as used in the RCC processing. Therefore, it can be assumed that the test
structures and the RCCs have the same bulk lifetime. Furthermore, the test structures were
textured with random pyramids in order to establish surface conditions similar to those of the
RCCs.

To compare the theoretical predictions with the measurements described above, it is
necessary to replace the voltage across the floating emitter, Vioaing, iN EQ. 7.1 with the
injection level An in the base

Al’l — nop (e‘l I”Yfloating/(kr) _ 1) (72)

where ny, isthe mgjority carrier density in the base. Applying Eq. 7.2 to Eq. 7.1 gives

J J
Sy =—L+ 2 A1 +2Lln A _ (7.3)
q nOp q Al’l nOp q Al’l Rpfloating nOp

This equation has to be differentiated in order to obtain the differential effective surface
recombination velocity [118]

dJg _ d(An S (An))

S g (An) =
eff,dlff( ) qul’l dAl/l
1
L (7.4)
_Jo  J (An )P AT 1
qnop 2anp nOp q2 Rpﬂoating n0p+An

where Js is the fraction of the minority current density from the base recombining at the front
surface.

The resulting curves for S,z 4 are plotted in Fig. 7.13. As can be seen, there is close
agreement between the two independently measured curves and the calcul ated data.
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Fig. 7.13: Injection dependence of the effective surface recombination velocity of the floating emitter
passivated surface.

7.7 Resistive losses

The total current flow causes a voltage drop along the metal grid. Thus, different cell
regions, represented by 2D-symmetry elements in the model, are driven by voltages differing
from the voltage at the cell terminals. The losses due to this are known as non-generation
losses [61]. Non-generation losses of RCCs with interdigitated metal grid are smaller in
comparison to conventional solar cells: Fig. 7.14 shows a schematic view of the electrostatic
potential distribution along the metal grids under maximum power point conditions at the
terminals of the solar cell. The circuit simulation reveals that elementary diodes connected
between the same fingers (like the elementary diodes "1" and "2" in Fig. 7.14) work at the
same operating point. The voltage drop along one contact finger compensates the voltage drop
of the contact finger of opposite type. Thisisin contrast to a conventional contacted solar cell,
where the voltage drop at the back contact is negligible due to the thick metallisation.
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Fig. 7.14: Schematic draw of potentia distribution along the interdigitated metal grid.
Vaues were determined by circuit simulation under maximum power conditions.

The distributed Ohmic resistance of the metal grid was measured by three-point probe
measurements. Fig. 7.15 shows the resulting metal resistance for the negative contact grid,
with the origin set at the contact pad in the middle of the bus bar. The measured metal
resistance was compared to the calculated metal resistance, assuming perfectly homogeneous
finger shape. Calculations were performed assuming measured finger dimensions and specific
metal resistance values (n-finger: 30 um height, 14 um width, 1.88 cm length; p-finger:
30 um height, 17 um width, 1.92 cm length; bus-bar: 20 um height, 158 um average width,
0.93 cm length; specific metal resistance p,, = 1.6x10° Qcm).

The bars at the base of Fig. 7.15 show the absolute difference in resistance between
measurement and simulation. Hence, the metal grid of the RCC can be modelled with good
accuracy using perfectly shaped fingers and constant specific metal resistance.
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Fig. 7.15. Measured and simulated distribution of the n-contact metal grid

resistance. Absolute deviations between simulations and measurements are indicated
by the bars at the base of the graph.

The measured distributed voltage drop along the n-contact metal grid was measured as
well. The measured data under short circuit conditions and illumination from the metallised
rear side are shown in Fig. 7.16. Simulation results obtained with the circuit simulation
method are plotted in the same figure. Differences between simulation and measurement are
most likely due to technical problems with the adhesion of the metal to the semiconductor.
This leads to an inhomogeneous contact resistance along the metal fingers.

voltage drop [mV]
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bars: absolute differences

alo I 15
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Fig. 7.16: Measured and simulated voltage drop along the n-contact metal grid under

short circuit conditions. The origin is located at the contact pad. The cell was
illuminated from the metallised rear side.
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7.8 Perimeter losses

The investigated RCCs were not separated from the surrounding wafer. Therefore, the
symmetry element for device simulation of the perimeter region includes one p- and one n-
finger as well as a shaded perimeter region (Fig. 7.4, cf. also Ref. [60]). Simulations revealed
that for negligible recombination at the perimeter edge the width of the shaded perimeter
region should be one diffusion length. The edge of the emitter diffusionsis defined by an area
mask. At the non-diffused planar surface a recombination velocity of 1000 cm/s was assumed.

Two methods were worked out to quantify the perimeter losses of the RCC. The first
method uses an isolated perimeter diode. For a constant applied voltage, the lateral current
density component is integrated along the boundary between the illuminated part and the part
of the solar cell shaded by the area definition mask. The resulting current density is denoted
Jperi int(V).
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Fig. 7.17: Recombination losses at the cell border can be accounted for by simulation of the perimeter region of
the solar cell. The details (Figs. a and b) show the electron density distribution at the cell perimeter under short
circuit and maximum power point conditions. Arrows indicate the direction of positive current flow, opposite to
the direction of electron flow. The absolute value of the electron current density at the perimeter is shown as
solid curves. Dashed curves show the lateral electron current density component along the perimeter (denoted
"cut").

The second method employs the circuit simulation technique introduced above. Two
different cases are considered. The first case is an RCC with ideal perimeter conditions. This
is modelled by inserting elementary diodes at the border positions of the circuit (denoted " P"
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in Fig. 3.10) aswell as at the interior cell positions (denoted "E" in Fig. 3.10). The resulting /-
V curve is termed I-Veive no perimeterioss- 1he second case is an RCC modelled with perimeter
losses. Simulating the illuminated /-7 curve of the RCC with perimeter diodes at the cell
border yields the I-V curve of a RCC, including perimeter losses, termed I-Vgi.. The
difference between I-Vcirc 8 I-Veire no perimeterioss 1S @ current density, Jpe,; cie(¥), which can be
attributed to the perimeter loss.

The perimeter current Jperi in(V) IS plotted in Fig. 7.17 under short circuit (a) and maximum
power (b) conditions. Arrows indicate the direction of positive current flow, opposite to the
direction of electron flow. The graphs on the right side of Fig. 7.17 show the electron current
density along a line at the edge of the area mask. Compared with short circuit conditions,
under maximum power point conditions a higher lateral current density can be observed.
Under short circuit conditions, the lateral component of the perimeter current changes
direction at a distance of 200 um from the front side, i.e., at the rear side electrons flow from
the dark to the illuminated region (Fig. 7.17a). Under maximum power point conditions, the
electron current density at the area mask edge is mainly lateral. A width of 150 um of the
contacted emitter does not contribute to the terminal current, but to the perimeter
recombination current. In Fig. 7.17b, a star marks the change in direction of the current flow
in the contacted emitter.

The perimeter current densities obtained by the two methods are plotted in Fig. 7.18.
Method 1 yields a perimeter current density Jpeint, Which increases monotonically with the
applied voltage. Thisis due to the increase of minority carrier density in the base shown in the
upper part of the graph. In contrast, the perimeter current density Jpeicirc Obtained by the
second method shows a maximum.
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Fig. 7.18. Perimeter current densities obtained by two different methods: Method 1 considers an
isolated perimeter diode, whereas method 2 employs circuit simulation of the entire device.
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This difference can be explained by investigating the series resistance and its impact on the
I-V curves. A series resistance leads to an increase in the local ideality factor [116] of the I-1
curve in the vicinity of Ve, asshown in Fig. 7.19. The series resistance of the perimeter diode
is higher than that of the elementary diode, because the mean distance between the generation
location of the magjority carriers in the base and collection at the positive contact is larger for
the perimeter diode (see Fig. 7.4). Fitting the two diode model to simulated /-7 curves yields
Rs=(0.56 + 0.19) Qcm® for the perimeter diode and Rs=(0.39+ 0.16) Qcm® for the
elementary diode. /-J curves of both diode types, and the local ideality factors, are plotted in
Fig. 7.20. The difference between the two -V curves, Jpyr = Jpp(V) —Jep(V), IS shown as
well.
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Fig. 7.19: Shifted illuminated I-V curves for different series resistance
values. As there is no current flow at open-circuit conditions, no voltage
drop at the series resistance occurs. Thus, the shifted I-7 curves intersect at
open-circuit conditions. The local ideality factors corresponding to the I-V/
curves are shown as well (right Y -axis).

The behaviour of Jpi;r can be understood by first order series expansion of the one-diode
model, including alocal ideality factor:

J J
J e = const + P Los__ _Jou (7.5)
) Vil n, ) n,(V)

where V7 is the applied voltage, 1, is the thermal voltage, Joq, Jop are the dark emitter
saturation current densities, and ng, np are the ideality factors for the elementary and the
perimeter diode, respectively. The decrease in Jpis is due to the increase of n,-n, with
increasing voltage.

Comparing the circuit simulation results /-Vcircno perimeterioss aNd I-Veire, the same effect is
found at a smaller magnitude (Fig. 7.21). In the circuit ssmulation, the perimeter diodes are
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weighted with only 15% of the overal cell area. Therefore, the difference of -V and I-
Veireno Peimeterioss 1S Smaller than the difference of the /-7 curves of the two diode types in

isolation.
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Fig. 7.20: I-V curves of the elementary diode (solid) and the perimeter diode (dashed). The
difference between the -V curve of the perimeter- and the elementary diode is plotted in the

upper graph.
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7.9 Comparison of simulated and measured /-V output parameters

The measured /-1 output parameters of a 21.4 % efficient bifacial RCC are listed in the last
row of Tab. 7.2. These values can be directly compared with the circuit smulation results
listed in row d) of Tab. 7.2, because these simulation results were obtained by a combination
of device and circuit ssmulation that accounts for all known loss mechanisms of the real solar
cell. The recombination parameters were chosen to reproduce the measured open-circuit
voltage. Due to the redlistic optica ray tracing model, the simulated short circuit current
density isin excellent agreement with the measured value of 39.2 mA/cm?. Circuit simulation
results in afill factor that is 1.3 % higher. This difference is most probably due to problems
with the metal-semiconductor adhesion, which results in an absolute decrease of 0.2% in cell
efficiency.

Jse Voe Jmpp Viupp Tl n

[mA/cm? | [mV] [mA/cm? | [mV] [%] [%]
a) elementary diode 40.4 692.0 385 592.5 81.7 22.8
b) perimeter diode 35.8 664.8 34.0 545.6 77.9 185
C) circuit, ideal perimeter 40.4 692.0 38.6 584.6 80.8 22.6
d) circuit (including perimeter) 39.6 688.7 37.6 574.4 79.3 21.6
€) measurement (RSK3 5a) 39.2 688.5 37.7 564.8 78.0 214

Tab. 7.2: Comparison of measured and simulated /-J output parameters.

Furthermore, Tab. 7.2 reveal s the influence of metal resistive losses, non-generation losses,
and perimeter losses on cell performance. The results listed in row ¢) were obtained with a
circuit simulation using only elementary diodes, i.e., perimeter losses are neglected, but metal
resistive and non-generation losses are taken into account. Comparing rows a) and c), there is
a decrease of 0.2% in cell efficiency due to metal resistive and non-generation losses. This
corresponds to a difference of 0.9% in the fill factor, which affects neither the output voltage
nor the short circuit current.

Recombination losses at the cell perimeter represent a substantial loss in the RCC, as can
be seen by comparing rows ¢) and d): The difference in cell efficiency between circuit
simulation with and without perimeter diodes was 1.0%. Perimeter losses also affect the open-
circuit voltage and the short circuit current density.
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7.10 Parameter studies

The parameter variations presented in this section were obtained from two-dimensional
device simulations with one elementary diode. The baseline model for a simulation with one
elementary diode yields a cell efficiency of 22.8 %, excluding the metal resistive losses, non-
generation losses and perimeter losses that are present in areal RCC. From Tab. 7.2, these
additional losses can be found to cause a 5.3 % relative decrease in cell efficiency for a
baseline cell.

Normalised values for the /- output parameters are shown on the right y-axis of the
following plots, a normalised cell efficiency of 1 corresponds to 22.8 % cell efficiency
(baseline, only elementary diode) or 21.6 % including distributed resistive and perimeter
losses.
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The optimum cell thickness is located in the thickness range from 100 um to 150 um. The
result is arelative increase of 2% in cell efficiency for this reduced thickness, in comparison
to the baseline value of 250 um for the realised cell.
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7.10.2 Metal finger spacing (n-p contact spacing)

With both contacts on the rear side, no shading is caused by the metal grid. Therefore, the
short circuit current density is unaffected by the metal finger spacing (Fig. 7.23). A dlight
increase in the open circuit voltage (< 0.1%) isfound at a higher finger spacing. Thisis due to
adecrease in the fraction of the contact area compared to the cell area. However, the effect is
negligible because of the effective screening of the metallised cell parts by highly doped areas
under the contacts. Internal series resistance losses in the semiconductor cause a 3 % relative
drop in the fillfactor by increasing the metal finger spacing from 300 um to 800 um. An
increased metal finger spacing compared to the baseline value of 500 um might be needed if
screen printing technology is used for the metalisation step. For high efficiency cells
fabricated with photolithographically-defined metal fingers, a relative increase in cell
efficiency of 1 % can be obtained by reducing the metal finger spacing to 300 pm.
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Fig. 7.23: Influence of metal-finger spacing on cell performance.
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7.10.3 Emitter coverage fraction

The part of the rear surface not covered by dopant diffusions is called the gap area.
Simulations reveal that 30 % of the surface recombination is due to recombination in the gap
area, assuming an interface recombination velocity of $'=100cm/s. Fig. 7.24 shows the
influence of gap width on the cell performance. The emitter coverage fraction is a critical
design parameter for higher surface recombination velocities, e.g. for S = 1000 cm/s, as found
in bifacial cells with a textured rear surface. This case is plotted as solid lines in Fig. 7.24
revealing a4 % relative drop in cell efficiency for an enhanced gap width of 35 um compared
to the baseline cell.
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Fig. 7.24: Influence of the width of the gap region on I-V output
parameters. The gap region is not covered by dopant diffusions, and may
degrade the cell’ s efficiency due to enhanced recombination compared to
other surface areas.
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7.10.4 Emitter profiles

The n” diffusions of the RCC are obtained via the same process step. Therefore, the same
n" doping profiles have to be assumed on both surfaces. Cell efficiency is very sensitive to the
surface recombination velocity S;,, assumed at the Si/SiO; interface beneath the n” diffusions.

An empirical expression for S;,, of oxide passivated diffusions as a function of the peak
doping density was given by Cuevas[66]. This expression can be used with good accuracy for
peak doping densities Npyeq < 10" cm™ as for the high efficiency cells investigated here (Fig.
5.8). Four different peak doping values were chosen for the variation of the emitter profiles
listed in Fig. 7.25. At the textured front surface S was enhanced by a factor of three, as
described previoudly. The sheet resistance was varied by changing the junction depth. Fig. 7.25
shows the influence of the n* diffusion on the RCC's efficiency. An increase in the open
circuit voltage and short circuit current density for more shallow diffusions is found for all
peak doping density values. Thisis caused by a decrease in Auger recombination for smaller
junction depths. The opposite dependency is found for the fillfactor, due to increasing series
resistance losses of the emitter. Maximum cell efficiency is obtained with significant junction
depths. Optimum cell performance is achieved for low peak doping concentrations and deep
diffusions.

Simulations with one elementary diode reveal a maximum efficiency of 23.5 % for a peak
doping concentration of 1x10"® cm™. If we assume a relative correction of 5.3 % due to metal
resistive losses, non-generation losses and perimeter losses, as extracted for the baseline cell,
then a cell efficiency of 22.3 % results. A 22.1 % efficiency level was realised in a solar cell
batch with this peak doping concentration of 1x10* cm®,
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Fig. 7.25: Influence of emitter doping profile on -V output
parameters. Optimum efficiency is obtained via a deep diffusion with

relatively low surface concentration.

7.10.5 Recombination parameters

Parameter variations were performed to estimate the loss in cell performance for lower
quality base material. Therefore, the base diffusion length L,, cell thickness W and the
effective front surface recombination velocity S.;were varied.

The fill factor mainly depends on the cell thickness: values of 79.7 %, 80.7 % and 81.3 %
were obtained for cell thicknesses of 50 um, 100 pm and 200 pum, respectively. One has to
keep in mind that these values must be corrected by distributed metal resistive and perimeter

| osses.
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Fig. 7.26, Fig. 7.27 and Fig. 7.28 show three groups of simulation runs. Each group was
calculated for a constant L,/ W ratio. The I-V output parameters were calculated as a function
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of the effective front surface recombination velocity. The cell performance is merey
unaffected for S,z < 50 cm/s. At higher values of S, the cell performance rapidly degrades. In
Fig. 7.26 an intersection of the J.-curves belonging to one group of constant L,/ ratio can
be seen. This can be explained by the fact that the minority carrier density in the vicinity of
the contacted emitter at the rear surface is higher in thinner cells. Therefore, the sensitivity of
thin RCCsto front surface passivation is lower.
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Fig. 7.28: Cell efficiency as a function of the effective recombination velocity of the front surface. A
low surface recombination velocity is crucial to the RCC performance.

The situation is different in V,. conditions (Fig. 7.27): The minority carrier density is
nearly constant across the cell’s depth because no carriers are collected at the rear junction.
Conseguently, there is no intersection of the curves belonging to one group with a constant
Ly/ W rdtio.

Thinner cells show higher surface recombination fractions. This causes lower open circuit
voltages in thin cells compared to thick cells with the same L,/ W ratio.

The following example compares an RCC processed on FZ material (L, > 800 um) with
one processed on Cz material (L, ~ 200 um). If both cells have a thickness of 200 um, it can
be concluded from Fig. 7.28 that a difference of An=(23% - 14 %) = 9% in cell efficiency
has to be expected. If, on the other hand, the Cz cell (L, ~ 200 um) was processed on a 50 pm
thin wafer, an efficiency of 20.5% would be obtained. Thus, in comparison to the thick 23%
efficient FZ cell, the efficiency difference would be only An = (23% - 20.5 %) = 2.5%.
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7.11 Summary of results

A detailed numerical model for the simulation of highly efficient rear-contacted silicon
solar cells was developed. The model includes optical ray tracing, two-dimensiona electrical
device simulation, and circuit simulation. It provides a quantitative treatment of optical carrier
generation, distributed metal resistance losses, and perimeter losses. This represents an
improvement compared with previous models for rear-contacted cells described in the
literature.

A new approach to separate bulk- and surface recombination losses is presented. It sharply
reduces the range of combinations of bulk lifetime and surface recombination velocity,
resulting in the same overall cell performance. Lifetime measurements on test structures and
the open-circuit voltage obtained by measurement and by numerical device simulation are
utilised. The most probable values for the interface surface recombination velocity of the
thermally oxidised emitter covering the front surface and the bulk diffusion length are
1500 cm/s and 1200 pm, respectively.

Recombination fractions for the different cell regions have been determined under open-
circuit, maximum power, and short circuit conditions. At maximum power point, 80 % of the
total recombination is due to Shockley-Read-Hall recombination in the base. This
demonstrates the potentia for thinner RCCs.

Redlised RCCs exhibit a strongly reduced spectral response for low illumination levels.
This behavior could be modeled quantitatively by introducing a shunt resistance and diode
across the floating emitter. The validity of the floating emitter description has been verified by
spectral response and photoconductance decay measurements to a high degree of accuracy.

The measured voltage drop aong the rear side metallisation was compared to results
obtained by circuit ssmulation. Hence, losses due to the distributed metal resistance (including
non-generation losses) can be quantified with our model for interdigitated contact schemes.
For the described cell, an absolute fill factor loss of 1% can be attributed to the resistance
losses of the grid.

Perimeter losses of the RCC have been quantified using circuit simulations that include
symmetry elements representing the device perimeter. A maximum of the perimeter current
density (loss current) at 650 mV applied voltage could be explained by the different series
resistance of inner and perimeter cell parts. This current flowing out of the cell perimeter
leads to an additional absolute fill factor loss of 1.5%. Interestingly, the fill factor loss due to
the perimeter current is higher than that due to the resistance loss in the grid described above.

The results of this work establish a numerical baseline model for the high efficiency RCC
at Fraunhofer ISE. The model proves to be in very close agreement with measured /-7 output
parameters.

Using this numerical baseline model for the RCC parameter variations were performed.
The optimum cell thickness is located in the thickness range from 100 um to 150 um. A
relative increase of 2% in cell efficiency results for a reduced thickness in comparison to the
baseline value of 250 um for the realised cell. The metal finger spacing of this high efficient
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RCC mainly affects the fillfactor. Internal series resistance losses in the semiconductor cause
a 3 % relative drop in the fillfactor by increasing the metal finger spacing from 300 um to
800 pm.

The relative RCC efficiency was predicted to improve by 3% when changing the surface
concentration of the front and rear emitter diffusion from 5x10™ to 5x10" cm™ for constant
sheet resistance. Indeed, this modification has led to an increase in cell efficiency, due mainly
to an increase in short current density and open-circuit voltage from 21.4 % to 22.1 %, that is
arelative improvement of 3.3 %.
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List of symbols
Symbol Usual Unit Name or description
A cm? area
Ametal - metal coverage fraction
¢ ms* speed of light
Cup cm® st band-to-band Auger recombination rate constant
Chui cm® st C, under low injection conditions
Dep cm? st diffusion coefficient of € ectron, hole
E W m? total irradiance
Ecy eV conduction or valence band energy
E,. eV Fermi level
E, eV electron quasi-Fermi level
E, eV hole quasi-Fermi level
E; W m? nm* spectral irradiance per unit wavelength
f - probability density function (PDF)
Jabs - fraction of light absorbed in active silicon layer
Fi - Fermi integral of order 1/2
g(4,x) pm™ normalised generation rate function
G stcm? generation rate
G, stem* spectral generation rate
h Js Planck constant
H,pi pm thickness of epitaxially grown layer
H,, pHm thickness of n- or p-doped region
i photonsm?s®  spectral photon flux
J A cm? current density
Jon A cm? electron or hole current density
JH A cm? light-generated current density
Joh A cm? photocurrent density
A cm? short circuit current density
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J sc,max

st
Jo
Job
Joe
k

i
Lp
Len
Ly

Loy

nm
Rext

Acm

A cm?
A cm’
Acm
A cm?
JK*

cm®st

max. achievable short circuit current density
(no recombination)

recombination current density at surface
saturation current density

base saturation current density

emitter saturation current density

Boltzmann constant

Shockley-Read-Hall trap recombination constant

Debye length

minority carrier diffusion length of an electron or hole

minority carrier diffusion length in the base
effective minority carrier diffusion length
electron concentration in the conduction band
electron concentration at thermal equilibrium
intrinsic carrier density

effectiveintrinsic carrier density

density of acceptor or donor impurities

effective density of states of conduction or valence band

peak doping concentration

hole concentration in the valence band

hole concentration at thermal equilibrium

power density

magnitude of the elementary charge

thickness of quasineutral region

volume rate of recombination of electrons or holes
reflectivity

internal reflectivity at rear surface of solar cell

external reflectivity of asolar cell

external reflectivity of asolar cell excluding metal

reflection

internal reflectivity at front surface of solar cell
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Roetal - metal reflectivity

R, Q cm? shunt resistance

R, QO cm? series resistance

s A/W spectral response

s A/W differential spectral response

S cm/s surface recombination velocity

Se0.n0 cm/s recombination velocity of electrons or holes at surface

Sefr cm/s effective surface recombination velocity

Sinter cm/s effective surface recombination velocity at intermediate
oxide

S=D /I, cm/s S for balancing surface and bulk components

T K temperature

Trp - front external or front internal transmissivity

Vv Vv voltage

Vp Vv diffusion voltage (or built-in potential)

V; Vv potential difference at the depletion region edges

Via Vv portion of the applied voltage that appears across the
junction

Voe \Y open circuit voltage

Vupp Vv voltage at maximum power point

Vi \Y thermal voltage

w pum wafer- or substrate thickness

Wp pum n-type or p-type space charge layer thickness

Xe pum edge of space charge region

X pum junction position

a pm'? absorption coefficient

i - emitter transparency factor

B - diode ideality factor

AE, ev band gap narrowing

é Asvim?! permittivity of free space

€s

static relative permittivity of amedium
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&
¢
7deg

2
Y sen

Teﬁ“

(1]

kV cmt
V

%

nm

cm?’stv?

Ccm?

electric field strength
electrostatic potential

degeneracy factor

band gap narrowing factor

energy conversion efficiency
carrier collection efficiency
fill factor

external quantum efficiency
wavelength of light

mean value

electron or hole mobility
frequency of light
space-charge density
standard deviation

lifetime

effective lifetime

geometry factor
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