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1 Introduction 

1.1 Motivation 

The world wide increased demand of energy is at odds with the finite nature of fossil 

fuels and also of the nuclear energy, which are up to now mainly used for power 

generation. Furthermore in case of the nuclear energy no satisfying solution for the 

final storage has been found up to now and the burning of fossil fuels has to be 

regarded skeptically due to the disposal of carbon dioxide, which is connected to the 

climate change. Hence the expansion of renewable energies is necessary (see e.g. [1], 

chapter 11).  

That photovoltaic has the potential to cover a great part of the needed energy is shown 

in [2] amongst others.  

However to be able to produce photovoltaic energy to competitive prices, the 

efficiency of the used solar cells has to be increased while simultaneously their 

production costs have to be diminished. This necessity is enforced for example by the 

resolution of the German Bundestag from Mai 6th 2010, to decrease the feed-in tariff 

for photovoltaic energy in Germany [3].  

To achieve this aim research in the field of energy generation by silicon solar cells, 

which are the photovoltaic devices mainly used for energy generation on the earth, is 

still necessary.  

To be able to improve the efficiency of silicon solar cells, their properties have to be 

well understood. This is the approach of this thesis, which mainly focuses on the 

analysis of the effect of – intended or unintended – lateral inhomogeneities of the 

silicon solar cells themselves as well as externally introduced lateral inhomogeneities 

during the measurement process on measurement results by means of simulation.  

Four different aspects of lateral inhomogeneities are analyzed in this thesis:  

• the effect of laterally inhomogeneous illumination during IV characteristic 

measurements on the measurement results (chapter  5), 

• the effect of a special kind of unintended lateral inhomogeneity – a laterally 

varying emitter sheet resistance of a silicon solar cell – on measurement 

results (chapter  6), 
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• the potential of an intended lateral inhomogeneity of the emitter introduced 

to improve the solar cell efficiency (chapter  7),  

• the reason of the abnormal behaviour namely of the dark IV characteristics 

of a special kind of silicon solar cells is analyzed under special regard of 

possible lateral inhomogeneities (chapter  8). 

A more detailed outline of this work is given in the following.  

1.2 Thesis outline 

In this thesis silicon solar cells are analyzed via simulation and experiment. Hence in 

chapter  2 this thesis starts with a summary of the fundamental properties of silicon 

solar cells up to the simplified description of their IV characteristics using the 

two diode model. Furthermore important IV characteristic parameters are introduced in 

this chapter.  

Distributed circuit simulations are widely used in this thesis to analyze the effect of 

laterally varying solar cell properties and laterally varying properties during 

measurements on the measurement results. Therefore in chapter  3 a distributed circuit 

model of a silicon solar cell is introduced, whose only lateral inhomogeneity is given 

by the front metallization. Especially the effect of the chosen discretization of the 

according equivalent circuit on the simulation results is analyzed in detail. 

In chapter 4 simulation results obtained by distributed circuit simulations are 

compared to measurement results of a laterally homogeneous silicon solar cell. 

Compared are the simulated and measured dark and illuminated IV characteristics as 

well as local voltage maps obtained by distributed circuit simulations, by 

measurements using the Corescan instrument (Corescan: contact resistance scan; The 

instrument is offered by SunLab B.V., Netherlands. The measurement technique was 

introduced in [4]) and by photoluminescence measurements (see e.g. [5], [6]). 

In the following chapters the effect of different lateral inhomogeneities of the solar 

cells themselves as well as of the measurement equipment are studied using distributed 

circuit simulations:  

Chapter  5 deals with the influence of a laterally inhomogeneous illumination during 

illuminated IV characteristic measurements and during Suns-Voc-measurements [7] 

(Voc: open circuit voltage) on the measured open circuit voltage and fill factor in the 

first case and on the measured open circuit voltage obtained using one sun illumination 

intensity in the second case.  
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Chapter  6 and chapter  7 deal with the influence of a laterally varying emitter sheet 

resistance especially on the solar cell efficiency. In chapter  6 unintended emitter 

inhomogeneities are analyzed as they may occur due to temperature and gas flow 

fluctuations in the diffusion furnace. In contrast in chapter  7 the potential of solar cells 

with semiconductor fingers ([8], [9]), which are a kind of intentionally produced 

emitter inhomogeneity, is investigated.  

Chapter  8 focuses on the analysis of solar cells whose dark IV characteristics attract 

attention because they show a shoulder, which is not adjustable by the 

two diode model. Possible reasons of this shoulder are analyzed in experiment as well 

as with the help of distributed circuit simulations.  

Chapter  9 finally summarizes the results of this work.  

  





 

 

2 Fundamental properties of silicon solar cells 

In the present work silicon solar cells are analyzed. Therefore in this chapter 

the basic principles of silicon solar cells are summarized. The description is 

mainly based on the ones given in [10], [11], [12] and [13]. 

2.1 Crystal structure and band structure of silicon 

Silicon crystallizes in the diamond lattice structure. Each atom has four nearest 

neighbors. Due to the periodicity of the direct lattice the energy Ek of an electron with 

momentum k is periodic in the reciprocal lattice. Fig.  2.1 shows the energy-band 

structure of crystalline silicon (from [14]).  

Silicon is a semiconductor. This means that a bandgap with energy Eg separates the 

highest at temperature T = 0 K fully occupied band, the valence band, from the lowest 

at temperature T = 0 K not occupied band, the conduction band. The wave vectors of 

the maximum in the valence band and the minimum in the conduction band are not the 

same. Therefore silicon is an indirect semiconductor. The bandgap energy of silicon at 

T = 300 K is 1.12 eV ([10], appendix G). 

 
Fig.  2.1: Energy-band structure of crystalline silicon. The dashed lines were 

calculated using the local pseudopotential method, the solid lines using the 
nonlocal pseudopotential method (from [14]). 
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2.2 Carrier density at thermal equilibrium 

2.2.1 Intrinsic semiconductor 

A semiconductor without any impurities is called intrinsic. The electron density in the 

conduction band n is given by  

( ) ( )∫=
top

C

E

E

dEEFENn  
( 2.1) 

where EC is the energy at the bottom of the conduction band, Etop the energy at the top 

of the conduction band, N(E) the density of states in the conduction band and F(E) the 

Fermi-Dirac-distribution. For low-enough carrier densities and temperatures the 

density of states can be approximated by the density near the bottom of the conduction 

band 

( ) ( ) 2/3
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=

π
 ( 2.2) 

with MC: number of equivalent minima in the conduction band and mde: the density-of-

state effective mass for electrons, which is 

( ) 3/1*
3

*
2

*
1 mmmmde = . ( 2.3) 

mi* , i = 1 – 3, are the effective masses of the electrons along the principal axes of the 

ellipsoidal energy surfaces. ħ = h/(2π) is the Planck constant. 

In the case of a nondegenerate semiconductor with the Fermi level EF several kBT 

below the edge of the conduction band, the Fermi-Dirac-distribution may be 

approximated by the Boltzmann distribution. This results in an electron concentration 

in the conduction band at thermal equilibrium  
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where NC is the effective density of states in the conduction band 
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Analogue the hole concentration in the valence band at thermal equilibrium can be 

approximated by  
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where NV is the effective density of states in the valence band 
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with the density-of-state effective mass of holes in the valence band 

( ) 3/22/3*2/3*
hhlhdh mmm += . ( 2.8) 

mlh* and mhh* are the effective masses of the light and heavy holes. EV is the energy at 

the top of the valence band.  

In an intrinsic semiconductor the concentration of holes in the valence band and 

electrons in the conduction band are equal n0 = p0, which results in an intrinsic carrier 

density  

( )( )TkENNpnn BgVCi 2/exp00 −=== . ( 2.9) 

For the energy of the Fermi level one obtains 









+

+
==

C

VBVC
iF N

NTkEE
EE ln

22
. ( 2.10) 

The intrinsic carrier concentration in silicon at 300 K is approx. 1.0 x 1010 cm-3 [15]. 

2.2.2 Doped semiconductor 

A semiconductor is called doped if electrically active impurities are introduced. A 

dopant, which emits an electron into the conduction band, is called donor, a dopant, 

which emits a hole into the valence band (by accepting an electron) is called acceptor. 

A semiconductor doped mainly with donors is called n-doped, one doped mainly with 

acceptors p-doped.  

Also in a doped semiconductor  

( )( )TkENNpn BgVC /exp00 −=  ( 2.11) 

holds.  

Furthermore in a homogeneously doped semiconductor charge neutrality has to be 

given 
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+− +=+ DA NpNn 00
 ( 2.12) 

where the concentration of the ionized acceptors NA
- and of the ionized donors ND

+ is 

given by  

0
DDD NNN −=+  ( 2.13) 

0
AAA NNN −=− . ( 2.14) 

ND is the total concentration of donors, ND
0 the one of unionized donors, NA the total 

concentration of acceptors and NA
0 the one of unionized acceptors.  

Three temperature ranges for the dependence of the electron concentration in the 

conduction band and equivalent for the hole concentration in the valence band on 

temperature can be distinguished:  

• Freeze-out range: At low temperatures many doping atoms are not ionized. The 

charge carrier concentration depends exponentially on the temperature.  

• Saturation range: All doping atoms are ionized. The number of electrons and 

holes respectively which are excited from the valence into the conduction band 

and vice versa are negligible. The charge carrier concentration is constant over a 

wide temperature range. In an n-type semiconductor the electron concentration is 

approximately DNn ≈0 , the hole concentration Di Nnp /2

0 ≈ . According is the 

electron concentration in a p-type semiconductor approximately Ai Nnn /2

0 ≈ , 

the hole concentration ANp ≈0 . 

• Intrinsic range: All doping atoms are ionized. The temperature is high enough to 

excite a high number of electrons and holes from the valence into the conduction 

band and vice versa. Similarly to an intrinsic semiconductor the charge carrier 

density depends exponentially on the temperature.  

For usually used doping concentrations in silicon solar cells and usual operating 

temperatures the dependence of the charge carrier densities on temperature is in the 

saturation range. 

2.3 Generation and recombination processes 

In a semiconductor additional electrons in the conduction band and holes in the 

valence band can be generated for example by absorption of photons, which have an 
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energy higher than the bandgap energy. In indirect semiconductors for the absorption 

of photons, whose energy is higher than the bandgap energy but lower than the energy 

required for a direct transition, additionally a phonon is needed to preserve the 

momentum. The generated charge carriers are called excess charge carriers as the 

carrier densities are higher than the ones in thermal equilibrium. Via recombination of 

an electron from the conduction band in a free state in the valence band a new state of 

equilibrium arises. 

Both in thermal equilibrium (i.e. 2

innp = ) and in the steady state, which arises after 

switching on an additional source of generation (for example via illumination), the 

generation rate G is equal to the recombination rate R.  

Defining the excess electron density ∆n and excess hole density ∆p as the part of the 

densities, which exceeds the carrier densities in thermal equilibrium,  

00  and pppnnn −=∆−=∆ , ( 2.15) 

the excess electron and hole lifetimes can be defined as 

U

p

U

n
pn

∆≡∆≡ ττ  and   ( 2.16) 

with the net recombination rate U = R – R0 and with the recombination rate at thermal 

equilibrium R0.  

In this chapter the most important recombination processes in silicon solar cells will be 

introduced shortly. These are  

• radiative band-to-band recombination 

• band-to-band Auger recombination  

• recombination via defects in the bulk 

• recombination via surface states.  

The first two processes are intrinsic processes, which occur even in semiconductors 

with ideal crystal structure, the last two processes are extrinsic ones, which are due to 

defects in the crystal structure.  

In a semiconductor all recombination processes are independent of each other. 

Therefore the total net recombination rate Utot is the sum of the individual net 
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recombination rates Ui and the total excess carrier lifetime τtot the inverse of the sum of 

the inverse individual excess carrier lifetimes τi 

1
1

−









=⇒= ∑∑

i i
tot

i
itot UU

τ
τ . ( 2.17) 

Details about recombination processes can be found e.g. in [16], [17] and [18]. 

2.3.1 Radiative band-to-band recombination 

Radiative recombination is the opposite effect of absorption of light. An electron from 

the conduction band recombines with a hole from the valence band under emission of a 

photon. The radiative net recombination rate Urad depends linearly on the 

concentration of excess electrons and holes 

( ).00 pnnpBU rad −=  ( 2.18) 

B is the coefficient of radiative recombination, which reflects the probability of a 

transition of an electron from the conduction band into the valence band. In [17], 

chapter 6.4, a detailed analysis of the radiative recombination coefficient is given.  

2.3.2 Band-to-band Auger recombination 

Band-to-band Auger recombination is a three particle process, in which the energy 

released at the recombination of an electron from the conduction band and a hole from 

the valence band is transferred either to an electron in the conduction band 

(eeh process) or a hole in the valence band (ehh process). This third particle relaxes to 

the band edge by transferring its energy to phonons. The net band-to-band Auger 

recombination rate can be written as 

( ) ( )2
00

2
0

2
0

2 pnnpCpnpnCU pnAuger −+−=  ( 2.19) 

where Cn is the Auger coefficient for the eeh process and Cp the one for the 

ehh process.  

Due to the Coulomb interaction of the involved particles this classical Auger theory 

had to be extended to the Coulomb-enhanced Auger theory, which takes into account 

that the electron density close to a hole is increased and close to an electron decreased. 

Details about this can be found e.g. in [16], chapter 1.4.2.  
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2.3.3 Recombination via defects in the bulk 

If the crystal structure is disturbed by dislocations or impurities additional discrete 

energy levels within the bandgap may be introduced. Four kinds of interaction between 

free carriers and the defect level are possible (Fig.  2.2).  

 
Fig.  2.2: Four kinds of interaction between free carriers and the defect level  

a) before and b) after the transition. 
a: electron emission  b: electron capture 
c: hole capture   d: hole emission (after [19] and [18] 
respectively) . 

Combining them three processes can take place 

• Recombination of an excess electron and hole (process b and c in Fig.  2.2) 

• Generation of an excess electron and hole (process a and d in Fig.  2.2) 

• Trapping: After a certain time the carrier is emitted into the same band where 

it originated from (combination of process b and a or c and d in Fig.  2.2). 

Shockley, Read [20] and Hall [21] developed a theory to described this kind of 

recombination using only statistical considerations. Their theory results in the 

following net recombination rate, the so called Shockley, Read and Hall (SRH) 

recombination rate USRH 

( )
( ) ( )1

1
1

1

2

ppnn

nnpNv
U

np

itth
SRH +++

−
= −− σσ

 
( 2.20) 

with the densities  
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=
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it
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 ( 2.21) 

and 
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EE
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B

ti
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. 
( 2.22) 

and  vth:  thermal velocity of the charge carriers (often approximated with 

  107 cm/s, more precisely 5.2 x 106 cm/s for <111> oriented n-type 

  silicon ([10], chapter 5.4.3) 

Nt:  defect concentration 

σp / σn:  capture cross section of the holes / electrons 

Et:  energy of the defect level. 

2.3.4 Recombination via surface states 

At surfaces and interfaces the crystal structure of the semiconductor is disturbed. In 

contrast to defects within the volume of the semiconductor this usually leads to a 

continuous distribution of energy levels, which may be located within the bandgap 

([22], chapter 2.3.1). Therefore to determine the net surface recombination rate Usurf 

the extended SRH-formalism has to be used by integrating over all energy levels 

within the bandgap 

( ) ( )
( )[ ] ( ) ( )[ ] ( )∫ −− +++

−=
C

V

E

E tntstpts

ttitth
isssurf

EEppEEnn

dEEDv
npnU

1
1

1
1

2

σσ
 

( 2.23) 

with  ns, ps:  concentration of electrons, holes at the surface or interface 

 Dit:  surface or interface state density. 

Similarly to the definition of the excess charge carrier lifetimes ( 2.16) the surface 

recombination velocity Ssurf is defined by  

s

surf
surf n

U
S

∆
≡  ( 2.24) 

with ∆ns: excess electron density at the surface.  

The maximum surface recombination velocity is determined by the thermal velocity 

vth. 

Surface charges at the interface or changes in the doping profile result in bending of 

the bands. In these cases an effective surface recombination velocity Seff is defined by 

virtually shifting the surface into the wafer bulk to the location where the bending 

starts [23].  
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In [24], chapter 5, details about the effect of surface charges on the surface 

recombination velocity, and in [18], chapter 3.2, more details about different surface 

recombination effects can be found. 

2.4 Basic semiconductor equations 

To describe the behavior of semiconductors under external electric fields the following 

set of differential equations has to be solved ([10], chapter 1.7.1): 

ε
ρ=⋅∇ E  ( 2.25) 

nqDEnqJ nnn ∇+= µ  ( 2.26) 

pqDEpqJ ppp ∇−= µ  ( 2.27) 

nnn J
q

UG
t

n ⋅∇+−=
∂
∂ 1  

( 2.28) 

ppp J
q

UG
t

p ⋅∇−−=
∂
∂ 1  

( 2.29) 

with E :  electrical field 

 ρ:  charge density (ρ = q (p – n + ND – NA)) 

 q:  elementary charge 

 ε: dielectric permittivity (ε = εrε0) 

 εr:  relative permittivity 

 ε0:  dielectric constant  

 
pnJ /

: current density of the electrons / holes 

 µn/p:  mobility of the electrons / holes 

 Dn/p:  diffusion coefficient of electrons / holes 

 Gn/p: generation rate of electrons / holes 

 Un/p:  recombination rate of electrons / holes. 

The first equation ( 2.25) is the Poisson equation. 

Equation ( 2.26) and ( 2.27) are the current-density equations for electrons and holes, 

respectively. The current densities consist of a drift component caused by the electric 

field and a diffusion component caused by a gradient in the carrier concentrations. For 

nondegenerate semiconductors the mobilities µn/p and diffusion coefficients Dn/p are 

linked by the Einstein relationship 
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pn
B

pn q

Tk
D // µ= . ( 2.30) 

Equation ( 2.28) and ( 2.29) are the continuity equations, which contain the principle of 

charge conservation.  

A general solution of these equations does not exist. In many cases it is possible to 

solve them numerically as it is performed e.g. by the one dimensional semiconductor 

device simulator PC1D [25], [26]. Furthermore in the for silicon solar cells important 

case of a single pn-junction an analytical solution using simplified assumptions can be 

given, which will be shown in the next chapter.  

2.5 The pn-junction 

As the solar cells analyzed in this work are pn-junction solar cells the derivation of the 

behavior of these devices under externally applied voltage and under external 

illumination is outlined for the simplified case of  

• a step junction  

• a one-dimensional geometry, which is  

• infinite on both sides. 

The derivation follows the one given in [12], chapter 5, for the not-illuminated case 

and [27], chapter 6.2.3, for the illuminated one.  

2.5.1 The pn-junction at thermal equilibrium 

Firstly the pn-junction at thermal equilibrium is analyzed.  

In a p- and an n-doped semiconductor the distances of the Fermi level relative to the 

band edges are different. As at thermal equilibrium only one Fermi level exists at the 

pn-junction the bands are bended (Fig.  2.3).  
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Fig.  2.3: Band structure of a pn-junction at thermal equilibrium (after [12]). 

If an n- and a p-doped semiconductor were brought into contact abruptly electrons 

from the n-doped material would diffuse into the p-doped material and holes in the 

opposite direction until the electric field E, which results from the remaining ionized 

dopants, is strong enough to compensate this diffusion current and the net current flow 

is zero. Across the so called transition region with length W the contact potential V0 

appears according to E(x) = -dV(x)/dx. 

To calculate the contact potential V0 for example the net hole current flow Jp across the 

junction can be regarded, which has to be zero at thermal equilibrium 

( ) ( ) ( ) ( )
0=




 −=
dx

xdp
DxExpqxJ ppp µ . ( 2.31) 

Using the Einstein relation ( 2.30) and E(x) = -dV(x)/dx results in  
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This equation is not solvable analytically. Therefore the so called depletion 

approximation is made. It is assumed that within the transition region all dopants are 

ionized and no free charge carriers can be found. The regions beyond the transition 

region are assumed to be electrically neutral and are called quasi-neutral regions. 

Within this approximation the transition region is therefore also called depletion region 

or space charge region. 

Using these approximations results in the contact potential at thermal equilibrium V0 
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and in the width W of the depletion region 
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2.5.2 The pn-junction at an externally applied voltage in the dark –
 One diode model 

Fig.  2.4 shows the behavior of some important parameters of a pn-junction at an 

externally applied voltage in forward and reverse direction compared to thermal 

equilibrium. In forward direction the externally applied voltage is positive on the 

p side relative to the n side, in reverse direction, it is vice versa.  

 
Fig.  2.4: pn-junction at a) thermal equilibrium, b) forward bias, c) reverse bias. i) 

shows the energy band diagram, ii) the behavior of the transition region 
and iii) the particle flows (after [12], figure 5-10).  

Fig.  2.4 shows following characteristics qualitatively:  

• At forward bias the electrostatic potential barrier V is lowered by the 

externally applied voltage Vext, V = V0 - Vext, at reverse bias, it is increased, 

V = V0 + |Vext|.  

• Therefore the width of the transition region is decreased with forward bias, 

as the external field opposes the built-in field, and increased with reverse 

bias.  

• Accordingly the separation of the energy bands at forward bias is decreased 

and increased at reverse bias. As the Fermi levels deep inside the neutral 
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regions remain the same as in thermal equilibrium, they separate on either 

side of the junction under externally applied voltage.  

• Due to the decrease of the barrier height at forward bias the diffusion current 

increases in this case.  

• The drift current is approximately independent of the externally applied 

voltage as every minority carrier which is generated and diffused to the 

junction is swept down the barrier.  

The characteristics of a pn-junction at externally applied voltage can be calculated 

quantitatively using the following assumptions: 

• The externally applied voltage appears entirely across the transition region. 

• Low-level injection is given, so that changes in the majority carrier 

concentrations can be neglected.  

• No carriers are generated or recombine within the transition region.  

• Within the transition region the current flow of the minority carriers is given 

by diffusion.  

These assumptions result in the so called one diode model of the pn-junction 

( ) ( )( )1/
0 −= TkqV BeJVJ  ( 2.35) 

with the generation current density J0 
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0
 ( 2.36) 

and the diffusion length of the electrons and holes Ln/h, respectively 

hnhnhn DL /// τ= . ( 2.37) 

Equation ( 2.35) is also called Shockley equation as it was deduced by Shockley [28] 

first of all.  

2.5.3 pn-junction under consideration of generation and recombination in the 
transition region – Two diode model 

In the derivation of ( 2.35) recombination and generation in the transition region was 

neglected. When this effect is taken into account a second diode term has to be 

included  
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( ) ( )( ) ( )( )11 2/
02

/
01 −+−= TknqVTkqV BB eJeJVJ  ( 2.38) 

to describe the behavior of a pn-junction [29].  

J01 is the generation current density without generation in the transition region as 

defined in ( 2.36), J02 the generation current density in the transition region. n2 is called 

ideality factor. In ideal cases it should vary between 1 and 2 (e.g. [29], [30]), but in the 

general case of silicon solar cells, it may also take values higher than 2 (e.g. [31]). 

Details about the effects which influence the second diode term are given in 

chapter  8.2. 

2.5.4 The illuminated pn-junction 

In the case of an illuminated pn-junction additional excess carriers are generated. If 

they are generated within a diffusion length of the transition region they can be swept 

down the potential barrier and add to the generated current. With the generation rate 

Gill  caused by the additional illumination the additional current density under 

illumination Jill  is (e.g. [27], chapter 6.2.3) 

dxGqJ
n

h

L

L
illill ∫

−

−= . 
( 2.39) 

Fig.  2.5 shows the energy band diagram of a pn-junction under illumination in 

comparison to one at thermal equilibrium.  

 
Fig.  2.5: Energy band diagram of a pn-junction a) at thermal equilibrium, b) under 

illumination without externally applied voltage (after [12], figure 6-11). 

2.5.5 General two diode model under consideration of resistance effects 

In a real solar cell resistance effects influence its IV characteristic. They are 

distinguished into series resistance effects and parallel resistance effects.  

Series resistances arise  
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• at the contact between metallization and semiconductor 

• within the metallization 

• within the emitter 

• within the base material 

of the solar cell (Fig.  2.6). 

 
Fig.  2.6: Series resistances in a solar cell (from [13], chapter 6.2.2.1). 

Sources of parallel resistance effects are 

• unintended contacting of the base by the front side metallization 

• conductive impurities crossing the pn-junction. 

In a simplified model all the parallel resistance effects are lumped into a singe parallel 

resistance Rp and all series resistance effects are lumped into a single series resistance 

Rs and included into the two diode model according to the equivalent circuit shown in 

Fig.  2.7. This results in the IV characteristic 
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n1 is the ideality factor of the one diode model and therefore usually 1.  

 
Fig.  2.7: Equivalent circuit of a solar cell according to the two diode model (after 

[13]).  

In a real solar cell most of these effects are of distributed nature.  

An overview, how the lumped series resistances of the individual parts of a solar call 

can be approximated, is given in [32], Table 1.2, and in [13], chapter 6.2.  

A literature review, why the IV characteristic of solar cells may not obey the one or 

two diode model, is given in chapter  8.2.1. Furthermore in chapter  3.1 an overview is 

given about literature, in which the effect of lateral inhomogeneities is analyzed by 

distributed circuit simulations.  

Furthermore this whole thesis deals with the distributed nature of a solar cell.   

2.6 Important parameters of a solar cell 

2.6.1 Common parameters of an illuminated solar cell 

Fig.  2.8 shows the schematic of the IV characteristic of an illuminated solar cell. Here 

the parameters short circuit current density Jsc, open circuit voltage Voc, current density 

at the maximum power point (mpp) Jmpp and voltage at the mpp Vmpp are shown. 
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Fig.  2.8: Schematic of the IV characteristic of an illuminated solar cell and usually 

used IV characteristic parameters. 

The efficiency η of a solar cell is defined as 

in

mppmpp

P

JV
=η  ( 2.41) 

with Pin: power density of the external illumination. 

The fill factor FF is defined as  

ocsc

mppmpp

VJ

JV
FF = . ( 2.42) 

It is a measure of how rectangular the IV characteristic is. It is mainly influenced by 

resistance effects.  

2.6.2 The local ideality factor 

Real solar cells often do not obey the one or two diode model (see literature review in 

chapter  8.2). Their IV characteristic is rather influenced by different recombination 

effects and further effects which may be dominant in different voltage ranges. 

Therefore the current density J is only piecewise proportional to an exponential 

voltage dependence with a fix ideality factor m 
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To take this into account the local ideality factor is regarded, which is defined as ([33], 

chapter 2.3.3) 
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( 2.44) 

Fig.  2.9 and Fig.  2.10 show the influence of different solar cell parameters on the 

gradient of the local ideality factor in dependence of the voltage. The according dark 

IV characteristics were calculated using the one diode model (Fig.  2.9) and 

two diode model (Fig.  2.10) respectively.  

  

 
Fig.  2.9: Local ideality factors calculated of IV characteristics generated using the 

one diode model. If not said otherwise, following values were used: 
Rs = 10-8 Ohm cm2, Rp = 108 Ohm cm2, J01 = 10-12 A/cm2, n1 = 1, 
T = 298.15 K. a) shows the influence of an increasing J01, b) of a 
decreasing Rp and c) of an increasing Rs. 
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Fig.  2.10: Local ideality factors calculated of IV characteristics generated using the 

two diode model. If not said otherwise, following values were used: 
Rs = 10-8 Ohm cm2, Rp = 108 Ohm cm2, J01 = 10-12 A/cm2, n1 = 1,  
J02 = 10-8 A/cm2, n2 = 2, T = 298.15 K. a) shows the influence of an 
increasing J01, b) of an increasing J02. 

2.6.3 Series resistance in the dark and under illumination 

In the dark the current flow direction is opposite to the one under illumination. 

Furthermore the current paths differ (Fig.  2.11). This results in different effective 

series resistances of the solar cell in the dark and under illumination [34]. In [35] an 

overview over different methods to determine the series resistance of solar cells is 

given as well as a test of the significance of the determined series resistances.  

 
Fig.  2.11: Electron flow in a solar cell with an n-doped emitter and a p-doped base in 

the dark (a) and under illumination (b) (after [34]). 

The method proposed by Dicker [36], chapter 5.1.1, turned out to be one of the most 

reliable ones of the methods under investigation according to [35]. It is the one used in 

this work, when the series resistance of an illuminated solar cell is determined.  
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It is determined in the following way 
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Rs,dark represents the series resistance in the dark, which is calculated by [34] 
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The other abbreviations are defined as 

VdarkJsc: voltage of the dark IV characteristic at the current density Jsc 

Vdark,mpp:  voltage of the dark IV characteristic at the current density |Jsc| - |Jmpp| 

Vlight,mpp: voltage of the illuminated IV characteristic at the maximum power point. 

Fig.  2.12 illustrates the used abbreviations.  

 
Fig.  2.12: Illustration of the used abbreviations (after [36], figure 5.2). Shown is the 

dark IV characteristic and the associated one under illumination shifted by 
Jsc. The IV characteristics were calculated using the one diode model with 
T = 298.15 K, J01 = 10-12 A/cm2, n1 = 1, Rs = 1 Ohm cm2, 
Rp = 108 Ohm cm2 and Jsc = 36 mA/cm2. 



 

 

3 Distributed circuit model of a standard 
industrial silicon solar cell 

In this work distributed circuit simulations were used to analyze the effect of 

different lateral inhomogeneities on the solar cell performance. Therefore in 

this chapter one kind of distributed circuit model of a section of a standard 

industrial like silicon solar cell, whose only lateral inhomogeneity is given 

by the front metallization, is introduced and its restrictions are outlined. The 

effect of the resolution of the distributed circuit model is analyzed in detail. 

3.1 Introduction  

Industrially fabricated silicon solar cells usually are large area devices, which currently 

have an area of up to 15.6 cm x 15.6 cm. Their electrical and optical properties often 

vary across the cell area as e.g. the carrier lifetime in multicrystalline silicon solar cells 

or the local shunt resistance. As well external conditions as the illumination intensity 

may vary across the cell area.  

On the one hand the effects of these lateral inhomogeneities on the solar cell 

IV characteristic parameters often cannot be described by a variation of a simple one 

dimensional model [37], e.g. of a PC1D model [25], [26] or of the analytical two diode 

model [33]. On the other hand describing the whole cell or relevant parts of it, using a 

real 3D semiconductor device simulator as e.g. Sentaurus Device [38], would be much 

too time consuming if even possible.  

Highly resolved distributed circuit models allow simulating the majority carrier current 

flows in solar cells or in relevant parts of it in acceptable simulation times. Hence they 

are a good complement to the above mentioned ways of analyzing the properties of 

solar cells in cases where the minority carrier current flows are negligible.  

For example in [36], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48] and [49] 

distributed circuit models are used to analyze the effects of lateral inhomogeneities of 

solar cells on their IV characteristic parameters or local voltage distributions.  

In more detail:   

• Dicker et al. [39], [36] analyze the effect of the position of a shunt on the 

solar cell efficiency using distributed circuit simulations.  
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• Grabitz et al. [40] use distributed circuit models to analyze the effect of 

laterally inhomogeneous saturation current densities on the IV characteristic 

parameters of thin-film solar cells.  

• Kasemann et al. [41] explain the blurring around shunts in 

photoluminescence images by means of local voltage images generated by 

distributed circuit simulations.  

• Foss et al. [42] analyze the effect of uneven sheet resistivity, broken metal 

fingers and local shunts on the global IV characteristics and on local voltage 

images of solar cells.  

• Köber et al. [43], [44] use distributed circuit models to simulate the effect of 

a severe shunt on the local voltage image, the effect of regions with low 

lifetime beneath the front metallization, of different lifetime distributions, of 

a combined lateral inhomogeneity in lifetime and parallel resistance and of 

finger interruptions on the IV characteristic of solar cells.  

• Kasemann et al. [45], [46] show by means of distributed circuit simulations 

that ohmic and diode like shunts might be distinguished in luminescence 

images using measurements with different injection levels. Furthermore it is 

shown that the luminescence image is strongly influenced by the position of 

a shunt on the solar cell.  

• Galiana et al. [47] use distributed circuit models to describe concentrator 

solar cells.  

• Steiner [48] uses distributed circuit models to minimize power losses due to 

series resistances in III-V solar cells.  

• Kubera et al. [49] use a distributed circuit model to describe metal wrap 

through solar cells.  

Isenberg ([50], chapter 3.2.4) and Dicker ([36], chapter 2.2.3) show that in the 

presence of laterally inhomogeneous bulk lifetimes lateral minority carrier current 

flows may influence the solar cell efficiency and therefore distributed circuit 

simulations may become unfeasible to simulate their effects on the solar cell results.  

For all distributed circuit models the choice of the density of nodes is an important 

question, since acceptable calculation time demands lower resolution. Thus resolution 

in general cannot be kept much smaller than the size of the geometrical structures 

involved, which would be demanded by an optimum physical description. Therefore in 
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chapter  3.5 the effect of the resolution of the distributed circuit model on simulation 

results is analyzed in detail.  

For this purpose a section of a silicon solar cell is chosen whose only lateral 

inhomogeneity is given by the front metallization. The effects of the resolution of the 

distributed circuit model especially on the simulated dark and illuminated 

IV characteristics and on the local voltage distributions are analyzed.  

In chapter  4 simulation and measurement results are compared for the case of a mainly 

laterally homogeneous solar cell.  

3.2 Used simulation software 

The circuit simulation program used to solve the distributed circuit calculations 

performed within this thesis is called LTspice / SwitcherCADIII [51]. It is based on 

SPICE [52] and solves the Kirchhoff’s laws for a given circuit. The program provides 

models of a great variety of electronic components as e.g. constant current and voltage 

sources, resistors, various diodes and transistors. In addition arbitrary behavioral 

current and voltage sources may be incorporated by the user by a combination of 

functions as well as by tables of IV characteristics. In this way it is possible to include 

e.g. measured IV characteristics or IV characteristics generated by PC1D.  

Six different types of analysis modes are available. For the simulations presented here 

the DC source sweep analysis to simulate illuminated and dark IV characteristics and 

the DC operating point-mode to simulate lateral voltage distributions at a given 

externally applied voltage are used. The text ‘netlists’ containing all information 

needed to run a simulation were generated using a MATLAB® [53]-code, which was 

also used to start a simulation and to evaluate the results.  

In comparison to the simulation tools used in [36], [39], [43], [44] and [50] 

LTspice / SwitcherCADIII solves simulations based on equivalent circuits consisting 

of a large number of individual components in very short computation times. For 

example to calculate an illuminated IV characteristic of a silicon solar cell with an 

overall step size of 1 mV and of 0.1 mV around the maximum power point a 

simulation time of about 8 s is needed on an Intel Dual Core 3 GHz personal computer, 

if the simulation is based on a netlist containing about 700 components and models. 

When the same kind of simulation is performed based on an equivalent circuit with a 

higher lateral resolution resulting in about 110,000 components and models, a 

computation time of about 26 min is needed. 
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3.3 The equivalent circuit 

An appropriate equivalent circuit has to be used to describe a solar cell or relevant 

parts of it by a distributed circuit model. The different elements of the solar cell as e.g. 

emitter, pn-junction and front side metallization have to be represented by discrete 

electronic components as e.g. resistors and diodes.  

One way to design a distributed equivalent circuit of a solar cell would be to divide the 

solar cell into smaller areas, which all have the same size. The advantage of this 

approach would be that measurement results obtained by locally resolved techniques, 

as e.g. short circuit current maps obtained by light beam induced current measurements 

[54], could easily be imported without the necessity of any laterally inhomogeneous 

rescaling of the data. However, either the resolution of these measurements and of the 

associated distributed circuit model had to be chosen high enough to describe the 

smallest relevant structure of a solar cell by a single pixel, e.g. to describe the width of 

one finger by the width of one pixel, or in the associated equivalent circuit specific 

additional assumptions had to be implemented.  

To avoid this, in this work equivalent circuits have been chosen, in which the structure 

of the equivalent circuit is adapted to the structure of the front side metallization in 

such a way that no elements occur, which are partially covered by the front side 

metallization.  

Fig.  3.1 shows a schematic of the section of a solar cell front, which is described by the 

equivalent circuits used for the analysis presented in chapter  3.5, which discusses the 

influence of the resolution of the distributed circuit model on the simulation results.   

 
Fig.  3.1:  Section of a solar cell, which is described by the equivalent circuits used 

for the analysis presented in chapter  3.5.  
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Fig.  3.2 shows the profiles of the chosen equivalent circuit in direction parallel and 

perpendicular to the grid fingers.  

 
Fig.  3.2:  Equivalent circuit, which allows using different resolutions in regions with 

and without front metallization.  
a) Direction perpendicular to the grid fingers. 
b) Direction parallel to the grid fingers.  

The equivalent circuit allows varying separately the resolutions in the following 

regions and directions respectively  

• in between two adjacent grid fingers in direction perpendicular to them via 

the parameter Nbf,X (Fig.  3.2a) 
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• beneath the grid fingers in direction perpendicular to them via the parameter 

Nf,X (Fig.  3.2a) 

• beneath the bus bar in direction parallel to the grid fingers via the parameter 

Nb,Y (Fig.  3.2b) 

• in the area of the grid fingers in direction parallel to them via the parameter 

Nf,Y (Fig.  3.2b). 

According to these options the resistances representing the emitter and the front 

metallization in the different regions are distinguished. Their calculation is described 

in the following chapter. 

3.4 The equivalent resistances 

In a solar cell current is generated continuously in the parts without front side 

metallization. Furthermore in dependence of the resistivities of the emitter and the 

contact between metal and semiconductor current crowding effects may occur [55] 

(Fig.  3.3).  

 
Fig.  3.3:  a) Schematic of the electron flow in a real solar cell under illumination in 

the section between the middle of one finger and the middle in between this 
finger and the adjacent one.  
 1) Current crowding beneath the finger. 
  2) Continuous current generation in the parts without front side 
 metallization. 
b) Discrete electron flow in a distributed circuit model of an illuminated 
solar cell. 
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To take these effects into account in a discrete circuit model either an appropriate 

resolution has to be chosen, which might result in a high number of discrete 

components, or the resistances have to be calculated using correction factors.  

In the following the calculation of the resistances for the chosen kind of equivalent 

circuit are described as they are calculated for the distributed circuit models used in 

this chapter (chapter  3). Furthermore the derivation of possible correction factors is 

presented.  

3.4.1 Emitter resistances 

According to the four resolution parameters the calculation of the following resistances 

is distinguished 

• resistances RE
bf,X in between two adjacent fingers in direction perpendicular 

to them (Fig.  3.2a). This includes the resistances connecting the first diode 

beneath a finger and the adjacent one, which is not shaded by the finger. 

• resistances RE
f,X beneath the fingers in direction perpendicular to them  

(Fig.  3.2a) 

• resistances RE
b,Y beneath the bus bar in direction parallel to the fingers  

(Fig.  3.2b) 

• resistances RE
f,Y in the area of the grid fingers in direction parallel to the 

fingers (Fig.  3.2b). 

Resistances in between two adjacent fingers in direction perpendicular to them  

In a laterally homogeneous solar cell the current generated in between two adjacent 

fingers always flows towards the nearest metalized part, which is in most cases the 

nearest finger. An odd number of resistances in between two adjacent fingers have 

been chosen to represent the emitter in this region in direction perpendicular to the 

finger. If an even number had been chosen there would be no current flow through the 

resistance in the middle between two adjacent fingers in an equivalent circuit 

representing a laterally homogeneous solar cell. 

The emitter resistances in between the fingers in direction perpendicular to the fingers 

RE
bf,X (Fig.  3.2a) are calculated using 

sheet
nXbf

f
E

E
Xbf R

dN

d
fR

1

,
, =  

( 3.1) 



32  3  Distributed circuit model of a standard industrial silicon solar cell 

 

with  fE:   1, if no correction factor is used, or   

   emitter correction factor, which is derived further below

 df:   distance of two adjacent fingers   

Nbf,X:  number of nodes between two fingers in direction 

   perpendicular to them  

 dn:   depth of the regarded node in direction parallel to the

   fingers. The depth may be different in regions with and

    without bus bar.  

 Rsheet:   emitter sheet resistance in Ohm/sq. 

The correction factor fE is introduced to take the effect of discrete current generation in 

a distributed circuit model of an illuminated solar cell into account. It is derived by 

regarding the power loss in the emitter resistances perpendicular to the finger. 

Therefore one symmetry element between the middle of one finger and the middle in 

between this finger and the adjacent one is analyzed (Fig.  3.4). A constant current 

density j in the whole area is assumed. 

 
Fig.  3.4:  Profile of the chosen equivalent circuit in direction perpendicular to the 

fingers. The left half is regarded to derive the correction factor for the 
emitter resistances, which takes the discrete current generation in the 
distributed circuit model of an illuminated solar cell into account. 
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The current I l, which passes the resistance Rl
*, is 
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Setting all emitter resistances Rl
* to the same value RE

bf,X the power loss Ploss caused by 

these resistances is 

( )
( )
∑

+

= 


















 −+=
2/1

1

2

,
,

,

.1
2

1XbfN

l Xbf

f
n

E
Xbfloss l

N

d
jdRP  ( 3.3) 

This should be the same as the total power loss caused by the emitter sheet resistance, 

which is (e.g. [56], [13], chapter 6.2.2.2.2) 
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(wn: width of one node) this results in 
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as correction factor to calculate the resistances of the emitter perpendicular to the 

fingers.  

In the limiting case of an infinite number of current sources between two fingers the 
emitter resistance would be 

nnsheet
E

Xbf dwRR /,
, =∞ , which agrees with the continuous case. 

In the case of only one current source between two fingers, the emitter resistance is 
( )nnsheet

E
Xbf dwRR 6/1,

, = , which agrees with the effective series resistance of an 

illuminated solar cell caused by the emitter resistivity ([13], formula 62.64). 

All other types of resistances representing the emitter 

The effect of current crowding beneath the fingers, which depends on both the emitter 

resistance beneath the finger and the contact resistance between metal and 
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semiconductor, is examined later in chapter  3.5.1, Fig.  3.5c). According to the results 

shown there this effect is of minor importance in the analyzed case and may 

furthermore be considered in the calculation of the contact resistance. Therefore no 

correction factor is proposed to calculate the resistances of the emitter beneath the 

fingers in direction perpendicular to them.  

In a laterally homogeneous solar cell with dimensions as currently produced by the 

industry the main part of the generated current flows perpendicular to the fingers in 

direction towards the nearest finger. Only a minor part of the current enters the bus bar 

directly. Therefore the resistances of the emitter both in the regions covered by metal 

and not covered by metal in direction parallel to the fingers should be of minor 

importance. Hence no correction factor is proposed to calculate these resistances.  

Tab.  3.1 gives an overview of the calculation of all emitter resistances used in this 

chapter. 

Tab.  3.1: Emitter resistances used in the distributed circuit model of this chapter. 
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3.4.2 Contact resistance 

The contact resistance between metal and semiconductor is calculated by  

area  contacted
c

cR
ρ=  ( 3.8) 

with ρc: specific contact resistance. 

Here it has to be taken into account, that at low resolutions current crowding effects 

beneath the fingers may not be considered sufficiently. As will be shown in 

chapter  3.5.1, Fig.  3.5c) this effect is of minor importance for the analyzed solar cell, 

which represents a section of a typical industrially fabricated silicon solar cell. 

3.4.3 Resistances of the front metallization 

In a laterally homogeneous solar cell, which is contacted at the bus bar, the main part 

of the current flowing inside the metallization flows inside the fingers in direction 

towards the bus bar and inside the bus bar in direction towards the external contact. 

Therefore no correction factors are proposed to calculate the resistances of the fingers 

in direction perpendicular to them and the ones of the bus bar in direction parallel to 

the fingers.  

In the used equivalent circuit the resolution in the area of the bus bar in direction 

parallel to the bus bar is the same as in the area of the fingers. The main part of the 

generated current enters the bus bar via the fingers. Therefore the resolution of the bus 

bar in direction parallel to it in the regions in between two fingers should be of minor 

influence for the simulated solar cell results. The effect of the resolution of the bus bar 

parallel to it in the regions, where the fingers contact the bus bar, should also be of 

minor influence, as long as the bus bar has a high conductivity compared to the one of 

the emitter and as long as the width of the fingers is small compared to the distance 

between two adjacent fingers. Hence no correction factors are introduced to calculate 

the resistances of the bus bar in direction parallel to it.  

As the fingers of industrially fabricated silicon solar cells are long compared to their 

distance, a correction factor fF for the calculation of the resistances of the fingers in 

direction parallel to them RM
f,Y is introduced. It takes into account that the current 

enters the fingers continuously along the fingers in a real solar cell but only in discrete 

parts in the distributed circuit model.  

The situation is similar to the one described in section  3.4.1. Therefore the derivation 

given there for the correction factor of the emitter resistances in between two fingers is 

followed, which results in  
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2
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YfYf
F

NN
f

++
=  

( 3.9) 

for a bus bar contacted in its middle.  

Tab.  3.2 gives an overview of the calculation of all resistances representing the 

metallization used in this chapter. 
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Tab.  3.2:  Resistances of the metallization used in the distributed circuit model of this 
chapter. 

Direction perpendicular to the fingers 
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ρM Resistivity of the metallization 

hf, hb Height of the fingers, height of the bus bar 

lf Length of the fingers 

wx Width of the node at the position x in direction 

perpendicular to the fingers 

3.5 Influence of the resolution of the distributed circuit model 
on the simulation results 

As a compromise between simulation duration and simulation accuracy has to be 

found, the influence of the resolution of the distributed circuit model on the simulation 

results is analyzed in this chapter.  
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3.5.1 Influence on the simulated IV characteristic parameters under 
illumination 

The major effect of a variation of the resolution is found in the effective series 

resistance. Therefore in the following the fill factor is regarded in detail as this is the 

illuminated IV characteristic parameter, which is influenced most by resistance effects. 

Always one of the resolution parameters 

• number of nodes in between the fingers in x-direction Nbf,X 

• number of nodes beneath the fingers in x-direction Nf,X 

• number of nodes in y-direction at the level of the fingers Nf,Y 

• number of nodes beneath the bus bar in y-direction Nb,Y 

was varied separately while the others were set to fixed values.  

For all simulations presented in chapter  3.5 the solar cell parameters given in Tab.  3.3 

were used. Especially the dimensions of the metallization and the resistances of emitter 

and contact were chosen in such a way that they represent a characteristic industrially 

fabricated silicon solar cell.  

Tab.  3.3:  Solar cell parameters used in the simulations presented in this chapter 
(abbreviations see Fig.  3.1). 

wb 900 µm Jsc, illuminated node 38.85 mA/cm2 

wf 130 µm J01 10-12 A/cm2 

lf 3.035 cm n1 1 

df 2.7 mm J02 10-8 A/cm2 

hf, hb 20 µm n2 2 

ρM 3.2•10-6 Ohm cm Rsheet 40 Ohm/sq 

ρC 0.003 Ohm cm2   

Fig.  3.5a) shows the influence of the resolution between the fingers in direction 

perpendicular to them on the fill factor obtained by simulations with and without 

emitter correction factor. With increasing resolution the fill factors simulated with and 

without using the correction factor converge against the same value, but using low 
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resolutions the fill factors obtained without correction factor are much too low. A 

higher emitter sheet resistance increases this effect as well as a greater distance 

between the fingers. The fill factors obtained with correction factor are slightly too 

high at low resolutions. One reason is that at low resolutions the non generation loss 

[57] is not taken into account sufficiently. 
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Fig.  3.5: Effect of the resolution on the simulated fill factor.   

In a) the resolution in between the fingers in direction perpendicular to 
them is varied, in b) the resolution at the level of the fingers in direction 
parallel to them, in c) the resolution beneath the fingers in direction 
perpendicular to them and in d) the resolution beneath the bus bar in 
direction parallel to the fingers.  
a) and b) show the relative deviation to the mean of the fill factors 
obtained at the highest regarded resolution calculated with and without 
correction factor (encircled values). In c) and d) the relative deviation to 
the fill factor obtained with the highest analyzed resolution is shown 
(encircled values).   
In each graph, one of the following parameters is varied while the others 
are set to fixed values which are:   
Number of nodes in between the fingers in x-direction Nbf,X:  3 
Number of nodes beneath the fingers in x-direction Nf,X:   2 
Number of nodes in y-direction at the level of the fingers Nf,Y:  10 
Number of nodes beneath the bus bar in y-direction Nb,Y:  2. 
If not given otherwise in the graphs both correction factors, the one for the 
calculation of the resistances of the fingers in direction parallel to them fF 
and the one for the calculation of the resistances of the emitter in direction 
perpendicular to the fingers fE, were taken into account. This allows 
choosing low resolutions in all areas, which are not analyzed in the 
regarded graph, in order to shorten simulation times. 



 3.5  Influence of the resolution of the distributed circuit model on the simulation results 41 

Fig.  3.5b) shows the influence of the resolution at the level of the fingers in direction 

parallel to the fingers. The effect is similar to the one of the emitter described above as 

the physical reason is similar. But as the conductivity of the metallization is much 

higher than the conductivity of the emitter the effect of the resolution on the fill factor 

is less.  

In Fig.  3.5c) the influence of the resolution beneath the fingers on fill factor is shown. 

With increasing resolution the current crowding effect [58] degrades the fill factor.  

Please note that the absolute values given depend on the choice of the emitter sheet 

resistance (40 Ohm/sq.). Current technology developments aim at higher emitter sheet 

resistance. The calculated deviations will in turn be more pronounced.  

The effect of current crowding beneath the fingers on the fill factor may also be 

estimated analytically. Therefore the contact resistance Rc under consideration of 

current crowding effects and the contact resistance without consideration of current 

crowding effects is calculated according to Tab.  3.4 for the solar cell structure 

analyzed in this chapter (Fig.  3.1 and Tab.  3.3). The effect of these two different series 

resistances on the fill factor is estimated according to [59], chapter 5.4.4.  
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Tab.  3.4:  Effect of contact resistance with and without consideration of current 
crowding beneath the fingers on the fill factor FF.  

 Under consideration of 

current crowding effects 

(see [58], [32]) 

Without consideration of 

current crowding effects 

Contact resistance Rc 
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c
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2/ff

c
c wl
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ρ=  

Contact resistance 

normalized to the area Rc,a 
( ) 2/, fffcac dwlRR +⋅=  

Rc,a [Ohm cm2] 0.077 0.065 

Resulting FF, which is 

only affected by Rc 

([59], chapter 5.4.4) 

83.00% 83.06% 

Relative FF-difference  0.07% 

Both the analytical estimation and the simulations result in a fill factor degradation of 

about 0.07% relative due to current crowding effects. Hence in the regarded solar cell 

current crowding effects as well as further effects caused by the discretization in the 

regions covered by the fingers and in the regions covered by the bus bar, where the bus 

bar is connected to the fingers, in direction perpendicular to the fingers are of minor 

importance for the simulated cell results. 

Regarding the resolution beneath the bus bar the effect on fill factor is even less than 

the one beneath the fingers (Fig.  3.5d). The reason therefore is that the main current 

enters the bus bar via the fingers and not via the contact between metal and 

semiconductor. 

Comparison of the illuminated IV characteristics obtained by the distributed 
circuit model and by the analytical two diode model 

The illuminated IV characteristics obtained by the distributed circuit model were 

compared to the ones obtained by the analytical two diode model. In the analytical 

model the same diode parameters as in the distributed circuit model were used. 
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Furthermore the global series resistance of the illuminated solar cell as calculated in 

Tab.  3.5 was taken into account.  

Tab.  3.5:  Series resistances of the illuminated solar cell analyzed in this chapter 
(Fig.  3.1 and Tab.  3.3) using a lumped model.  

Series resistance of Calculation (see e.g. [32]) [Ohm cm2] 

Emitter 212/1 fsheetdR⋅  0.243 

Contact between 

metallization of the 

fingers and 

semiconductor 

( ) 2/
2

coth fff
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f
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c dwl
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w
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+⋅







ρ  0.077 

Metallization of the 

fingers 
( ) fff

ff

f lwd
wh

l
+3/1  0.107 

Metallization of the bus area cell6/1 ⋅c
bb

b

wh

l ρ  0.012 

Total  0.439 

The shading of the metallization was considered in the chosen short circuit current. 

One simulation using the distributed circuit model with a low resolution and one with a 

high resolution was performed once including the correction factors for emitter and 

finger resistances and once neglecting them.  

Fig.  3.6 shows the relative difference of the main illuminated IV characteristic 

parameters obtained by the distributed circuit models in comparison to the ones 

obtained by the two diode model. The results of the short circuit currents are not 

shown here as they coincide for all simulations. With exception of the simulations 

using a low resolution and no correction factors all illuminated IV characteristic 

parameters show a good agreement to the ones obtained by the analytical two diode 

model. 
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Fig.  3.6:  Relative deviation of the illuminated IV characteristic parameters obtained 

by the distributed circuit models to the ones obtained by the analytical two 
diode model. The resolutions of the distributed circuit models were set to: 
   Low   High 
Nf,X  1  10 
Nbf,X  3  61 
Nf,Y  5  52 
Nb,Y  1  2 

3.5.2 Influence on the simulated IV characteristic in the dark 

As the current flow in a solar cell in the dark is opposite to the one in an illuminated 

solar cell the influence of the resolution on the IV characteristic in the dark has not to 

be the same as under illumination. Hence the IV characteristics in the dark were 

simulated using the same resolutions as given in Fig.  3.6. 
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The results are shown in Fig.  3.7. All curves agree quite well. Only in the voltage 

range, which is dominated by the series resistance, the dark IV characteristic obtained 

by the distributed circuit model with low resolution and without consideration of any 

correction factors deviates from the other curves.  

 
Fig.  3.7:  Simulated IV characteristic in the dark using two different resolutions (as 

given in the caption of Fig.  3.6). 

The effect of the resolution on the global series resistance will be discussed in the 

following section. 

3.5.3 Influence on the global series resistance of the simulated solar cell 

As the current flows in an illuminated solar cell differ from the current flows in a solar 

cell in the dark, the global series resistance of the solar cell in the dark differs from the 

one under illumination (see chapter  2.6.3). 
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To determine the global series resistance of the simulated solar cell in the dark for 

different resolutions of the underlying equivalent circuit ( 2.46) was used. The series 

resistance of the simulated solar cell under illumination was calculated according to 

( 2.45).  

The resulting series resistances for the simulated cases are given in Tab.  3.6. 

Tab.  3.6: Series resistances of the simulated solar cell in the dark and under 
illumination using different resolutions of the underlying equivalent circuit 
(see caption of Fig.  3.6). 

Resolution 
Correction 

factors fE and fF 

used 

RS,dark, ( 2.46) 
[Ohm cm2] 

RS,light,Dicker ( 2.45) 
[Ohm cm2] 

Low No 0.67 0.77 

Low Yes 0.40 0.43 

High No 0.40 0.46 

High Yes 0.39 0.44 

The series resistance in the dark is overestimated by 69%, when a low resolution is 

used without the usage of any correction factors in comparison to all other analyzed 

cases, the series resistance of the illuminated solar cell is even overestimated by 75%.  

The series resistances under illumination determined in this way agree quite well with 

the one calculated analytically (Tab.  3.5), when high resolutions are chosen or the 

correction factors are taken into account at the simulations. 

3.5.4 Influence on the simulated local voltage distribution under illumination 

To analyze the influence of the resolution on the local voltage distribution the voltage 

distribution of the whole cell was simulated applying an external voltage Vext with the 

value of the voltage at the individual maximum power point in the middle of the bus 

bar. Once both correction factors were considered and once they were neglected. 

Again the resolutions as given in the caption of Fig.  3.6 were chosen. Fig.  3.8 shows 

the results obtained for the row perpendicular to the fingers, which is furthermost to 

the bus bar, respectively.  
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Fig.  3.8: Relative voltage increase between the local voltage in the row of the 

equivalent circuit, which is furthermost to the bus bar, and the externally 
applied voltage Vext. The externally applied voltage was set to the 
individual voltage at maximum power point and was applied in the middle 
of the bus bar. The resolutions called high and low were set to the same 
values as given in the caption of Fig.  3.6. 

For high resolutions the results obtained with and without consideration of the 

correction factors are very similar.  

At low resolutions the voltage increase between two fingers is too high without 

consideration of the correction factors while it is slightly underestimated when the 

correction factors are taken into account. The reason for the overestimation of the 

voltage rise in the case without consideration of the correction factors is due to the 

overestimation of the emitter resistances in this case (see formula ( 3.7)). If the 

correction factors are included, the voltage rise between the fingers is slightly 

underestimated because all emitter resistances are calculated using the same constant 

correction factor, which is independent of the position of the resistance. 

The offset at the positions of the fingers is due to the voltage rise along the fingers. At 

low resolutions without consideration of the correction factors it adds up to 1.3% and 

is thus only slightly higher than the one at high resolutions, which is 1.1% in both 

cases. Under consideration of the finger correction factor the offset for low resolutions 

is about 1.0%, which is nearly the same as for high resolutions. 
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3.6 Conclusions 

The effect of the resolution of a distributed circuit model representing a section of a 

silicon solar cell on the simulated global IV characteristics as well as on the simulated 

local voltage distributions has been analyzed. For this purpose a section of a solar cell 

was chosen, whose only lateral inhomogeneity was given by the front side 

metallization. The dimensions of the metallization as well as all kinds of resistances 

were chosen to represent a typical industrially fabricated silicon solar cell.  

Within these limits the following conclusions may be drawn:  

• Of all discretization effects the resolution of the resistances representing the 

emitter perpendicular to the fingers influences the simulation results most. In 

the analyzed case the fill factor of the illuminated IV characteristic is 

underestimated by 1.8% relative, when a low resolution of only three nodes 

in between two fingers is chosen compared to 1001 nodes. A factor, which is 

introduced to correct the effect of the discretization of the emitter, improves 

the simulation results of lowly resolved distributed circuit models.  

• The discretization of the fingers in direction parallel to them has a smaller 

influence on the simulation results than the one of the emitter in direction 

perpendicular to the fingers. Nevertheless, if a very low resolution of only 

one resistance representing one whole finger is chosen, the simulated fill 

factor is underestimated by 1.4% relative in the analyzed case. Choosing a 

resolution of three and more resistances the underestimation of the fill factor 

is less than 0.5% relative. To achieve the same accuracy limit in the case of 

the discretization of the emitter in direction perpendicular to the fingers, at 

least 11 nodes between two adjacent fingers are needed at the analyzed solar 

cell structure.  

• The effect of the discretization beneath the fingers in direction perpendicular 

to them as well as the one of the discretization beneath the bus bar in 

direction parallel to the fingers on the simulation results is negligible in case 

of the analyzed cell structure.  

For the specific grid structure analyzed in this chapter it has been shown that the 

necessary resolution of the distributed circuit model to receive simulation results 

which are not (or barely) influenced by the discretization may be reduced by the 

usage of correction factors in the calculation of some of the resistances. However, 

the calculation of these correction factors implies that the current flow directions 
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in the solar cell are known in advance. This may not be the case, when the solar 

cell is influenced by lateral inhomogeneities as e.g. by shunts, by a laterally 

inhomogeneous illumination or by laterally inhomogeneous emitter sheet 

resistances, or when a different grid structure is chosen. Therefore an analysis of 

the influence of the resolution of the distributed circuit model has to be done each 

time before such a model is used to analyze the influence of specific effects on 

solar cell results. 

In the following chapters distributed circuit simulations are used to analyze the 

effect of different lateral inhomogeneities, whose effects on the current flow 

directions are not always known in advance. Therefore no correction factors are 

used in the calculations presented in the following chapters.  

Furthermore the calculation of the resistances of the distributed circuit models 

used in the following chapters has been simplified slightly compared to the 

calculations presented in this chapter.  

In the distributed circuit models used in the following chapters the resistances 

between two nodes have been calculated by taking into account the dimensions 

and resistance parameters of two neighbored nodes one half each. If only one of 

two adjacent nodes is covered by the front metallization no resistance 

representing the metallization is introduced between these two nodes. This 

simplification results in an underestimation of the actual resistances, but the effect 

is of minor importance if sufficiently high resolution parameters are used. 

Furthermore the effect is opposite to the one analyzed in chapter  3.5.  

The advantage of the simplified calculation compared to the one used in this 

chapter is, that the analysis of laterally inhomogeneous resistances such as the one 

of a laterally inhomogeneous emitter sheet resistance as performed in chapter  6 

and chapter  7 can be implemented very easily. Furthermore no information of the 

actual current paths has to be known in advance.  

 





 

 

4 Comparison between simulation and 
measurement results for laterally 
homogeneous solar cells  

In this chapter a distributed circuit model is developed for two sections of an 

industrial like silicon solar cell fabricated using Czochralski silicon. Firstly 

the structure of the analyzed cell is described, subsequently the kind of 

modeling and at last simulation and measurement results of 

• dark and illuminated IV characteristics 

• laterally resolved voltage maps as they may be generated by 

Corescan-measurements (The Corescan (contact resistance scan) 

is an instrument offered by SunLab B.V, Netherlands.) (e.g. [60], 

[4]) and by photoluminescence-measurements (e.g. [41], [5], [45], 

[6]) respectively 

are compared.  

4.1 Structure of the analyzed solar cells 

Two 5 cm x 5 cm sections of one solar cell fabricated using 6´´ Czochralski material 

are analyzed. Fig.  4.1 shows the structure of the front metallization. The solar cell 

sections have a shallow emitter of approximately 40 Ohm/sq, a plasma-enhanced 

chemical vapor deposition (PECVD) nitride anti-reflection coating and a screen 

printed front and rear metallization. The front is textured using random pyramids. The 

cell thicknesses are approximately 180 µm.  

One of these two sections is used to compare the simulated IV characteristics with the 

measured ones and the other section is used to compare a simulation of a Corescan-

measurement with Corescan-measurement results, as this measurement technique 

partly destroys the solar cell.  

The solar cells described in this chapter were produced in collaboration with Matthias 

Hörteis.  
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Fig.  4.1:  Structure of the front metallization of the analyzed solar cells. Marked in 

red is the area, for which the distributed circuit simulations of the dark and 
illuminated IV characteristic were performed.  

4.2 Modeling of the solar cells 

A distributed circuit model similar to the one shown in Fig.  3.2 is developed to 

describe the solar cell sections.  

For the simulation of the dark and illuminated IV characteristics, distributed circuit 

simulations based on two different kinds of local diodes were performed. 

• A PC1D ([25], [26]) model was used to generate the local IV characteristics 

in the dark and under illumination. This distributed circuit model will be 

called PC1D based.  

• Suns-Voc-measurement results ([7]; At a suns-Voc measurement the open 

circuit voltage of the solar cell of interest is usually measured during the 

decay of a photoflash. Via a reference cell, which is illuminated 

simultaneously, an illumination intensity versus open circuit voltage 

characteristic of the solar cell of interest can be obtained, which is not 

affected by series resistance effects. (See also chapter  5.2)) were used as 

local diode characteristics for the parts of the solar cell without front 

metallization. To describe the areas covered by metal or the dark 

IV characteristic local IV characteristics obtained adapting the two-diode-

model to the measured dark IV characteristic neglecting the series resistance 
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were used. This distributed circuit model will be called measurement 

based.  

For the simulation of a Corescan measurement (e.g. [60], [4]) the local voltage 

distribution has to be simulated for a great number of slightly different illumination 

scenarios. Therefore, two diodes and a current source are used as local solar cells in the 

distributed circuit model in order to keep the simulation duration acceptable. The diode 

and current parameters are obtained from an adjustment of the two diode model to the 

measured data. This model will be called diode based.  

All distributed circuit simulations in this chapter are performed without the usage of 

correction factors as especially the simulations of a Corescan-measurement imply a 

laterally inhomogeneous current distribution due to a laterally inhomogeneous 

illumination, which is not taken into account by the correction factors sufficiently. 

Therefore the resolutions are chosen high enough, so that the simulation results are 

sufficiently precise in comparison to the measurement accuracy.  

4.2.1 The local PC1D model 

The PC1D-model was adjusted to a locally measured external quantum efficieny 

(EQE) (details about EQE-measurements can be found e.g. in [61]), a globally 

measured dark IV characteristic and a globally measured illuminated IV characteristic. 

To adjust a PC1D-model to a locally measured EQE, the part of the incident light, 
which does not enter the solar cell, has to be known. This part will be called DPC

EQElocR 1
 

.  

The relations and effects considered here to calculate DPC
EQElocR 1
 

 are based on the ones 

presented by B. Thaidigsmann in his diploma thesis [62].  

DPC
EQElocR 1
 

 is calculated using 

))(1(1
 ARCARC

DPC
EQEloc RAMMR +−+=  ( 4.1) 

with  M:  part of the measurement spot on the solar cell, which is covered by 

  front metallization 

 AARC:  absorption in the anti reflectance coating (ARC)  

 RARC:  reflectance of the ARC. 

This calculation neglects  

• that a part of the incident light, which encounters the front metallization, 

might enter the solar cell either by reflecting the light onto the non-metalized 
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parts or by transmitting it. In [62], chapter 4.4.4, it is said, that for the used 

screen printing technique this part is negligible.  

• Furthermore it neglects that the measurement spot of the reflectance 

measurement equipment and the EQE-measurement equipment may be of 

different size and shape. At the used measurement equipments one 

measurement spot is a circle and the other one a rectangle. But both are of 

adequate size, so that this assumption seems to be appropriate.  

If the part of the measurement spot M on the solar cell, which is covered by front 

metallization, is known, as well as the reflectance of the metallization RMet, the 

reflectance of the ARC can be calculated using 

M

MRR
R Met

escapewithout
tmeasuremen

ARC −
−

=
1

 

. ( 4.2) 

escapewithout
tmeasuremenR   is the measured reflectance without escape. The escape is the part of the 

measurement signal, which is caused by light, which leaves the solar cell after two or 

more reflectances (see e.g. [62], chapter 4.5.4).  

The reflectance of screen printed metallizations may be well below 100% (Fig.  4.2, 

[62], chapter 4.5.2). To adjust the model particularly in the wavelength range, which is 

influenced by the emitter and front surface passivation, this is taken into account.  
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Fig.  4.2:  Reflectance of the used screen printing paste. The measurement data were 

provided by B. Thaidigsmann (see also [62], chapter 4.5.2).  
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A similar ARC was used as described in [62], chapter 3.2.2. There it is said, that the 

absorption in the ARC was determined to be less than 10% in the wavelength range 

between 300 nm and 400 nm. However the absorption was determined with high 

uncertainty. Therefore the absorption in the ARC is neglected in the following. This 

may result in an overestimation of the front surface recombination velocity in the 

PC1D model, but for the following distributed circuit simulations, this is not relevant.  

Fig.  4.3 shows the locally measured EQE and the globally measured IV characteristic 

in the dark and under illumination in comparison to the results of the PC1D model. 

The internal series resistance was chosen to be 0.55 Ohm cm2 in the illuminated case 

and 0.22 Ohm cm2 in the dark. To simulate the global IV characteristic under 

illumination, the part of the solar cell, which is covered by the bus bar, was added to 

the reflectance. All other parameters are the same in all three simulations and are given 

in Tab.  4.1. 
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Fig.  4.3:  Comparison between measurement and PC1D model:   
a) locally measured EQE   
b) globally measured illuminated IV characteristic  
c) globally measured illuminated IV characteristic. 
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Tab.  4.1:  Parameters used in the PC1D model. 

Surface texturing 3 µm Internal Shunt Elements 

Surface Charge Without Conductor 2 x 10-5  S 

External 

Reflectance 

Measured data Diode 1.8 10-6 A/cm2  

Ideality Factor: 3.5 

Internal Reflectance Emitter Diffusion Measured profile 

Front Surface Bulk Recombination 

First Bounce 90 diffuse τn 20 µs 

Subsequent 

bounce 

90 diffuse τp 190 µs 

Rear Surface Et vs. Ei 0.15 

First Bounce 60 diffuse Recombination velocities 

Subsequent 

bounce 

55 diffuse Front surface  

Rear surface 

50 000 cm/s  

400 cm/s 

Background 

resistivity 

(p-type) 

1.25 Ohm cm Cell thickness 180 µm 

4.2.2 Adaptation of the PC1D model for usage in the distributed circuit model 

To use this PC1D model in the distributed circuit simulations,  

• the internal series resistance was set to 10-6 Ohm cm2, as all resistances are 

provided by the distributed circuit model with exception of the resistance of 

the base material.  

• The local reflectance was calculated using formula ( 4.2) for the illuminated 

diodes.  

Furthermore, the front surface recombination velocity Sfront in the parts with and 

without front metallization should be different in the distributed circuit model. As the 

recombination velocity at the silicon nitride/n-type silicon interface is difficult to 
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access (see e.g. [63] for SiO2/n-type silicon interface) the above determined value of 

50 000 cm/s was used for all parts of the solar cell.  

4.3 Measured and simulated IV characteristics 

The global dark and illuminated IV characteristics were simulated using distributed 

circuit simulations. 

In the simulations the emitter sheet resistance was set to 42 Ohm/sq and the contact 

resistance to 0.00288 Ohm cm2, which are measurement based values provided by 

Antonio Leimenstoll and Matthias Hörteis respectively. The resistivity of the front 

metallization was chosen to be 4x10-6 Ohm cm, which is a common value for screen 

printed contacts. The widths of the fingers and bus bar were determined by microscope 

measurements. As the distributed circuit model acts from the assumption of 

rectangular fingers and bus bars, an all over height of 15 µm was chosen for the fingers 

and the bus bar.  

For the simulation of the global IV characteristics the area marked in red in Fig.  4.1 

was simulated. To achieve a reasonable compromise between simulation accuracy (see 

chapter  3.5) and simulation duration a short analysis of the influence of the resolution 

of the distributed circuit model on the dark and illuminated IV characteristic was 

performed for three different resolutions as given in Tab.  4.2 for the PC1D-based 

model.  

Tab.  4.2:  Resolutions of the distributed circuit model. 

Number of nodes low  chosen high 

• beneath one finger in direction 

perpendicular to it  

1 3 10 

• in between two adjacent fingers 3 16 61 

• beneath the bus bar in direction 

perpendicular to it 

1 3 4 

• beneath one finger in direction parallel 

to it 

5 20 52 

No correction factors were used.  
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The simulated voltage at the maximum power point using the low resolution is only 

0.3% lower than the one using the high resolution, the one using the chosen resolution 

only 0.04% lower than the one using the high resolution. Hence the effect of the 

resolution is less than the measurement error.  

The effect on the dark IV characteristic is shown in Fig.  4.4.  

The effect of the resolution of the distributed circuit model on the simulation results is 

lower than the one presented in chapter  3.5 because the performance of the solar cell 

analyzed here is lower due to recombination current effects, which reduces the effects 

of the resistances on the IV characteristic. This shows, that resolution effects have to 

be analyzed individually for each simulated solar cell. In the following comparison the 

resolution called chosen in Tab.  4.2 is used.  
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Fig.  4.4:  Effect of the resolution of the distributed circuit model on the dark 
IV characteristic for the resolutions given in Tab.  4.2. 

Fig.  4.5 compares the results of the distributed circuit simulations to the measurement 

results.  

IV characteristic in the dark (Fig.  4.5 a): The blue line shows the results of the 

PC1D simulation without series resistance, the dark green one the results of the two 

diode model without series resistance. The current densities simulated by PC1D are 

lower than the ones simulated by the two diode model in the voltage range above 
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0.65 V, which is due to the resistance of the base material, which is included by the 

PC1D simulations automatically but neglected in the series resistance free two diode 

model. The light green line shows the results of the PC1D based (definition see page 

52) distributed circuit simulation, the red one the measurement based results. Both 

simulation results agree quite well with the measurement results over a broad voltage 

range. The distributed circuit simulations affect only the region of the 

IV characteristic, which is influenced by the series resistance. This result was to be 

expected in the case of a laterally homogeneous solar cell.  

The local ideality factors (Fig.  4.5 b) highlight this point. The disagreement between 

measurement and simulation results in the voltage range below 0.4 mV is due to the 

underlying local IV characteristics and is not influenced by the distributed circuit 

simulations.  

Illuminated IV characteristic  (Fig.  4.5 c): The figure shows the results of the 

distributed circuit model (red and light green) in comparison to the area weighted sum 

of the underlying local IV characteristics (blue and dark green). Again mainly the 

region of the IV characteristic, which is influenced by the series resistance, is affected 

by the distributed circuit simulations. This result was expected for a laterally 

homogeneous solar cell.  

Both results of the distributed circuit simulations agree quite well with the 

measurement result. This approves that the resistances in the model are chosen 

appropriate.  
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Fig.  4.5:  Comparison between measurement results and simulation results of the 
distributed circuit model and the underlying local IV characteristics. 
a) Global dark IV characteristics   
b) Local ideality factors of the dark IV characteristics   
c) Global illuminated IV characteristics.  
The legend is given on the top right. Marked by the arrows are the effects 
of the distributed circuit model in comparison to the underlying local 
IV characteristics.  
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4.4 Corescan-measurement and its simulation 

To compare the simulated local voltages with measurement results a Corescan-

measurement [60], [4] was simulated and the results were compared to measurement 

results.  

During a Corescan-measurement one test prod contacts a bus bar while a second test 

prod contacts the emitter. The region around the second test prod is illuminated using 

an illumination spot with a diameter of 9 mm. The solar cell is short circuited and the 

illumination density of the illumination spot is chosen such that the local short circuit 

current density of the illuminated area is approximately 30 mA/cm2. The second test 

prod scans across the solar cell and the voltage difference between second and first test 

prod is measured. More details about Corescan-measurements can be found in [60], 

[4]. 

Fig.  4.6 illustrates the simulation of a Corescan-measurement. Shown is the front of 

the analyzed solar cell including the illuminated spot (yellow circle), which is shifted 

across the solar cell during a Corescan-measurement. The shadowing by the test prod, 

which is positioned in the middle of the illuminated spot during a Corescan-

measurement, is neglected in the simulation. To determine one value in a Corescan-

map, the potential drop between the middle of the illuminated spot and the second test 

prod, which is positioned on the bus bar at the edge of the solar cell in the simulation, 

has to be determined. To receive a map of the whole solar cell, the spot and the 

according test prod is shifted across the solar cell. During this procedure, the solar cell 

is short circuited externally and the local current density is approximately 30 mA/cm2. 

To simulate a Corescan-measurement voltage maps of the solar cell have to be 

simulated with slightly shifted illuminated spot. The illuminated region is simulated by 

adding local current sources, while in the not-illuminated regions and the metalized 

regions, only local diodes represent the solar cell. The voltage in the middle of the 

illuminated spot is determined and transmitted to the simulated Corescan-map. This 

procedure is repeated with slightly shifted illumination spot to receive a voltage map. 

Similarly to a Corescan-measurement, the short circuit current density in the 

illuminated area is chosen in such a way, that the short circuit current density in the 

illuminated area shown in Fig.  4.6 results in 30 mA/cm2 related to the illuminated area. 

As the simulation of a Corescan-measurement of a whole solar cell would be very time 

consuming only the three lines marked with A, B and C in Fig.  4.6 are simulated.  
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The following resolution of the distributed circuit model was chosen: 

Number of nodes  

• beneath one finger in direction perpendicular to it  1 

• in between two adjacent fingers 15 

• beneath the bus bar in direction perpendicular to it 1 

• beneath one finger in direction parallel to it 20. 

 
Fig.  4.6  Schematic to illustrate the simulation of a Corescan measurement.  

The yellow circle shows the spot, which is illuminated during the 
measurement of one voltage value in the Corescan-map. In the simulation 
the illuminated spot is presented by activating local current sources in the 
not-metalized regions of the yellow area in addition to the local diodes. 
The local current density is determined so that the short circuit current 
density of the yellow area shown in the schematic results in a local current 
density of 30 mA/cm2 related to this area. To simulate one entry in the 
Corescan-map, a voltage map of the solar cell is simulated under short 
circuit conditions. The potential difference between the simulated probe in 
the middle of the bus bar (red x in the schematic) and each node is 
simulated and the local voltage in the middle of the illuminated spot is 
transmitted into the simulated Corescan-map. To simulate a Corescan-
measurement of the whole solar cell, the illuminated spot has to be shifted 
across the solar cell, each time determining the voltage map and 
transmitting the voltage in the middle of the illuminated spot into the 
simulated Corescan-map. To reduce the simulation duration, only 
Corescan-maps along the three lines A, B and C were simulated. 

Fig.  4.7 shows the results of the Corescan-measurement of the whole analyzed solar 

cell. Marked are the rows a, b and c, which are compared to the simulation results. Fig. 

 4.8a) shows the results of row a, b and c and the mean of all rows in the middle 
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between two fingers. It is remarkable, that the measured voltages of row a and c are 

higher than the ones of row b, which theoretically should lie in between the ones of 

row a and c. Furthermore the results on the right and left of the bus bar differ slightly. 

One reason may be fluctuations in the emitter sheet resistance of the solar cell.  
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Fig.  4.7:  Results of a Corescan-measurement of the analyzed solar cell. Row a, b 

and c are compared to the simulation results in the next figures. The white 
regions are due to cracks in the material. 
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Fig.  4.8:  a) Corescan-measurement results of row a, b and c in Fig.  4.7. 

Furthermore the mean of all rows in the middle between two fingers is 
shown.   
b) Simulation results of row A, B and C in Fig.  4.6 using standard 
Corescan-parameters, which are a diameter of the illuminated spot of 
9 mm and a local short circuit current density of 30 mA/cm2. 

In Fig.  4.8b) the simulation results of row A, B and C are compared using standard 

Corescan-parameters, which are a diameter of the illuminated spot of 9 mm and a local 

short circuit current density of 30 mA/cm2. The slope from the cell edge up to 0.45 cm 

distance from the cell edge, which is due to a smaller illuminated area in this region, 

agrees qualitatively well with the measurement results. But it is peculiar that the 

simulation results are approximately 1.9 times higher than the measurement results and 

that the slope is predicted much smaller.  

Possible reasons are discussed in Fig.  4.9, which compares the simulation results using 

varied parameters to the measurement results of the left half of row b:  

• A diminished diameter of the illuminated spot decreases the total amount of 

generated current, which flows through the concerned fingers and the bus 

bar. Hence the measured voltage decreases (lilac triangles in Fig.  4.9). 

However this effect alone seems unlikely as it also diminishes the length of 

the slope at the edge of the solar cell. 

• Furthermore a diminished illumination intensity (blue triangles in Fig.  4.9), 

which is simulated by a diminished local short circuit current density Jsc
local, 

seems unlikely, as it also diminishes the slope from the cell edge up to a 

distance of 0.45 cm from the cell edge.  
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• A diminished emitter sheet resistance results in diminished voltages (green 

diamonds in Fig.  4.9), but it has to be strongly diminished compared to the 

measured value of 41.5 Ohm/sq on a reference cell.  

• A combination of all three deviations (orange hexagons in Fig.  4.9) might be 

possible, but also the slope at the cell edge is less than in the measurement.  
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Fig.  4.9:  Comparison of the simulation results of row B using varied parameter with 

the measurement results of row b. Varied are the diameter of the 
illuminated spot (lilac triangles), the local illumination intensity (blue 
triangles), the emitter sheet resistance of the solar cell (green diamonds) 
and all three parameter at once (orange hexagons).  

A further reason for the pronounced discrepancy might be, that in the distributed 

circuit simulations minority carrier current flows are not taken into account, which in 

the real solar cell result in a further local voltage decrease due to the diffusion of 

minority carriers from the illuminated into the not illuminated region.  

4.5 PL-measurements and their simulation  

Local voltage maps of silicon solar cells can also be obtained by photoluminescence 

(PL) measurements provided certain conditions are kept (see e.g. [41], [45], [5], [6]). 

Hence the local voltage maps, which were obtained by PL measurements of the same 

solar cell, which was analyzed in the previous chapter by Corescan-measurements, are 

compared in this chapter to the according local voltage maps obtained by distributed 

circuit simulations. As Corescan measurements partly destruct the solar cell front 

surface, the PL measurements were performed prior to the Corescan-measurements.  
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4.5.1 PL-measurements 

As PL measurements are merely applied in this work to obtain local voltage maps, 

only a short introduction to this measurement method will be given here. More details 

about the possibilities of PL measurements and electroluminescence measurements of 

silicon solar cells can be found e.g. in [45], [5], [6], [64], [65], [66], [67], [68] more 

details about the possibilities of PL measurements of silicon wafers e.g. in [69], [70], 

[71], [72], [73], [74] and [68]. 

At PL measurements the charge carriers in the solar cell are excited via an external 

illumination source while furthermore an external voltage can be applied. The 

radiation, which is emitted due to radiative band-to-band recombination of the excited 

charge carriers (chapter  2.3.1), is detected. This radiation corresponds to the splitting 

of the quasi-Fermi levels, which under certain conditions (see e.g. [45]) corresponds to 

the local voltages of the solar cell.  

In the following the local voltage maps obtained by PL measurements under one sun 

equivalent illumination intensity applying once an external voltage of approximately 

510 mV, which corresponds to maximum power point conditions, and applying once 

an external voltage of approximately 607 mV, which corresponds to open circuit 

conditions, will be compared to the according distributed circuit simulations.  

Equivalent illumination intensities have to be used, as in the set up used in this work, a 

laser emitting light with a wavelength of 790 nm was used to excite the charge carriers. 

The illumination intensity of the laser was adjusted in such a way, that its photon flux 

density corresponds to the photon flux density of the AM1.5g-spectrum [75] with the 

required illumination intensity in the relevant wavelength range, which is in case of 

silicon solar cells the range between approximately 300 nm and 1055 nm. In this range 

an illumination with an intensity of 0.1 W/cm2 using the AM1.5g spectrum (one sun 

illumination intensity) corresponds to a photon flux density of approximately 

2.55 x 1017 photons/cm2/s. This corresponds to an illumination intensity of 

approximately 0.0642 W/cm2, if a laser emitting light with a wavelength of 790 nm is 

used. 

The procedure described in [5], which is outlined here, was followed to obtain local 

voltage maps from PL measurements:  

Five PL maps were measured, two maps under low injection conditions using an 

equivalent illumination intensity of approximately 0.2 suns, once applying open circuit 

conditions (PLIVoc0.2 suns) and once applying short circuit conditions (PLIJsc0.2 suns), and 
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three maps under one sun equivalent illumination intensity (one map applying short 

circuit conditions (PLIJsc,one sun) and two maps (PLIVext,one sun) applying the desired 

external voltages Vext,one sun. The maps obtained using short circuit conditions are 

needed to eliminate effects due to luminescence signals, which are attributed to 

lifetime effects and not to the local voltages at the pn-junction. Hence in a first step the 

maps obtained applying short circuit conditions are subtracted from the according 

maps obtained under different external voltage conditions. The resulting maps are 

called  

sunsJscsunsVoc
corr

sunsVoc

onesunJsconesunVext
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onesunVext

PLIPLIPLI
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The local voltages at the pn-junction Vloc and the corrected PL-maps PLIcorr are 

interconnected via  
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with Cloc: local calibration factor, q: elementary charge, k: Boltzmann constant and 

T: absolute temperature.  

Assuming that the local voltages Voc,loc,0.2suns and the externally applied voltage 

Voc,ext,0.2suns agree under open circuit conditions at low illumination intensities, the local 

calibration factors can be calculated via 
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Using formula ( 4.4) and ( 4.5) the voltage difference ∆Vone sun between local voltage 

Vloc,one sun and externally applied voltage Vext,one sun at one sun equivalent illumination 

intensity can be calculated according to 
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provided, all maps are measured at the same temperature.  
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Fig.  4.10 shows the local voltage maps obtained as described above once for an 

externally applied voltage of 510.2 mV (approximately maximum power point) and 

once for an externally applied voltage of 607.1 mV.  

Due to cracks which might be caused by handling the calculated voltage maps are not 

as homogeneous as they were expected to be. The cracks both result in locally strongly 

increased voltages due to bad contact to the other parts of the solar cell (especially in 

the upper right corner of the solar cell) and in locally decreased voltages probably due 

to local shunting (green line beneath the upper right corner in Fig.  4.10 b)). Both defect 

areas are also visible in the Corescan map shown in Fig.  4.7. Furthermore parallel to 

the bus bar a line of decreased voltage occurs, which is especially visible in  

Fig.  4.10 b) and whose origin remains ambiguous.  

Despite these lateral inhomogeneities the solar cell is used for a mere qualitative 

comparison between measured voltage maps and simulated ones as areas remain, 

which appear to be laterally homogeneous.  

  
Fig.  4.10: Local voltage maps calculated from PL measurements as described in the 

text for an externally applied voltage of   
a) 510.2 mV (approximately maximum power point)  
b) 607.1 mV (approx. Voc-conditions)  
and one sun equivalent illumination intensity. Lines A and B will be 
compared to the according simulated voltage maps. The strongly increased 
local voltages in the grey regions are probably caused by cracks. The 
reason for the decreased signal near the bus bar is ambiguous.  

4.5.2 Distributed circuit simulations 

The distributed circuit simulations were performed by adapting the illumination in the 

PC1D model used to generate the local IV characteristics to the parameters used in the 

PL measurements, which are an illumination intensity of 0.064 W/cm2 and a 
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monochrome illumination source with a wavelength of 790 nm. A region including ten 

fingers was simulated, which corresponds to half of the real solar cell. The simulated 

solar cell was once contacted at the edge of the bus bar using a single contact and once 

using five contacts, which are homogeneously distributed along the bus bar. Fig.  4.11 

shows the simulation results which were obtained using the same externally applied 

voltages as in the maps obtained by PL measurements.  

  

Fig.  4.11:  Simulated illuminated voltage maps using an illumination source with a 
wavelength of 790 nm and an intensity of 0.064 W/cm2 in the PC1D model 
used to generate the local IV characteristics to be able to compare the 
simulated maps with the ones obtained by PL measurements. Shown is the 
local voltage at the nodes contacting the emitter resistances. In y-direction, 
only half of the depth of the real solar cell was simulated to be able to 
perform the simulation at all. The maps were generated using one single 
contact at the edge of the bus bar. A and B mark the regions which will be 
compared to the measurement results. Two different externally applied 
voltages were simulated: a) 510.2 mV b) 607.1 mV. 

In Fig.  4.12 the simulated and measured local voltages of the regions named A and B 

in the maps are compared. It has to be noted, that PL measurements only provide 

signals in regions, which are not covered by metallization. Hence only local voltages 

of these regions are comparable.  

Regarding region A the local voltages obtained by PL measurements applying an 

external voltage of 510.2 mV lie in between the simulated ones using different 

numbers of external contacts (Fig.  4.12a)). Applying an external voltage of 607.1 mV 

the simulated voltages are in both cases lower than the ones obtained by 

PL-measurements (Fig.  4.12 b)).  

Regarding region B the simulated local voltages using only one external contact agree 

quite well with the measured ones, if an external voltage of 510.2 mV is applied  

(Fig.  4.12 c)). If an external voltage of 607.1 mV is applied the measured signals 

exceed the simulated ones (Fig.  4.12 d)). Furthermore the voltage slope in between two 

adjacent fingers, which is visible in the simulation results, is not detectable in the 

measured ones applying an external voltage of 607.1 mV (Fig.  4.12 d)). 
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Fig.  4.12:  Comparison between local voltages obtained by PL measurement and 

distributed circuit simulations. The regions A and B are marked in the 
according figures (Fig.  4.10, Fig.  4.11). The measurement results shown 
here were obtained by averaging an appropriate number of rows or lines 
of the according voltage maps because the simulated maps have a lower 
local resolution than the measured ones. The simulated results were 
obtained once using one single contact at the edge of the bus bar and once 
using five contacts distributed homogeneously along the bus bar. Shown 
are the voltages at the nodes contacting the emitter resistances.  

Due to the lateral inhomogeneities of the real solar cell, which were detected by the 

presented PL measurements, no definite conclusion can be drawn from this 

comparison. Hence further comparisons between measurement and simulation have to 

be performed in the future.  

4.6 Conclusions 

If the local properties of the solar cell are known well the simulated IV characteristics 

agree well with the measured ones in the case of a solar cell whose only lateral 

inhomogeneity is given by the front metallization. In this case the distributed circuit 

simulation affects only the region of the IV characteristics, which is dominated by 

series resistance effects.  

The comparison between Corescan-measurement results and the results of a simulation 

of a Corescan-measurement agree qualitatively. Possible reasons for the high absolute 
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difference have been given. The comparison between local voltage maps obtained by 

photoluminescence measurements and by distributed circuit simulations also show an 

ambiguous result. Hence further comparisons using different solar cells should be 

performed in the future.  

 

 

 

 

 

 

 





 

 

5 Effect of laterally inhomogeneous illumination 

In this chapter the effect of two kinds of laterally inhomogeneous 

illumination on measurement results is analyzed using distributed circuit 

simulations.    

Firstly the effect of shading near the bus bar on fill factor and open circuit 

voltage is analyzed. Such shading may be caused by a strip during the 

measurement of the illuminated IV characteristics.   

Subsequently the effect of a laterally inhomogeneous illumination on the one 

sun open circuit voltage determined by suns-Voc measurements is analyzed. 

This laterally inhomogeneous illumination is due to a photoflash, which is 

usually used for suns-Voc measurements.  

5.1 Effect of shading near the bus bar on the open circuit 
voltage and fill factor  

5.1.1 Introduction 

For the measurement of one sun IV characteristics of industrially fabricated silicon 

solar cells usually measurement strips are used, which partly shade the region near the 

bus bar.  

The influence of this shading is in most cases partly corrected by increasing the 

illumination intensity so that the one sun short circuit current density, which has been 

determined in advance e.g. in a calibration laboratory such as the Fraunhofer ISE 

CalLab more precisely and without additional shading, is obtained even with the 

additional shading.  

Nevertheless the additional shading reduces the measured open circuit voltage due to 

internal current flows from the illuminated into the shaded region. This effect may be 

excluded by using a smaller measurement probe with e.g. only two test prods which do 

not shade the region near the bus bar to determine the open circuit voltage. This 

procedure is possible as no external currents flow under open circuit conditions.  

Yet the effect on the fill factor cannot be excluded by these measures as the external 

current flows at maximum power point are usually too high to reduce the number of 

test prods in the case of large industrial solar cells, which currently have dimensions up 

to 15.6 cm x 15.6 cm.  
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Therefore in this chapter the effect of partial shading near the bus bar on fill factor and 

open circuit voltage is analyzed using distributed circuit simulations. The simulated 

effect on the open circuit voltage is also compared to measurement results.  

The analysis presented in chapter  5.1 was performed in collaboration with 

Jochen Hohl-Ebinger, who performed the measurements in particular. The results of 

this chapter are also partly presented in [76]. 

An experimental and theoretical description of the influence of shaded regions as they 

are given by the front metallization by nature or may occur additionally near the grid 

fingers on the measured open circuit voltage was analyzed by Cuevas and 

López-Romero in 1984 and can be found in [77]. 

5.1.2 The distributed circuit model 

The distributed circuit simulations were performed using the symmetry element shown 

in Fig.  5.1.  

 
Fig.  5.1:  a)Schematic of the front of an industrial like silicon solar cell. Marked by 

the red rectangle is the symmetry element used to simulate the effect of an 
additionally shaded region near the bus bar.  
b) Used symmetry element. Marked by x1 – x3 are three different positions 
of the simulated test prod, whose influence is analyzed.   
c) Dimensions used in the distributed circuit simulations.  

A PC1D model with industrial-like solar cell parameters was used to generate the local 

IV characteristics (see Tab.  5.1).  
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Tab.  5.1:  Parameters used in the PC1D model which was used to generate the local 
IV characteristics of the distributed circuit model.  

Surface texturing 3 µm Internal shunt elements 

Surface charge Without Conductor No conductor 

External 

reflectance 

Measured data Diode 7 x 10-8 A/cm2 

Ideality Factor: 2 

Background 

doping density 

(p-type) 

1.513 x  

1016 cm-3 

Emitter diffusion Compl. error funct. 

Internal reflectance 

Front surface 

Peak doping 

Junction depth 

2 x 1020 cm-3 

0.4 µm 

First bounce 90 diffuse Bulk recombination 

Subsequent 

bounce 

90 diffuse τn 

τp 

Et vs. Ei 

50 µs   

50 µs 

0 

Rear surface Recombination velocities 

First bounce 70 diffuse Front surface   

Rear surface 

90 000 cm/s  

700 cm/s 

Subsequent 

bounce 

70 diffuse Cell thickness 235 µm 

In order to generate the local IV characteristics used beneath the metalized regions in 

the distributed circuit simulations the front surface recombination velocity was adapted 

to 107 cm/s. For the local IV characteristics of the additionally shaded regions dark 

IV characteristics were used with the same front surface recombination velocity as in 

the illuminated areas. This means, that the additionally shaded region is totally shaded.  

The short circuit current density of the whole symmetry element with additionally 

shaded region near the bus bar was kept at the level of the one sun short circuit current 

density achieved without additional shading. Therefore the illumination intensity 

Iwith shading used in the models to generate the local IV characteristics of the not 

metalized and not shaded region of the distributed circuit models with additional 

shading near the bus bar was increased according to  
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shadingwithout

max

shaded
shadingwith I

A

A
I   

1

1

−
=  

( 5.1) 

with  Ashaded:   area of the additionally shaded region   

 Amax:   area without metallization  

 Iwithout shading:  0.1 W/cm2. 

The properties of the symmetry element were chosen as given in Tab.  5.2.  

Tab.  5.2:  Parameters used in the distributed circuit model.  

Height of the 

metallization 

12.5 µm ρmetallization 3.2 x 10-6 Ohm cm 

Rsheet 55 Ohm/sq ρcont 0.003 Ohm cm2 

The effect of the additional shading on the fill factor is expected to be very low. 

Therefore special care has to be taken to achieve as exact and comparable simulation 

results as possible. For this purpose the following aspects were taken into account:   

• The voltage increment of the underlying local IV characteristics:   

The voltage increment of the local IV characteristics was chosen to be 5 mV 

for the voltage range between -50 mV and 640 mV. It was decreased at 

voltages around the open circuit voltage (580 mV – 640 mV) and around the 

maximum power point (480 mV- 560 mV) to 0.1 mV. To determine the 

voltage ranges for which a decreased increment is needed, local voltage 

maps under open circuit and maximum power conditions were simulated. 

The minimum and maximum voltage of these maps gives the range of 

decreased voltage increment of the underlying local IV characteristics.   

• The resolution of the distributed circuit model (see also chapter  3.5):   

The effect of the resolution of the distributed circuit model on the simulated 

fill factor was analyzed by varying the resolution with and without 

additionally shaded region. In the not shaded case always one resolution 

parameter was set to the value of the resolution named high in Tab.  5.3 while 

the others were kept at the values named chosen in Tab.  5.3. The difference 

of the simulated fill factors using the chosen resolution parameters compared 

to the ones using the high resolution is less than 0.002% without additionally 
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shaded region.    

A similar analysis was performed for a solar cell with additionally shaded 

region resulting in a resolution of the distributed circuit model in the 

additionally shaded region in direction perpendicular to the bus bar of 

9 nodes for widths of the shaded region up to 4 000 µm and of 25 nodes for a 

18 250 µm wide shaded region. The resolution of the not shaded region in 

this direction was kept at 41 nodes for an up to 4 000 µm wide additionally 

shaded region, which results in a higher resolution compared to the not 

shaded case. For an 18 250 µm wide shaded region, the resolution in this 

direction was also set to 25 nodes as in this case half of the not metalized 

region is shaded.  

• The position of the test prod on the bus bar:   

The effect of the position of the test prod on the bus bar on the simulated 

IV characteristic parameters was analyzed comparing the simulation results 

using three different contact positions on the symmetry element:  

• on the upper end of the bus bar (x1 in Fig.  5.1),  

• in the middle of the bus bar and (x2 in Fig.  5.1) 

• on the lower end of the bus bar (x3 in Fig.  5.1),  

in each case in the middle of the bus bar in direction perpendicular to it.  

The maximum difference in fill factor between these three contact positions 

is less than 0.01% and therefore not relevant. In the following analysis the 

contact position at the lower end of the symmetry element x3 has been 

chosen.  

• The voltage increment of the simulated IV characteristics:   

In the following analysis the open circuit voltage and the voltage of the 

maximum power point were determined performing two consecutive 

distributed circuit simulations with different voltage increments. In the first 

simulation the whole IV characteristic between 0 mV and 610 mV was 

simulated with a coarse voltage increment of 5 mV. From these results the 

approximate open circuit voltage and maximum power point were 

determined. In the second simulation the open circuit voltage and the 

maximum power point were determined more precisely using a finer voltage 

increment of 0.1 mV around the before determined voltages. 
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Tab.  5.3:  Resolutions of the distributed circuit model used to analyze the effect of the 
resolution on the simulated fill factor. The resolution called chosen is the 
one used in the further simulations of chapter  5.1.  

Resolution chosen high 

Number of nodes:   

beneath the bus bar in direction perpendicular to the bus bar 5 10 

beneath the finger in direction parallel to the finger 41 61 

beneath the finger in direction perpendicular to the finger 5 21 

in the region without metallization in direction perpendicular 

to the finger 

15 21 

5.1.3 Simulation and measurement results 

Firstly the effect on the open circuit voltage is discussed, which is analyzed in 

experiment and simulation. Afterwards the simulated effect on the fill factor is 

presented. The simulations were performed for two different distances between two 

adjacent fingers, 2 mm and 2.5 mm. The measurement was performed on the solar cell, 

which was used to develop the PC1D model underlying the distributed circuit 

simulations.  

Effect on open circuit voltage 

In Fig.  5.2 and Fig.  5.3 the simulated open circuit voltages are compared to 

measurement results for different widths of the additionally shaded region. The 

difference between measured and simulated open circuit voltage is less than 0.4% in 

the analyzed cases with widths of the additionally shaded region of 0 cm, 0.5 cm and 

1.0 cm (Fig.  5.2). The gradient of the relative difference between the open circuit 

voltage of a solar cell with additionally shaded region and of one without additionally 

shaded region is very similar in experiment and simulation (Fig.  5.3). The dependence 

of the gradient on the distance between two adjacent fingers is low. The relative 

difference in Voc between the Voc of an additionally shaded solar cell and the Voc of a 

not additionally shaded solar cell is less than 0.4% for a width of the additionally 

shaded region of 1 cm (corresponding to a voltage decrease of less than 2.5 mV), and 

is less than 0.6% for a width of 1.825 cm (corresponding to a voltage decrease of less 

than 3.7 mV).  
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Fig.  5.2:  Comparison between measured and simulated open circuit voltages for 

different widths of the additionally shaded region. The measurement was 
performed by Jochen Hohl-Ebinger on the solar cell for which the 
underlying local PC1D model was developed. The black open and closed 
squares show the absolute measured and simulated open circuit voltages. 
The red stars show the relative difference between measured and simulated 
open circuit voltage for the widths of the additionally shaded region as 
given on the x-axis. 

0.0 0.5 1.0 1.5

-0.8

-0.6

-0.4

-0.2

0.0

-4

-2

0

absolte difference in V
oc  [m

V
]

Simulations
distance of two adjacent fingers

 2 mm
 2.5 mm

Measurement
 2 mmre

la
tiv

e 
di

ffe
re

nc
e 

in
 V

oc
 [%

]

width of the additionally shaded region [cm]

 
Fig.  5.3:  Relative and approximate absolute difference in Voc between the Voc 

obtained with additional shading as given on the x-axis and obtained 
without additional shading. The closed symbols show the results of the 
distributed circuit simulations for two different distances between two 
adjacent fingers (note: The symmetry element in Fig.  5.1 covers only half 
of this distance). The open squares show the measurement results. The 
measurement was performed by Jochen Hohl-Ebinger. 
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Effect on fill factor 

As the effect on the fill factor of an additionally shaded region near the bus bar is very 

low very high measurement accuracy would be needed to detect the effect. Therefore 

the effect on the fill factor is only analyzed by simulation. Fig.  5.4 shows the relative 

difference in fill factor calculated for a solar cell with additionally shaded region 

compared to one without additional shading for two different distances of adjacent 

fingers. For both distances the effect on the fill factor is less than 0.4% in the case of 

an additionally shaded region with 1 cm width. An increasing distance between two 

adjacent fingers increases the effect.  
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Fig.  5.4:  Simulation results. Shown is the relative difference of simulated fill factors 

of a solar cell with additionally shaded region as given on the x-axis 
compared to the one of a solar cell without additionally shaded region. 
Two different distances between adjacent fingers are analyzed.  

5.1.4 Conclusion 

The effect on fill factor and open circuit voltage of a shaded region near the bus bar as 

it may be caused by a contact strip was analyzed for an industrial like silicon solar cell.  

If an area with a width of 1 cm is totally shaded the fill factor is diminished by less 

than 0.4% relative compared to the fill factor of a solar cell without additionally 

shaded region for a solar cell with an emitter sheet resistance of 55 Ohm/sq and a 

distance between two adjacent fingers of 2.5 mm. The according open circuit voltage 

Voc is also diminished by less than 0.4% relative, which corresponds to an absolute 

voltage decrease of less than 2.5 mV. 
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The effect will be less if the region is only partially shaded as it occurs in real 

measurements. The effect will be increased if the emitter sheet resistance or the 

distance between two adjacent fingers is increased.  

5.2 Effect of laterally inhomogeneous flash used for 
illumination at suns-Voc measurements on the 
open circuit voltage 

5.2.1 Introduction 

Suns-Voc measurements as introduced by Sinton and Cuevas in 2000 [7] are mostly 

performed using a conventional xenon photoflash. As such a photoflash often does not 

produce a laterally homogeneous illumination the illumination intensity on the 

measurement chuck varies in dependence of the distance between flash and 

measurement chuck. This in turn results in a deviation of the measured open circuit 

voltage compared to the one which would be achieved using laterally homogeneous 

illumination.  

In this chapter the effect of the laterally inhomogeneous illumination of the 

QUANTUM Qflash x2 used with two diffusers QF64, which is used in the suns-Voc 

system used at Fraunhofer ISE, on the determined open circuit voltage is analyzed 

using distributed circuit simulations.  

The results are compared to the ones calculated with a simplified one diode model 

using the arithmetic mean of the measured illumination inhomogeneity.  

The work presented in this chapter was performed in collaboration with Thomas Roth 

and Jochen Hohl-Ebinger. The results are also partly presented in [78]. 

5.2.2 Flash inhomogeneity and distributed circuit model 

Flash inhomogeneity 

The illumination inhomogeneity of the QUANTUM Qflash x2 used with two diffusers 

QF64 mounted 87 cm above the measurement chuck was measured on the 

measurement chuck. Therefore an array of 64 1 x 1 cm2 solar cells in a 2 cm pitch was 

used in order to perform the measurement during the decaying edge of one single 

photo flash. The measurement was performed by Jochen Hohl-Ebinger.  

The maximum intensity of the spot is located slightly beside the geometrical centre of 

the measurement chuck. The intensity deviation between the brightest and darkest spot 
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was determined to be approximately 7.5%. Fig.  5.5 shows the measured intensity 

inhomogeneity.    

 
Fig.  5.5:  Measured illumination inhomogeneity of the suns-Voc flash (QUANTUM 

Qflash x2 with two diffusers QF64), which is mounted 87 cm above the 
measurement chuck, measured on the measurement chuck. The maximum 
measured value is normalized to one. The measurement was performed by 
Jochen Hohl-Ebinger. (from [78]) 

It is not possible to perform a distributed circuit simulation of a solar cell, which 

covers the whole measurement chuck (approx. 16 cm x 16 cm), with sufficiently high 

resolution of the underlying distributed circuit model using the currently for this work 

available personal computer (Intel®Core™2Quad CPU Q9550@ 2.83GHz, 2.83 GHz, 

2.96 GB RAM). Therefore the measured illumination inhomogeneity was averaged 

between the four corresponding quarters. The result is shown in Fig.  5.6. The 

symmetry element used in the distributed circuit simulations is marked in red. The 

averaged illumination value of the symmetry element is 0.975, if the maximum value 

of the profile is set to one. 
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Fig.  5.6:  Averaged flash inhomogeneity data as used in the distributed circuit 

simulation. The measured data were averaged between the four 
corresponding quarters. The maximum value is set to one. Marked in red is 
the symmetry element used in the distributed circuit simulations. Please 
note that the solar cell grid (dark cyan lines) does not represent the 
actually simulated grid dimensions. In the performed simulations 
33 fingers are arranged on the symmetry element. Marked by x1, x2 and x3 
are the different positions of the test prod, whose influence was analyzed.  

The local IV characteristics 

As local IV characteristics the same PC1D model as described in Tab.  5.1 was used 

with slightly adopted external reflection data.   

To analyze the effect of a laterally varying illumination intensity as shown in Fig.  5.6 

many local IV characteristics with different illumination intensities Ix are needed to 

perform one distributed circuit simulation. To simplify the calculation of the local 

IV characteristics of different illumination intensities in this chapter the local 
IV characteristic ( )VJ x

local
suns  of an illumination intensity of x suns is calculated using  

( ) ( ) ( ) sun 1
,

sun 1suns 1 localsclocal
x
local JxVJVJ −−=  ( 5.2) 

with  sun 1
,localscJ :  short circuit current density achieved at an illumination     

   intensity of 1 sun.  

The difference between the resulting local IV characteristics compared to the ones 

received when the local illumination intensity is adapted directly in the PC1D model is 

low because the local IV characteristics are generated without external series 
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resistances. For example the difference in open circuit voltage comparing the results of 

both procedures for an illumination intensity of 0.8 suns is about 0.1 mV (see Fig.  5.7).  
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Fig.  5.7:  Local IV characteristic using an illumination intensity of 0.8 suns, once 

generated by adopting the illumination intensity in the PC1D model 
directly and once calculated using formula ( 5.2). 

The voltage increment of the local IV characteristics was set to 0.1 mV in the voltage 

range between 580 mV and 650 mV, which is the voltage range around the open 

circuit voltage.  

The distributed circuit model 

With an area of approximately 8 cm x 8 cm and 33 fingers the symmetry element used 

in the analysis of this chapter is comparatively big and complex in comparison to the 

symmetry elements chosen in the other chapters. To be able to perform the simulations 

all the same, the resolution of the distributed circuit model had to be chosen relatively 

low compared to the resolutions chosen in the other chapters. After all in the regarded 

case this is of minor influence, as the influence of the resolution on the simulated open 

circuit voltage is negligible compared to the influence of the analyzed illumination 

inhomogeneity. The chosen resolution parameters are given in Tab.  5.4.  
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Tab.  5.4:  Resolution of the distributed circuit model used in the analysis presented in 
chapter  5.2. 

Resolution chosen 

Number of nodes:  

• beneath the bus bar in direction perpendicular to the 

bus bar 

1 

• beneath the finger in direction parallel to the finger 5 

• beneath the finger in direction perpendicular to the 

finger 

2 

• in the region without metallization in direction 

perpendicular to the finger 

7 

The resistance parameters of the distributed circuit model were chosen as given in Tab. 

 5.2. However the metallization had to be chosen higher because with a height of 

12.5 µm the simulation was not performable on the available personal computers. To 

be able to estimate the effect of the metallization height all the same, the simulation 

results of three different metallization heights - 18 µm, 20 µm and 25 µm - are 

compared.  

Furthermore the influence of the position of the test prod on the bus bar on the 

simulated open circuit voltage is analyzed. The three different positions, which are 

analyzed, are marked in Fig.  5.6 by crosses.  

The voltage increment of the distributed circuit simulations in the voltage range around 

the open circuit voltage was set to 0.1 mV.  

5.2.3 Simulation results 

Laterally inhomogeneous illumination  

Tab.  5.5, columns A – C, summarizes the differences of the simulated open circuit 

voltage of a solar cell, which is laterally homogeneous illuminated using an 

illumination intensity of one sun, and of the same solar cell, which is illuminated with 

the illumination profile marked in red in Fig.  5.6 with the maximum value set to one.  

The difference is less than 1 mV for all three contact positions and analyzed heights of 

the front metallization.  
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The influence of the height of the front metallization is negligible in the regarded range 

of heights but might be more important for metallizations with a lower profile.  

The underestimation of the simulated open circuit voltage using a laterally 

inhomogeneous flash compared to using a laterally homogeneous one of 1 sun 

illumination intensity is higher if the test prod is positioned at the edge of the solar cell 

than in the inner regions due to the decreasing illumination intensity towards the edge 

of the solar cell.  

Tab.  5.5:  Difference in simulated open circuit voltage ∆Voc between a solar cell, 
which is laterally homogeneous illuminated using an illumination intensity 
of 1 sun, and the same solar cell, which is illuminated with    
- column A – C: the illumination inhomogeneity profile as marked in red in 
  Fig.  5.6 with its maximum set to one.   
- column D: the average illumination intensity of the profile marked in red  
 in Fig.  5.6, if its maximum is set to one.   
Three different positions of the test prod as marked by crosses in Fig.  5.6 
and three different heights of the front metallization are analyzed.  

 A B C D 

Height of the front 

metallization [µm] 
25 20 18 20 

Illumination profile Illumination profile of 

symmetry element shown in 

Fig.  5.6 

Laterally 

homogeneous 

illumination with 

0.975 suns (averaged 

illumination intensity) 

Position of the test 

prod         ↓ 
∆Voc [mV]  

x1 -0.67 -0.65 -0.65 -0.74 

x2 -0.75 -0.75 -0.75 -0.74 

x3 -0.85 -0.87 -0.88 -0.74 

Laterally homogeneous illumination using the averaged illumination intensity 

Tab.  5.5, column D, summarizes the differences of the simulated open circuit voltages 

∆Voc obtained once using a laterally homogeneous illumination of 1 sun intensity and 
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once of 0.975 suns, which is the average value of the laterally inhomogeneous profile 

shown in Fig.  5.6, if its maximum is set to one. 

If the test prod is placed in the middle of the bus bar (position x2 in Fig.  5.6), this 

difference agrees quite well with the difference, which results if the symmetry element 

is illuminated laterally inhomogeneously with the profile shown in Fig.  5.6. One 

reason for this agreement is that the local illumination intensity in the middle of the 

laterally inhomogeneous profile agrees quite well with the average value.  

Using contact position x1 the difference is higher than in the laterally inhomogeneous 

case, using contact position x3, it is lower. One reason therefore is that the local 

illumination intensity near position x1 exceeds the average value in the case of laterally 

inhomogeneous illumination and near position x3 it is less than in the inhomogeneous 

case.  

Simplified one diode model using the average illumination intensity 

If a simplified one diode model is used to calculate the difference in open circuit 

voltage according to  
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( 5.3) 

with  k:  Boltzmann constant  

T:   absolute temperature  

q:  elementary charge  
sun

scJ1 :  short circuit current density using an illumination intensity of one

 sun  

J0:  saturation current density of the one diode model   

I:  averaged illumination intensity    

I1sun:  illumination intensity of one sun 

using the averaged illumination intensity I of 0.975 suns, ∆Voc results in 0.65 mV. This 

is the lower limit of the results achieved by the distributed circuit simulations. The one 

diode model underestimates the effect using contact positions x2 and x3 since it does 

not take into account additional internal current flows due to the laterally 

inhomogeneous illumination. 
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5.2.4 Conclusions 

The laterally inhomogeneous illumination of the flash QUANTUM Qflash x2, 

mounted 87 cm above the measurement chuck, results in an underestimation of the 

open circuit voltages of less than 1 mV, if the maximum illumination intensity is set to 

one, compared to the open circuit voltage which would be achieved with a laterally 

homogeneous illumination of one sun, if an industrial like solar cell is simulated and 

one single test prod is used. This deviation is negligible for common suns-Voc 

measurements of usual industrial like solar cells. 

 



 

 

6 Laterally inhomogeneous emitter sheet 
resistance in combination with contact 
resistance 

In this chapter the effect of laterally inhomogeneous emitter sheet resistances 

on solar cell efficiency is analyzed for an industrial like solar cell structure 

by means of distributed circuit simulations. Production solar cells with flaws 

in the distribution of the emitter sheet resistance as distinguished from e.g. 

cell structures with selective emitters are analyzed. The influence of the 

emitter sheet resistance on contact resistance is considered by an 

experimentally determined dependence for screen printed contacts on 

shallow emitters with high surface doping concentration. Furthermore the 

results of the distributed circuit simulations are compared to results obtained 

by summing up the underlying local IV characteristics according to their 

area weight under consideration of effective series resistance effects. Parts 

of the results shown here are also presented in [79].  

6.1 Introduction 

Industrially fabricated silicon solar cells are large area devices, which currently have a 

cell area of typically 15.6 cm x 15.6 cm. Due to fluctuations in the diffusion furnace 

the emitter sheet resistance of such a solar cell may vary across the cell area. On the 

one hand a laterally inhomogeneous emitter may lead to contacting problems during 

the firing step. On the other hand the intrinsic properties of the laterally 

inhomogeneous emitter itself, i.e. the effective series resistance and the recombination 

properties, are expected to influence the efficiency of the finished solar cell. 

Here the last mentioned effects on solar cell results of industrially fabricated silicon 

solar cells are analyzed by distributed circuit simulation to estimate whether they affect 

the solar cell efficiency significantly in comparison to the influence of the contact 

formation during the firing process. Two different kinds of lateral inhomogeneity are 

examined.  

The results presented in this chapter complement the results presented in [80], chapter 

3.4, and [50], chapter 3.4.3. There the effect of laterally inhomogeneous emitter sheet 

resistances on IV characteristic parameters was analyzed using the class model [81], 

[82]. The class model bases on the assumption that only the distribution of the lateral 
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inhomogeneous parameter influences the IV characteristic of the solar cell and not its 

specific alignment on the solar cell. This assumption is legitimate when the different 

emitter sheet resistances are distributed statistically on the solar cell relative to the 

front metallization and when the voltage change along the metallization is negligible. 

Complementary to the class model the distributed circuit simulations take the effect of 

the voltage change along the metallization into account. The area weighted sums of the 

local IV characteristics, which are compared to the results of the distributed circuit 

simulations in this chapter, are the basis of the class model (formula (3.1) in [50]). 

Hence the comparison between the results of the distributed circuit simulations and of 

the area weighted sum of the underlying local IV characteristics under consideration of 

their effective series resistance due to emitter sheet resistance and contact resistance is 

also a comparison to the results of the class model.  

6.2 Approach 

In this chapter the IV characteristics, which are used as local IV characteristics in the 

distributed circuit simulations presented in chapter  6.3, are introduced as well as the 

used emitter profiles and the used dependence between emitter sheet resistance and 

contact resistance.  

6.2.1 Used emitter profiles and local IV characteristics 

The local IV characteristics used in the distributed circuit simulations were generated 

using PC1D [25]. An industrial like silicon solar cell was chosen with an n-doped 

emitter, a thickness of 180 µm, a textured surface and a SiN antireflection coating. The 

p-doped base resistivity was set to 3 Ohm cm, the bulk lifetime to 90 µs, which 

represents a Cz solar cell with high bulk lifetime [83]. At the rear a screen printed 

aluminum back surface field according to [84] was chosen with a constant doping 

concentration of 2 x 1019 cm-3 and a depth of 12 µm. The parameter J02 was set to  

10-8 A/cm2.  

As emitter profiles the profiles of complementary error functions were chosen, in order 

to realize a wide variety of emitter types. Measured profiles for such a wide range are 

not available. These profiles differ from actual profiles obtained by diffusing 

phosphorus into silicon (e.g. [85]), but serve as a convenient basis to estimate the 

effects. 

The influence of the emitter sheet resistance on the IV characteristics was analyzed by 

varying  
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• the PC1D depth factor and holding the front surface concentration constant. 

The front surface doping concentration was set to Nfront = 1.9 x 1020 cm-3. 

This results in a variation of the junction depth between 0.18 µm and 

0.90 µm for emitter sheet resistances between 125 Ohm/sq and 25 Ohm/sq.  

• the front surface doping concentration. The PC1D depth factor was set to 

0.15015 µm, which results in front surface doping concentrations between 

4.2 x 1020 cm-3 and 6.2 x 1019 cm-3 for emitter sheet resistances between 

25 Ohm/sq and 125 Ohm/sq. 

In both cases the front surface recombination velocity of the models used to generate 

the local IV characteristics of the not metalized regions was determined according to 

[63] using 
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( 6.1) 

with S0 = 70 cm/s and Nref = 7 x 1017 cm/s under consideration of a factor three due to 

the textured front surface ([86], chapter 5.1). It has to be kept in mind that the used 

front surface recombination velocity according to formula ( 6.1) represents only an 

assessment of actual front surface recombination velocities amongst others because it 

was determined for oxidized surfaces.  

For the local IV characteristics of the metalized regions the front surface 

recombination velocity was set to 107 cm/s. This corresponds to the thermal velocity in 

n-type <111> silicon (more precisely: 5.2 x 106 cm/s, see [10], chapter 5.4.3). 

The peak position was located at the front surface. Fig.  6.1 shows examples of the used 

profiles. 
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Fig.  6.1:  Examples of the used emitter profiles (complementary error function), 

generated using PC1D  ;  
a) Varying front surface doping concentration;    
b) Varying emitter depth. 

In Fig.  6.2 the IV characteristic parameters Voc, Jsc and efficiency using varied emitter 

sheet resistances are compared to the results of the PC1D model using an emitter sheet 

resistance of 25 Ohm/sq.  
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Fig.  6.2:  Comparison of the IV characteristic parameters Voc (a), Jsc (b) and 

efficiency (c) generated by the PC1D model, which was used to generate 
the local IV characteristics of the distributed circuit model. Compared are 
the results of the model using the emitter sheet resistance given at the 
x-axis to the results of the model using an emitter sheet resistance of 
25 Ohm/sq. 

Jsc is influenced more than Voc due to the decreasing Auger-recombination with 

increasing emitter sheet resistance close to the pn-junction. The combined variation of 

Sfront and Nfront results in a higher increase in Voc than the variation of the emitter depth. 

The gradient in all parameters decreases with increasing emitter sheet resistance. 

6.2.2 Dependence between emitter sheet resistance and contact resistance 

The contact resistance depends on the surface concentration of the doping [58]. The 

contact resistances of conventional screen printed contacts are usually much higher 

than the contact resistances given in [58] ([87], Table 2.1). Therefore the dependence 

of the contact resistance on the emitter sheet resistance was determined by 

E. A. Wotke and U. Belledin for Czochralski (Cz) solar cells with random pyramids 

and acidly textured multicrystalline (mc) solar cells with industrial like shallow 

emitters with high surface doping concentration (between 1020 cm-3 and 1021 cm-3) and 
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screen printed front contacts. All contacts were fired under equal conditions. The 

results are shown in Fig.  6.3.  
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Fig.  6.3:  Dependence of the contact resistance on the emitter sheet resistance, 

determined for Cz and mc solar cells with industrial like emitters and 
screen printed front contacts. The same symbols are used for emitters 
obtained by the same deposition and drive in times, but using different 
temperatures. All contacts were fired at the same temperature. The 
experiment was performed by E. A. Wotke and U. Belledin.  

The contact resistance at the mc-material shows only a minor dependence on the 

emitter sheet resistance.  

To estimate a range of the influence of the emitter sheet resistance in correlation with 

contact resistance on solar cell parameters the distributed circuit simulations were 

carried out using the dependence determined for the Cz wafers. This is 
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It has to be kept in mind, that the results in this chapter are based on dependence ( 6.2), 

which is individual for the process analyzed. Especially for emitters with lower front 
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surface concentration the dependence between contact resistance and emitter sheet 

resistance will show a steeper slope.  

Furthermore no shunting problems are taken into account, which might occur in the 

case of shallow emitters and high contact firing temperatures. 

6.3 Simulation results 

In a first step the properties of solar cells with an industrial like grid structure and with 

laterally homogeneous emitter sheet resistances are described using distributed circuit 

simulations as presented in chapter  3. Three levels of emitter sheet resistance are 

analyzed: 50 Ohm/sq, 75 Ohm/sq and 100 Ohm/sq. In a second step the effect of a 

laterally varying emitter sheet resistance on IV characteristic parameters is investigated 

by distributed circuit simulations and at last, these results are compared to the results 

of the area weighted mean of the local IV characteristics under consideration of series 

resistance effects.  

6.3.1 Laterally homogeneous emitter sheet resistance 

Optimum distance between two adjacent fingers 

Real solar cells are usually fabricated with the optimum distance between two adjacent 

fingers aiming at maximum solar cell efficiency. Therefore for the three analyzed 

emitter sheet resistances the distance between two adjacent fingers was varied and the 

distance, which results in the highest efficiency, was used in the following simulations. 

The results are given in Tab.  6.1. Further solar cell parameters, which were used in all 

distributed circuit simulations of this chapter, are given in Tab.  6.2. They were chosen 

to represent industrial silicon solar cells with conventional screen printed front 

contacts. The used symmetry element is shown in Fig.  6.4. The resolution of the 

distributed circuit model is the same as the chosen one in Tab.  4.2. 
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Tab.  6.1: Optimum distance between two adjacent fingers regarding the solar cell 
efficiency, determined using distributed circuit simulations and the 
IV characteristics of the PC1D-models presented in chapter  6.2.1 as local 
IV characteristics. The used emitters have an electrical active front surface 
doping concentration of 1.9 x 1020 cm-3. Further parameters are given in 
Tab.  6.2. 

Rsheet [Ohm/sq] 50 75 100 

Optimum distance 

between two adjacent 

fingers [mm] 

2.2 1.9 1.7 

 

Tab.  6.2: Parameters used in the distributed circuit simulations of this chapter.  

Length of the fingers between bus bar and 

edge of the symmetry element  

[cm] 3.8 

Width of the bus bar [mm] 2 

Width of the finger [µm] 100 

Height of the metallization (bus bar and 

finger)  

[µm] 15 

Position of the measurement node  In the middle of the 

symmetry element 

Specific resistivity of the metallization [Ohm cm] 3.2 x 10-6 
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Fig.  6.4:  Marked in red is the symmetry element used in the distributed circuit 

simulations shown in this chapter.  

Comparison of two types of emitter sheet resistance variation 

The emitter sheet resistances were once varied by varying  

• the front surface doping concentration and front surface recombination 

velocity 

• the PC1D depth factor and holding the front surface doping concentration 

constant 

according to chapter  6.2.1.  

The resulting IV characteristic parameters obtained by distributed circuit simulations 

are compared in Fig.  6.5. 
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Fig.  6.5: Results of the distributed circuit simulations with laterally homogeneous 

emitter sheet resistance. Shown is the relative difference in Jmpp (a), 
Vmpp (b) and efficiency (c) of a solar cell with emitter sheet resistance as 
given on the x-axis compared to a solar cell with an emitter sheet 
resistance of 50 Ohm/sq. The emitter sheet resistance was once varied by 
varying the front surface doping concentration and once by varying the 
depth factor in the PC1D model used to generate the local 
IV characteristics.   

For both kinds of variation Jmpp firstly increases with increasing emitter sheet 

resistance, which is due to the increasing current density in the local IV characteristics, 

and decreases with further increasing emitter sheet resistance, which is due to the 

increasing fraction of metalized front. 

Vmpp decreases in both kinds of variation with increasing emitter sheet resistance due to 

an increase in effective series resistance. In the case of decreasing front surface doping 

concentration the decrease is smaller due to the correlated decrease in front surface 

recombination velocity.  
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As result the efficiency in the last mentioned case firstly increases slightly, before it 

decreases with further increasing emitter sheet resistance. In the other case the increase 

in Jmpp is overcompensated by the decrease in Vmpp, which results in a decreasing cell 

efficiency with increasing emitter sheet resistance. 

6.3.2 Laterally inhomogeneous emitter sheet resistance 

Analyzed structures 

Two structures were used to analyze the effect of a laterally inhomogeneous emitter 

sheet resistance (Fig.  6.6). 

 
Fig.  6.6: Structures used to analyze the effect of laterally inhomogeneous emitter 

sheet resistances.  

For simplicity only three different emitter sheet resistances were used. In structure 1, 

the contact resistance may be influenced by the varying emitter sheet resistance. This 

structure may occur in a diffusion furnace with laterally inhomogeneous temperature 

distribution or gas flow. Structure 2, which is quite artificial for real solar cells, was 

used to simulate the effect of a laterally inhomogeneous emitter sheet resistance, 

whose inhomogeneity is not connected to the front contacts.  

The area share in total area with Rsheet,1 or Rsheet,2 is  

• 19.5% in structure 1,  

• 21.0% in structure 2.  

The area share in metalized area is 12.5% for the metalized regions with Rsheet,1 or 

Rsheet,2 in structure 1. 
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The emitter sheet resistance in all simulations was distributed symmetrically, which 

means 
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Two cases of/levels of inhomogeneity were analyzed:  

 ∆Rsheet = 20% Rsheet,2 and 

 ∆Rsheet = 25 Ohm/sq. 

Already the first one represents a quite strong inhomogeneity compared to the ones 

which occur on real solar cells. But as will be seen in the next paragraph, the influence 

on solar efficiency is quite low. Therefore the second case was analyzed to consider 

more severe effects.  

Results of the distributed circuit simulations 

Fig.  6.7 shows the effect of these inhomogeneities on cell efficiency compared to a 

solar cell with laterally homogeneous emitter sheet resistance. 

All simulation results show a decrease in efficiency compared to the homogeneous 

case. As emitter sheet resistance distributions, which are symmetrical to their mean 

value, were assumed, this is due to the fact, that the efficiency loss towards lower 

emitter sheet resistances is higher than the efficiency gain towards higher emitter sheet 

resistances in the underlying local IV characteristics (Fig.  6.2).  

The efficiency decrease solely due to emitter sheet resistance (Fig.  6.7b) and Fig. 

 6.7c)) is stronger in the case of lower emitter sheet resistances than of higher ones. 

This is caused by the steeper slopes of the IV characteristics in the regions of lower 

emitter sheet resistances. 
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Fig.  6.7: Results of the distributed circuit simulations of solar cells with laterally 

inhomogeneous emitter sheet resistance. Shown is the relative difference in 
efficiency compared to a solar cell with laterally homogeneous emitter 
sheet resistance for structure 1 (a) and b)) and structure 2 (c)). For 
structure 1, the distributed circuit simulations were carried out with (a) 
and without (b) adjusting the contact resistivity. 

The efficiency loss for the simulations with an inhomogeneity of ∆Rsheet = 20% is less 

than 0.15% relative in all cases, which is less than the achievable measurement 

accuracy. 

If the dependence between emitter sheet resistance and contact resistance according to 

equation (1) is considered, the decrease in efficiency towards higher emitter sheet 

resistances and higher variations in emitter sheet resistance is increased (Fig.  6.7a) 

compared to Fig.  6.7b)).  

The effect of structure 1 without adjusting the contact resistance (Fig.  6.7b)) and 

structure 2 (Fig.  6.7c)) on solar cell efficiency is very similar. The distributed circuit 

simulations confirm that in cases, when only the emitter sheet resistance varies, the 

emitter sheet resistance distribution and an appropriate averaging method is sufficient 
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to calculate the effect on the solar cell IV characteristics ([50], chapter 3.4.3). This 

result will also be confirmed by the following analysis.  

Comparison between results of distributed circuit simulations and area weighted 

mean of IV characteristics 

The area weighted mean IV characteristic Jmean(V) of the local IV characteristics under 

consideration of effective series resistance effects Jlocal,Rseff(V,Rsheet) was calculated 

according to 
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with  Atotal:  area of the whole simulated section    

Ai:  area with emitter sheet resistance Rsheet,i. 

For structure 1, the effective series resistances of the different emitters RSheet
eff were 

considered using in the local IV characteristics 
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with  wf:  width of one finger. 

The resistances of the metallization are equal in the compared structures. Furthermore 

in the following only relative differences in solar cell efficiency are compared. 

Therefore the resistances of the metallization were neglected in the calculation of the 

area weighted mean IV characteristic. But it has to be kept in mind that these 

resistances result in a further rounding of the illuminated IV characteristic in the region 

of maximum power, which is not taken into account but might influence the resulting 

efficiency differences slightly.  

A derivation of the calculation of the different effective series resistances of a solar 

cell can be found e.g. in [13], chapter 6.2.2. Furthermore in [32], page 17, an overview 

is given.  
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For structure 2, only the effect of the emitter was considered as the remaining 

resistances are equal in the compared structures. Again this might influence the 

calculated efficiency differences slightly.  

To calculate the effective series resistance of the emitter, firstly the voltage change in 

the emitter in direction perpendicular to the fingers has to be known. Therefore the 

following boundary value problems have to be solved in the regions with changing 

emitter sheet resistance in direction perpendicular to the fingers (see [88]) 

( )

( ) ( )
( )

( ) ( ) ( ) ( ) .for         and   lwith   

  )(

,   and  0for       and   0with   

   )(

2121221112

22,2
2

2

2111

11,2
1

2

lxllUlUUlU

UJR
dx

xUd

dxllxVdUVU

UJR
dx

xUd

sheet

fextfext

sheet

≤≤==

=

≤≤≤≤==

=

 

( 6.7) 

The abbreviations are explained in Fig.  6.8, which shows the profile of the section with 

changing emitter sheet resistance in direction perpendicular to the fingers. 

 
Fig.  6.8:  Profile of the section of structure 2 with changing emitter sheet resistance 

in direction perpendicular to the fingers.  

As in the derivation of formula ( 6.5) the current density at the maximum power point 

Jmpp is regarded, as this is the region of the IV characteristic, which is influenced most 

by series resistance effects. Furthermore, the current density of the whole structure is 

assumed to be constant. Thus the remaining differential equations can be solved 

analytically and the power loss P in the regarded section with width w in direction 

parallel to the fingers can be calculated according to 
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The effective series resistance results from  

( )2,
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( 6.9) 

For the regarded solar cell section 2 with l1 = df/4 = 0.55 mm Tab.  6.3 gives examples 

of the resulting effective series resistances.  

Tab.  6.3:  Examples of effective series resistances for the region in structure 2 with 
changing emitter sheet resistance in direction perpendicular to the fingers.  

Rsheet,1 [Ohm/sq] Rsheet,2 [Ohm/sq] Rsheet,eff [Ohm cm2] 

Jmpp = 33.5 mA/cm2, Vmpp = 524.2 mV 

50 25 0.19 

50 75 0.21 

Jmpp = 33.7 mA/cm2, Vmpp = 521.2 mV 

75 50 0.22 

75 100 0.24 

Jmpp = 33.6 mA/cm2 and Vmpp = 515.2 mV 

100 75 0.25 

100 125 0.27 

As the differences in effective emitter sheet resistance are very low, the mean value for 

each of the three emitter sheet resistance levels is chosen to simulate the local 

IV characteristics under consideration of effective series resistance effects. 

Fig.  6.9 compares the results of the distributed circuit simulations and of the area 

weighted mean IV characteristics under consideration of the effective series 

resistances. Shown are the relative differences in efficiency of a solar cell with 

laterally inhomogeneous emitter sheet resistance compared to the efficiency of one 

with laterally homogeneous emitter sheet resistance. 
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Fig.  6.9:  Comparison between the results of the distributed circuit simulations and 

of the area weighted mean IV characteristic of the underlying local 
IV characteristics under consideration of the effective resistances of the 
emitter sheet resistance and contact resistance for structure 1 and of the 
emitter sheet resistance for structure 2. Shown is the relative difference in 
efficiency compared to a solar cell with laterally homogeneous emitter 
sheet resistance for structure 1 (a) and structure 2 (b).  

For both structures the differences in efficiency between the results of the distributed 

circuit simulation and of the area weighted mean are very low. This shows that for the 

analyzed structures distributed effects, which are not considered in the area weighted 

mean, are of minor importance. These are e.g. 

• that not all local diodes operate at the same voltage due to the voltage 

increase along the fingers and the emitter, 

• further lateral effects which are not considered in the calculation of the 

effective series resistances as e.g. the current flow in the emitter in direction 

parallel to the fingers,  

• the approximation in the calculation of the effective series resistance of the 

emitter.  
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Therefore for structures with current flows whose directions are easily to predict the 

effects of laterally inhomogeneous emitter sheet resistances can also be estimated by 

the area weighted mean, provided all relevant effective series resistance effects are 

taken into account.   

6.4 Conclusions 

The effect of laterally inhomogeneous emitter sheet resistances were analyzed using 

distributed circuit simulations. The results were also compared to results generated by 

the area weighted mean of the local IV characteristics under consideration of effective 

series resistance effects.  

In the case of a moderate relation between contact resistance and emitter sheet 

resistance, a distribution of emitter sheet resistances symmetrical to its mean value 

results in a decrease in cell efficiency compared to a solar cell with a laterally 

homogeneous emitter sheet resistance with the mean value.  

In the analyzed cases the efficiency loss due to a laterally inhomogeneous emitter sheet 

resistance with a variation of +/-20% on a cell area of 20% is less than 0.15%, which is 

less than the measurement accuracy. The effect may be increased when the emitter 

profiles differ from the analyzed ones or the contact resistance shows a stronger 

dependence on emitter sheet resistance. Hence a laterally inhomogeneous emitter 

influences the solar cell efficiency primarily by its effect on the contact formation 

during the firing step.  

Furthermore the effect of a laterally inhomogeneous emitter sheet resistance on solar 

cell efficiency may also be estimated by averaging the local IV characteristics 

according to their area share under consideration of effective series resistance effects.  

The advantage of distributed circuit simulations compared to the area weighted mean 

is, that the current paths do not have to be known in advance, provided the resolution 

of the distributed circuit model is chosen sufficiently high (see chapter  3.5). 

Furthermore different lateral inhomogeneities can easily be combined (see 

chapter  8.5.3).  



 

 

7 Solar cells with semiconductor fingers 

In this chapter solar cells with another kind of laterally inhomogeneous 

emitter sheet resistance are analyzed using distributed circuit simulations: 

Solar cells with semiconductor fingers [8], [9]. Solar cells with 

semiconductor fingers feature semiconductor fingers perpendicular to the 

conventional metal grid fingers. Semiconductor fingers are characterized by 

a diminished emitter sheet resistance compared to the one of the surrounding 

emitter. This structure allows an increased distance between two adjacent 

metal fingers without decreasing the efficiency of the solar cell.   

7.1 Introduction 

The idea to use highly doped semiconductor lines perpendicular to the metal fingers 

originates from Wenham, Mai, Tjahjono, Ji and Shi (see patent applications [89] and 

[90]), who also fabricated the first solar cells using this technique in 2005 [8], [9]. 

A schematic of the front of a section of a silicon solar cell with semiconductor fingers 

is shown in Fig.  7.1. The regions of the emitter which are heavily doped compared to 

the lightly doped surrounding emitter are called semiconductor fingers.  

 
Fig.  7.1:  Schematic of the front of a section of a silicon solar cell with 

semiconductor fingers.  
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Concerning the front contact between metal and semiconductor two possible 

realizations are analyzed in this chapter (Fig.  7.2):  

• The contact between semiconductor and metal is performed beneath the 

whole length of the metal fingers (pattern A in Fig.  7.2). Therefore the whole 

region beneath the fingers has to be doped appropriately, i.e. heavily, to 

receive an ohmic contact with low contact resistance [58].  

• The contact between semiconductor and metal is performed only in the 

regions beneath the metal fingers, where the semiconductor fingers meet the 

metal fingers (pattern B in Fig.  7.2). The lightly doped emitter regions 

beneath the metal fingers are electrically isolated from the metal using an 

appropriate coating. This pattern is realized in the work of Wenham, Mai et 

alteri [8], [9]. 

 
Fig.  7.2:  Schematic of the two different front contact patterns simulated in this 

chapter. Shown is the profile of the solar cell beneath one metal finger. In 
pattern A, the whole metal finger is contacted to the emitter beneath it. To 
receive an ohmic contact with low contact resistivity the emitter in the 
region beneath the metal finger has to be doped heavily. In pattern B the 
metal fingers are only contacted to the emitter in regions, where the 
semiconductor fingers meet the metal fingers. The remaining areas 
between metal finger and lightly doped emitter are separated by an 
insulating layer, which also provides for a low surface recombination 
velocity in these regions. 

In solar cells with semiconductor fingers a fraction of the majority carriers in the 

emitter flows straightforward into the nearest semiconductor finger. Afterwards the 

semiconductor finger conducts them to the metal fingers. The amount of this fraction 

depends on the gradient between both emitter doping densities and on the kind of 

contact scheme (pattern A or B). 

The advantages of solar cells with semiconductor fingers (both contact patterns) 

compared to conventional silicon solar cells without semiconductor fingers are:  
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• The distance between two adjacent metal fingers can be increased without 

diminishing the solar cell efficiency due to the high conductivity of the 

semiconductor fingers. This reduction of front contact area has two effects:   

o On the one hand, the open circuit voltage is increased compared to 

the one of solar cells without semiconductor fingers as the area 

fraction with contact between metal and semiconductor is 

decreased, which is characterized by a high surface recombination 

velocity.  

o On the other hand the generated current density is also increased 

due to the diminished area, which is shaded by the contacts.  

• As the doping density in the lightly doped emitter regions can be diminished 

compared to conventional solar cells without semiconductor fingers, the 

Auger-recombination is decreased in these regions. This results in a higher 

generation rate compared to conventional solar cells without semiconductor 

fingers.  

Comparing both contact patterns (Fig.  7.2), pattern A has a greater contact area and 

therefore a greater area with increased front surface recombination velocity than 

pattern B. Furthermore in case of contact pattern A the whole region beneath the 

fingers has to be doped heavily in addition to the semiconductor fingers. However to 

produce solar cells with contact pattern A in an industrial environment without 

photolithographic steps common and well known contact materials and procedures as 

well as common anti reflection coatings can be used, whereas for pattern B special 

insulating layers and/or metallization materials and procedures have to be used to 

avoid shunting in the lightly doped regions beneath the fingers.  

The heavily doped regions beneath the fingers and the semiconductor fingers may be 

produced using laser chemical processing [91].  

In this chapter the effect of semiconductor fingers on solar cell IV characteristic 

parameters is analyzed using distributed circuit simulations. The aim is to optimize the 

structure with regard to the solar cell efficiency.  

The work presented in this chapter was performed in collaboration with Daniel Kray.  
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7.2 Distributed circuit model and underlying PC1D models 

7.2.1 Distributed circuit model 

Fig.  7.3 shows a schematic of the symmetry element used in the distributed circuit 

simulations presented in this chapter and the used dimensions. The symmetry element 

covers half of the region between two adjacent metal fingers, half of one metal finger 

in direction perpendicular to it, half of one semiconductor finger in direction 

perpendicular to it and half of the distance between two adjacent semiconductor 

fingers.  

 
Fig.  7.3:  Schematic of the symmetry element and dimensions used in the distributed 

circuit simulations presented in this chapter. 

The main issue of the simulations presented in this chapter is the optimization of the 

distance between two adjacent metal fingers and simultaneously the optimization of 

the distance between two adjacent semiconductor fingers with regard to the solar cell 

efficiency. Hence as a first approximation the particular characteristics of the 

metallization were neglected in the simulations performed for the analyses of this 

chapter. Therefore in the distributed circuit models used in this chapter the whole 

finger is contacted with external contacts in case of contact pattern A. In case of 

pattern B the region above the area with contact between metal and semiconductor is 

contacted externally. In this way resistance losses due to the metallization are 

neglected.  

The contact resistance between metal and semiconductor was set to 0.0001 Ohm cm2 

in case of one kind of optimization simulations. This value corresponds rather to the 

contact resistances of photolithographically produces solar cells ([32], page 30). In 

case of another kind of optimization simulations the contact resistance was set to 

0.003 Ohm cm2, which corresponds to screen printed contacts.  
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The effect of the resolution of the distributed circuit model was analyzed by varying 

the resolution parameters given in Tab.  7.1 independently of each other. Therefore the 

analyzed resolution parameter was set as given in the table while the other parameters 

were set to lower values. The simulated fill factors achieved once using the number of 

nodes called “chosen” and once using the number of nodes called “high” differ less 

than 0.005% relative when the local IV characteristics are generated by a PC1D model 

similar to the one described below using an emitter sheet resistance of 350 Ohm/sq in 

the lightly doped region and of 4.3 Ohm/sq in the heavily doped region, a contact 

resistance of 0.0001 Ohm cm2 and contact pattern A.  

The voltage increment was set to 5 mV for the simulation of the whole 

IV characteristic between 0 mV and voltages around the open circuit voltage and to 

0.1 mV around the maximum power point.  

Tab.  7.1:  Resolution parameters of the distributed circuit model used in this chapter. 
The number of nodes called “chosen” is used in the distributed circuit 
simulations used in this chapter, the number of nodes called “high” is used 
as highest number of nodes, which was used to analyze the effect of the 
resolution on the simulated fill factor.  

Number of nodes chosen high 

• beneath the finger in direction 

perpendicular to it 

9 21 

• in the area without finger in direction 

perpendicular to the finger 

33 63 

• beneath the semiconductor finger in 

direction perpendicular to it 

5 11 

• in the area of the lightly doped emitter 

in direction perpendicular to the 

semiconductor finger 

11 31 

7.2.2 Local IV characteristics 

The local IV characteristics were generated using PC1D. The used parameters are 

given in Tab.  7.2.  
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Tab.  7.2:  Parameters of the PC1D model used to generate the local 
IV characteristics of the distributed circuit simulations presented in this 
chapter.  

Surface texturing 3 µm Internal shunt elements 

Surface charge No Conductor 5 x 107 S 

External 

reflectance 

Measured data Diode No 

Base resistivity 

(p-type) 

0.5 Ohm cm Emitter diffusion See Tab.  7.3 

Internal reflectance 

Front surface 

Bulk recombination 

First bounce  

Subsequent 

bounce 

76 specular 

96 specular 

τn, τp 

Et vs. Ei 

342.6 µs 

0 eV 

Recombination velocities Rear surface 

First bounce 

Subsequent 

bounce 

98 specular 

96 specular 
Front surface   

Rear surface 

See Tab.  7.3 

190 cm/s 

  Cell thickness 250 µm 

The emitter profiles and front surface recombination velocities were adapted according 

to the different emitter regions of the symmetry element.  

The emitter profile used in the PC1D model used to generate the local 

IV characteristics of the semiconductor finger region and – in contact pattern A – also 

of the region beneath the metal fingers, has a very deep profile resulting in a junction 

depth of more than 2 µm. Its doping concentration at the surface is approximately 

2 x 1020 cm-3. The used emitter profile results in an emitter sheet resistance of 

4.3 Ohm/sq according to [92].  

In the lightly doped region the effect of two different emitter profiles is compared: 

• One profile is shallow resulting in a junction depth of less than 0.25 µm. Its 

front surface doping density is approximately 4.3 x 1019 cm-3. The resulting 

emitter sheet resistance is approximately 350 Ohm/sq.  
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• The second profile is deeper with a junction depth of approximately 1.1 µm. 

Its surface doping concentration is 3.8 x 1018 cm-3 and its emitter sheet 

resistance approximately 150 Ohm/sq.  

The front surface recombination velocities were adapted according to formula ( 6.1). 

Tab.  7.3 gives an overview of the features of the three emitter profiles.  

Tab.  7.3: Data of the three different emitter profiles (n-type) used in the PC1D models, 
which were used to generate the local IV characteristics of the distributed 
circuit models presented in this chapter.  

Notation Junction depth 

[µm] 

Surface 

doping 

concentration 

[µm] 

Emitter sheet 

resistance 

[Ohm/sq] 

Front surface 

recombination 

velocity 

[cm/s] 

Semiconductor 

finger 

> 2 2 x 1020 4.3 570000 

350 shallow < 0.25 4.3 x 1019 350 13500 

150 deep 1.1 3.8 x 1018 150 1140 

The voltage increment of the local IV characteristics was chosen to be 0.5 mV in a 

voltage range between 0 mV and 700 mV.  

Local IV characteristic results 

Fig.  7.4 shows the local dark IV characteristics. Both IV characteristics of the 

semiconductor finger – the one used in the passivated region and the one used in areas 

with contact between metal and semiconductor – lie on top of each other.  

The dark IV characteristics of the lightly doped regions differ in the passivated area 

and in areas with contact between metal and semiconductor. Their current densities in 

the areas with contact between metal and semiconductor are even higher than the ones 

of the semiconductor finger.  
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Fig.  7.4:  Local dark IV characteristics. The ones displayed by lines are used in the 
areas with passivated front surface, the ones displayed by triangles are 
used in areas with contact between metal and semiconductor.  

The short circuit current density Jsc, open circuit voltage Voc and efficiency of the local 

illuminated IV characteristics are given in Tab.  7.4. The local IV characteristic denoted 

150 deep obtains a higher open circuit voltage than the one denoted 350 shallow due to 

its lower front surface recombination velocity.  

Tab.  7.4: Illuminated IV characteristic parameters of the local IV characteristics.  

Notation  Jsc [mA/cm2] Voc [mV] Efficiency [%] 

Semiconductor 

finger 

26.8 639.4 14.3 

350 shallow 40.5 664.9 22.6 

150 deep 40.4 681.4 23.2 
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7.3 Results of the distributed circuit simulations  

In this chapter the simulated illuminated IV characteristic parameters are compared for 

a variation of different features of the symmetry element.  

To be able to analyze the influence of different solar cell parameters on the illuminated 

IV characteristic separately, firstly the results are presented, which are obtained, when 

the distance between two adjacent metal fingers and the distance between two adjacent 

semiconductor fingers is varied while all other parameters of the distributed circuit 

model are kept constant (chapter  7.3.1). 

Afterwards the influence of the contact resistance, of the emitter sheet resistance in the 

lightly doped region, of the width of the semiconductor finger and of the contact 

pattern as introduced in Fig.  7.2 on the illuminated IV characteristic parameters is 

analyzed, while the distance between two adjacent semiconductor fingers is kept 

constant (chapter  7.3.2). 

In chapter  7.3.3, the results obtained by distributed circuit simulations are compared to 

the ones calculated using the area weighted mean IV characteristic of the local, series 

resistance free IV characteristics.  

At last the simulated maximum efficiencies for each distance between two adjacent 

semiconductor fingers are summarized (chapter  7.3.4).  

7.3.1 Variation of the distance between two adjacent metal fingers and 
between two adjacent semiconductor fingers 

Fig.  7.5 shows the simulated illuminated IV characteristic parameters which are 

obtained using  

• an emitter sheet resistance of 350 Ohm/sq in the lightly doped region and the 

according PC1D model called 350 shallow in the previous chapter,  

• a contact resistance between metal and semiconductor of 0.0001 Ohm cm2,  

• a width of the semiconductor finger of 15 µm on the symmetry element and  

• contact pattern A according to Fig.  7.2.  

The distance between two adjacent metal fingers is varied along the x-axis while the 

variation of the distance between two adjacent semiconductor fingers is shown by 

using different colors and symbols in the graphs. Please keep in mind: In the symmetry 

element only half of the distance between two adjacent metal fingers and half of the 

distance between two adjacent semiconductor fingers is included.  
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Fig.  7.5:  Simulated IV characteristic parameters using a symmetry element with 

semiconductor fingers as shown in Fig.  7.3. The parameters given in the 
upper figure caption are kept constant while the distance between two 
adjacent metal fingers is varied along the x-axis and the distance between 
two adjacent semiconductor fingers is varied as given in the lower figure 
caption. The meaning of the numbered black arrows is explained on 
page 117. 
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Effect on short circuit current density and open circuit voltage (Fig.  7.5 a and b) 

Short circuit current density and open circuit voltage increase with increasing distance 

between two adjacent metal fingers due to the decreasing fraction of metalized and 

therefore shadowed area in total area (arrow (1) in the figures).  

Both parameters decrease with decreasing distance between two adjacent 

semiconductor fingers due to the increasing area fraction of the semiconductor finger 

in total area (arrow (2) in the figures) as the semiconductor finger has a lower local 

short circuit current density and lower local open circuit voltage than the area with 

lightly doped emitter.  

Effect on current density at the maximum power point (Fig.  7.5 c) 

The increase marked by arrow (1) and the decrease marked by arrow (2) in the figure 

can be explained analogical to the behavior of the short circuit current density.  

But in addition the increase in short circuit current density is followed by a decrease 

with increasing distance between two adjacent metal fingers, which is visible in the 

analyzed cases regarding a distance of 1745.5 µm and more between two adjacent 

semiconductor fingers (arrow (3) in Fig.  7.5 c). This behavior is due to the increasing 

effective series resistance with increasing distance between two adjacent metal fingers.  

Effect on voltage at the maximum power point (Fig.  7.5 d) 

The voltage at maximum power point is dominated by series resistance effects and 

therefore decreases with increasing distance between two adjacent metal fingers 

(arrow (1) in the figure) and increases with decreasing distance between two adjacent 

semiconductor fingers (arrow (2) in the figure).  

Effect on fill factor and solar cell efficiency (Fig.  7.5 e and f) 

The behavior of the fill factor is dominated by the behavior of the voltage at maximum 

power point. 

The solar cell efficiency is mainly the product of voltage and current density at the 

maximum power point. The efficiency-characteristics of the solar cells with constant 

distance between two adjacent semiconductor fingers (simulated efficiencies, which 

are displayed by identical symbols and colors) have a maximum, whose position 

moves to greater distances between two adjacent metal fingers with decreasing 

distance between two adjacent semiconductor fingers (maxima encircled in Fig.  7.5 f). 

Furthermore these characteristics become flatter with decreasing distance between two 

adjacent semiconductor fingers.  
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The maximum efficiency of 21.2% within the comparison presented here should be 

achieved – according to the simulations – using a distance between two adjacent 

semiconductor fingers of approximately 900 µm and a distance between two adjacent 

metal fingers of approximately 1.6 mm, or a distance between two adjacent 

semiconductor fingers of approximately 510 µm and a distance between two adjacent 

metal fingers of approximately 2.0 mm. But after all the simulated maximum cell 

efficiencies within this comparison vary only between 20.9%, which is achieved for a 

distance between two adjacent semiconductor fingers of 245.1 µm and a distance 

between two adjacent metal fingers of 2.4 mm, and 21.2%. Without semiconductor 

fingers, the maximum solar cell efficiency of 21.0% should be achieved using a 

distance between two adjacent metal fingers of 1.2 mm. 

It has to be kept in mind, that the simulations presented here were performed 

neglecting the resistances of the front metallization. If these were included the 

simulated solar cell efficiencies would be less than the ones shown here. As the total 

amount of current, which flows through one metal finger increases with increasing 

distance between two adjacent metal fingers, the efficiency decrease due to the 

resistance of the front metallization compared to the results shown here is expected to 

increase with increasing distance between two adjacent metal fingers.  

7.3.2 Constant distance between two adjacent semiconductor fingers 

To be able to analyze the influence of a variety of solar cell parameters on the 

simulated illuminated IV characteristic parameters, in this chapter the distance between 

two adjacent semiconductor fingers is kept constant (512.5 µm), while the distance 

between two adjacent metal fingers is varied and  

• two different underlying local IV characteristics in the lightly doped region 

are used as introduced in chapter  7.2.2 (with emitter sheet resistance of 

350 Ohm/sq and of 150 Ohm/sq) 

• two different contact resistances between metal and semiconductor are used 

(0.0001 Ohm cm2 and 0.003 Ohm cm2), 

• two different widths of the semiconductor finger (15 µm and 30 µm on the 

symmetry element) are used and  

• contact pattern A (full contact between metal finger and emitter) and contact 

pattern B (point contacts between metal finger and emitter) as shown in Fig. 

 7.2 are used. 
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Fig.  7.6 shows the illuminated IV characteristic parameters obtained by distributed 

circuit simulations for this kind of parameter variation. 
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Fig.  7.6: Simulated illuminated IV characteristic parameters of a symmetry element 

with constant distance between two adjacent semiconductor fingers 
(512.5 µm) obtained using distributed circuit simulations. The distance 
between two adjacent metal fingers was varied (x-axis) as well as the 
parameters given in the legend. 
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Effect on short circuit current density (Fig.  7.6 a) 

The short circuit current density-characteristics are similar in all analyzed cases with 

exception of the one using doubled width of the semiconductor finger (open blue 

squares). This is due to the diminished local short circuit current density in the area 

with semiconductor finger compared to the one in the area with lightly doped emitter. 

Effect on open circuit voltage (Fig.  7.6 b) 

The simulations performed using an emitter sheet resistance of 150 Ohm/sq and the 

according local IV characteristics in the lightly doped region (black closed squares) 

result in higher open circuit voltages than the ones performed using an emitter sheet 

resistance of 350 Ohm/sq and the according local IV characteristics in this region. This 

is due to the difference in local open circuit voltages between the local 

IV characteristics.  

The simulations using contact pattern B (open red circles and open green triangles) 

result in higher open circuit voltages than the comparable simulations using contact 

pattern A (closed red circles and closed green triangles) due to the diminished area 

with a front surface recombination velocity of 107 cm/s. 

As the open circuit voltage is not much influenced by series resistance effects the 

simulated open circuit voltages do not differ, when a contact resistance of 

0.0001 Ohm cm2 or 0.003 Ohm cm2 is used, provided the same contact pattern is used 

(red circles and green triangles).  

The open circuit voltages obtained using a doubled width of the semiconductor finger 

(open blue squares) is lower than the ones obtained using a smaller semiconductor 

finger due to the reduced local open circuit voltage of the semiconductor finger.  

Effect on current density at maximum power point (Fig.  7.6 c) 

The Jmpp-characteristics of the simulations using contact pattern B and a contact 

resistance of 0.003 Ohm cm2 (open green triangles and open blue squares) are lower 

than the other Jmpp-characteristics due to the combination of increased contact 

resistance and diminished contact area compared to the other simulations. This results 

in a higher effective series resistance due to current crowding effects ([55] and Fig. 

 3.3), which diminishes Jmpp. The effect increases with increasing distance between two 

adjacent metal fingers due to the increasing amount of generated current.  
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The Jmpp-characteristic of the symmetry element with doubled width of the 

semiconductor finger (open blue squares) is the lowest within this comparison due to 

the diminished generated local current density in the semiconductor finger area.  

Effect on voltage at maximum power point (Fig.  7.6 d) 

The voltage at maximum power point Vmpp is influenced strongly by series resistance 

effects (see e.g. Abb. 2.2 in [93]).  

Therefore the simulations using an emitter sheet resistance of 150 Ohm/sq in the 

lightly doped region, a contact resistance of 0.0001 Ohm cm2 and contact pattern A 

(full contact between metal and emitter) (closed black squares) result in a higher Vmpp 

than the according simulations with an emitter sheet resistance of 350 Ohm/sq (closed 

red circles). 

Comparing the simulated Vmpps using an emitter sheet resistance of 350 Ohm/sq in the 

lightly doped region and equal contact resistances, contact pattern A (full contact 

between metal and emitter) (closed red circles and closed green triangles) yields higher 

Vmpps than contact pattern B (point contacts between metal finger and emitter) (open 

red circles and open green triangles). This is due to the smaller contact area in contact 

pattern B, which increases current crowding effects ([55] and Fig.  3.3) and therefore 

increases the effective contact resistance. The distance between the closed and 

according open symbols is increased with increasing distance between two adjacent 

metal fingers because of the increasing amount of generated current, which results in 

an increasing voltage drop.  

The Vmpps obtained using contact pattern B, a contact resistance of 0.003 Ohm cm2 and 

a 30 µm wide semiconductor finger (open blue squares) are higher than the ones 

obtained using the same contact pattern and contact resistance but an only 15 µm wide 

semiconductor finger (open green triangles) due to the increased contact area.  

Effect on fill factor (Fig.  7.6 e) 

The simulated fill factor characteristics mainly reproduce the relative developing of the 

Vmpp-characteristics. The relative distance between the fill factor characteristic using 

the 150 Ohm/sq emitter sheet resistance (closed black squares) and the other 

characteristics is diminished in comparison to the Vmpp-characteristics due to the 

increased Voc-characteristic using the 150 Ohm/sq emitter sheet resistance.  
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Effect on solar cell efficiency (Fig.  7.6 f) 

The solar cell efficiency is mainly the product of Jmpp and Vmpp. Hence all efficiency 

characteristics show a maximum, as Jmpp increases with increasing distance between 

two adjacent metal fingers and Vmpp decreases. The progession of the characteristics 

near the maximum efficiency is flatter in case of lower series resistances. 

A comparison between the simulated solar cell efficiencies of solar cells with 

semiconductor fingers and the associated solar cell without semiconductor fingers can 

be found in chapter  7.3.4. 

7.3.3 Comparison between distributed circuit simulations and area weighted 
mean 

In this chapter the results obtained by distributed circuit simulations, which were 

presented in chapter  7.3.2 (constant distance between two adjacent semiconductor 

fingers of 512.5 µm), are compared to the ones obtained by using the area weighted 

mean IV characteristic Jmean(V), which is calculated by the means of the local, series 

resistance free IV characteristics Jlocal,without Rs(V) according to  
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with  Atotal:  area of the whole symmetry element  

 Ai:  areas of the regions with different local IV characteristics 

  according to Fig.  7.7. 

 
Fig.  7.7:  Schematic of the symmetry element. In case of contact pattern B, the four 

areas have different local IV characteristics, in case of contact pattern A, 
area 1 and area 3 have the same local IV characteristics  

Fig.  7.8 shows the relative difference between the IV characteristic parameter 

calculated by distributed circuit simulations Pdcs and the one obtained by the area 

weighted mean Pawm according to rel. difference = (Pdcs – Pawm)/Pdcs. 
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Effect on short circuit current density (Fig.  7.8 a) 

All short circuit current density-characteristics obtained by distributed circuit 

simulations agree quite well with the accordant results obtained by the area weighted 

mean as the short circuit current density is not much influenced by series resistance 

effects.  

Effect on open circuit voltage (Fig.  7.8 b) 

The relative differences between the Voc determined by distributed circuit simulations 

and the ones calculated with the area weighted mean are very low (less than 0.12%). 

Therefore the chosen resolution of the underlying local IV characteristics with 0.5 mV 

and of the distributed circuit simulations with 5 mV around Voc is comparatively high, 

which results in the discontinuous behavior of the characteristics especially for low 

distances between two adjacent metal fingers.  

Nevertheless it can be detected, that the open circuit voltage is overestimated using the 

area weighted mean IV characteristic without considering the series resistances 

compared to the distributed circuit simulations in all cases. This is caused by the 

internal current flows from the illuminated regions into the ones beneath the 

metallization, which also occur at open circuit conditions ([77] and chapter  5). These 

are taken into account in the distributed circuit simulations but non in the area 

weighted mean IV characteristic.  

The overestimation increases with increasing distance between two adjacent metal 

fingers due to the increasing series resistance.  

For distances between two adjacent fingers up to 2 mm an emitter sheet resistance of 

150 Ohm/sq and the according local IV characteristics in the lightly doped region 

(closed black squares) results in a smaller overestimation of Voc than using an emitter 

sheet resistance of 350 Ohm/sq and the according local IV characteristics (closed red 

circles and green triangles) – using in both cases contact pattern A (full contact 

between metal finger and emitter). But the first characteristic has a steeper slope than 

the one of the 350 Ohm/sq emitter. As the difference in Voc between area weighted 

mean and distributed circuit simulations depends on the product of current and 

resistance [77], the lower overestimation of Voc using the 150 Ohm/sq emitter 

compared to using the 350 Ohm/sq one is due to the lower emitter sheet resistance. 

The steeper slope of the characteristic using the 150 Ohm/sq emitter in the lightly 

doped region is due to the higher absolute value of local current density in the lightly 

doped region if the 150 Ohm/sq emitter is used compared to the 350 Ohm/sq emitter. 



 7.3  Results of the distributed circuit simulations 125 

This is shown in Fig.  7.9 a), b) and c) exemplarily for a distance between two adjacent 

metal fingers of 2 mm. 

In case of contact pattern B (point contacts between metal finger and emitter), (open 

symbols) the difference in Voc is lower compared to the one using contact pattern A 

(full contact between metal finger and emitter), (according closed symbols). The 

reason for this is analyzed regarding the differences in the local voltage maps under 

external open circuit conditions between contact pattern A and contact pattern B for 

the same symmetry element dimensions as analyzed just above (see Fig.  7.9 d). In this 

case the local voltages using contact pattern B are between 0.35 mV and 0.61 mV 

higher than if contact pattern A is used, which results in lower absolute values of local 

currents (Fig.  7.9 c) and therefore in a lower voltage difference between area weighted 

mean and distributed circuit simulations. 
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Fig.  7.8:  Comparison between IV characteristic parameters obtained by distributed 

circuit simulations and using the area weighted mean IV characteristic 
calculated by the means of the local, series resistance free 
IV characteristics. Given is the relative difference between the 
IV characteristic parameter calculated by distributed circuit simulations 
Pdcs and the one obtained by the area weighted mean Pawm according to 
rel. difference = (Pdcs – Pawm)/Pdcs. 
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Fig.  7.9:  a), b) Local voltages calculated by distributed circuit simulations, which 

are achieved when the symmetry element is operated under external open 
circuit conditions. In a) an emitter sheet resistance and according local 
IV characteristics of 350 Ohm/sq is used in the lightly doped region, in b) 
of 150 Ohm/sq. In both cases a distance between two adjacent metal 
fingers of 2 mm, a distance between two adjacent semiconductor fingers of 
512.5 µm and contact pattern A (full contact between metal finger and 
emitter) are used.   
c) Local IV characteristics of the lightly doped region. Shown is the 
voltage range, which occurs in the V@Voc maps shown in a) and b). 
d) Difference in local voltages under external open circuit conditions 
between contact pattern B (point contacts between metal finger and 
emitter) and contact pattern A (full contact between metal finger and 
emitter) for the same symmetry element dimensions as used in a).  
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Effect on current density at maximum power point (Fig.  7.8 c) 

The differences between Jmpp obtained by distributed circuit simulations and Jmpp 

calculated using the series resistance free area weighted mean is low as Jmpp is not 

much influenced by series resistance effects. Only the characteristic using contact 

pattern B (point contacts between metal finger and semiconductor), a contact 

resistance of 0.003 Ohm cm2 and a width of the semiconductor finger of 15 µm (open 

green triangles) shows a greater slope than the other characteristics which is due to the 

high series resistance effect in this case, which is not taken into account in the area 

weighted mean.  

Effect on voltage at maximum power point (Fig.  7.8 d) 

The differences between Vmpp obtained by distributed circuit simulations and Vmpp 

obtained using the series resistance free area weighted mean are the ones, which are 

major within this comparison as Vmpp is the parameter within this comparison, which is 

influenced most by series resistance effects. 

To be able to predict Vmpp by means of an area weighted mean IV characteristic the 

effective series resistance has to be known. However, the analytical calculation of the 

effective series resistances of solar cells with semiconductor fingers is not straight 

forward as the current flows in the symmetry element with semiconductor fingers are 

two-dimensional in comparison to a symmetry element without semiconductor fingers, 

which has one dimensional current flow directions. This is shown in Fig.  7.10. The 

figure shows the current densities within the emitter resistances of the distributed 

circuit model in x- and y-direction and within the contact resistances for a symmetry 

element without semiconductor fingers (Fig.  7.10 a) and f); The y-direction of the 

current flow within the emitter resistances is not shown in this case as there is no 

current flow in this direction.) and a symmetry element with semiconductor fingers 

using contact pattern A (full contact between metal finger and emitter), (Fig.  7.10 b), 

d), and g)) and using contact pattern B (point contacts between metal finger and 

emitter), (Fig.  7.10 c), e) and h)).  

An emitter sheet resistance of 350 Ohm/sq was used in the lightly doped region, a 

contact resistance of 0.0001 Ohm cm2, a width of the semiconductor finger of 15 µm 

on the symmetry element and a distance between two adjacent semiconductor fingers 

of 512.5 µm. The metal finger has a width of 25 µm on the symmetry element. The 

distance between two adjacent metal fingers is 2 mm.  
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While without semiconductor fingers the current flows only in x-direction within the 

emitter, it flows in y- and x-direction when a semiconductor finger is implemented.  

Beneath the metal finger the current flows in opposite direction than in the lightly 

doped region in case of contact pattern A (full contact between metal finger and 

emitter), which results in a two-dimensional problem to calculate the effective contact 

resistance in this case (Fig.  7.10 d).  

Because of these two-dimensional effects analytical effective series resistances are not 

calculated for the semiconductor finger structure within this work, which makes 

distributed circuit simulations a very useful tool to analyze this structure and to predict 

IV characteristics.  
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Fig.  7.10: Current densities within the emitter and contact resistances calculated by 

distributed circuit simulations. Details are given on page 128.  



 7.3  Results of the distributed circuit simulations 131 

7.3.4 Comparison between simulated efficiencies of solar cells with and 
without semiconductor finger 

To evaluate the effect of the semiconductor finger structure on the solar cell efficiency 

the following two efficiencies are compared:  

In the first step a symmetry element without semiconductor finger is simulated and the 

distance between two adjacent metal fingers is varied. The maximum efficiency, which 

is simulated in this variation, is taken as reference efficiency ηref.  

In the second step, the same parameters are used to characterize the symmetry element 

but a semiconductor finger with properties as described above is added. Again, the 

distance between two adjacent metal fingers is varied and the maximum efficiency, 

which is simulated in this case ηsf, is taken to evaluate the possible efficiency gain or 

loss.  

In Fig.  7.11 the efficiency gain or loss calculated using  

ref

refsf
lossgain η

ηη
η

−
=/

 ( 7.2) 

is outlined.  

If an emitter sheet resistance of 150 Ohm/sq is used in the lightly doped region (closed 

black symbols in Fig.  7.11) no efficiency gain is achieved according to the simulations. 

Using an emitter sheet resistance of 350 Ohm/sq in the lightly doped region an 

efficiency gain of 0.7% relative can be reached using a distance of 900 µm between 

two adjacent semiconductor fingers, if a contact resistivity of 0.0001 Ohm/cm2 is 

achieved and contact pattern A (full contact between metal fingers and emitter) is used 

(closed red upper triangle in Fig.  7.11). The distance of two adjacent fingers can be 

increased from 1.2 mm to 1.6 mm in this case. Even if the contact resistivity is 

increased to 0.003 Ohm/cm2 the efficiency can be increased, if contact pattern A is 

used (closed blue symbols). 

Using contact pattern B (point contact between metal fingers and emitter) in nearly all 

cases an efficiency loss is simulated (open symbols).  

Please keep in mind, that in all simulations the resistance of the metallization was 

neglected.  
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Fig.  7.11: Efficiency gain or loss ηgain/loss calculated according to formula ( 7.2) for the 

analyzed solar cell structures and parameters.  

7.4 Summary and conclusion 

In this chapter the effect of using a semiconductor finger structure on illuminated 

IV characteristic parameters was analyzed by means of distributed circuit simulations. 

The results were compared to the ones calculated by the area weighted mean 

IV characteristic neglecting series resistance effects. It turned out that the short circuit 

current density can well be estimated by the area weighted mean IV characteristic, 

even if series resistance effects are neglected. Also the open circuit voltage can be 

approximated by the area weighted mean IV characteristic under disregard of series 
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resistance effects, even though the area weighted mean overestimates the open circuit 

voltage slightly. In case of low series resistance effects even the current density at 

maximum power point is approximated very well using the area weighted mean 

IV characteristic. But as the voltage at maximum power is highly influenced by series 

resistance effects it is not possible to approximate it by the area weighted mean 

IV characteristic under disregard of series resistance effects. As the calculation of the 

effective series resistances of solar cells with semiconductor fingers is a two 

dimensional problem and therefore not to solve straight forward distributed circuit 

simulations are a useful tool to predict the efficiencies, which can be expected of such 

cell structures.  

In the distributed circuit simulations presented in this chapter different solar cell 

parameters were varied and two different contact patterns were analyzed. It turned out 

that in the case of the analyzed structures a contact pattern, which contacts the whole 

metal finger can result in an efficiency gain compared to a solar cell without 

semiconductor fingers, while a contact pattern, which only contacts the regions above 

the semiconductor fingers results in a reduction in cell efficiency in most cases. This is 

probably due to an increase of current crowding effects in case of such low contact 

areas. Furthermore the difference in emitter sheet resistance between semiconductor 

finger region and not-semiconductor finger region has to be adequate to result in an 

efficiency gain. According to the simulations semiconductor fingers on a solar cell 

with emitter sheet resistance of 150 Ohm/sq in the not-semiconductor finger region do 

not promise any efficiency gain compared to a similar solar cell without semiconductor 

fingers while semiconductor fingers on a solar cell with 350 Ohm/sq emitter sheet 

resistance can improve the solar cell efficiency.  

It has to be kept in mind that all predictions presented in this chapter depend on the 

specific solar cell structures, which were used in the simulations. Comparisons to 

experimental results will be performed in the future.  

 





 

 

8 Analysis of solar cells with shoulders in the 
dark IV characteristic 

Some of the solar cells, which are produced at Fraunhofer ISE using 

photolithography technique, have a dark IV characteristic with a shoulder. 

Due to this shoulder the dark IV characteristics of the affected solar cells are 

not adjustable by the two diode model. This behavior gives rise to the 

analyses presented in this chapter, whose aim is twofold:   

On the one hand, it is analyzed in which way defects, which might occur in 

the regarded solar cells, may influence the according dark 

IV characteristics. Thereto distributed circuit simulations are used. This 

aspect is complemented by a literature review, which gives an overview of 

publications, which are concerned with effects, whose influence on the 

dark IV characteristic goes beyond the one described by the one or two diode 

model.   

On the other hand the affected solar cells are analyzed using different 

measurement techniques to narrow down possible reasons for the observed 

shoulder in the dark IV characteristics. 

8.1 Introduction 

Fig.  8.1 shows the dark IV characteristics of selected solar cells, which were produced 

in one batch in the Fraunhofer ISE clean room using photolithography technique. 

Some of the depicted dark IV characteristics attract attention as they have a shoulder, 

which makes it impossible to adjust the two diode model (chapter  2.5.5) to these 

characteristics satisfactory. It is remarkable that the shoulder does not necessarily 

affect the fill factor as some solar cells with and without shoulder reach fill factors of 

more than 82%. 

In the following chapter a review of existing theories about possible reasons for dark 

IV characteristics, which do not obey the two diode model, is given. This is followed 

by a short description of the structure of the analyzed solar cells, of which some are 

characterized by a dark IV characteristic with a shoulder. Afterwards measurement 

results of solar cells with dark IV characteristic with and without shoulder are 

compared. The analyzed solar cells were produced in the same batch. The aim is to 

find differences between the solar cells with dark IV characteristic with and without 

shoulder, which can be attributed to cause the shoulder. At last distributed circuit 
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simulations are used to analyze the effect of defects, which might occur in the affected 

solar cells, on the associated dark IV characteristics and local voltage maps.  

 
Fig.  8.1:  Dark IV characteristics of selected solar cells produced in one batch in the 

Fraunhofer ISE clean room using photolithography technique. The dark 
IV characteristics, which were not adjustable by the two diode model, are 
depicted by closed symbols. The dark IV characteristic of solar cell 12.7 is 
adjustable by the two diode model (open circles) using n2=2.1. The solar 
cell serves as reference solar cell in this chapter.  

8.2 Literature review 

The effects described in this literature review are known to  

• generate dark IV characteristics, which do not obey the two diode model or  

• result in ideality factors higher than one in case of the first diode or higher 

than two in case of the second diode or  

• result in IV characteristics, whose adjustment by one of the diode models 

results in misinterpretations.  
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8.2.1 Laterally varying properties of the solar cell 

Different laterally varying properties of solar cells, which affect the shape of the 

IV characteristics, were found in the literature:  

• Laterally inhomogeneous contact resistance: Van der Heide et al. [31] 

showed that a laterally inhomogeneous contact resistance can result in 

ideality factors greater than 2, if the one diode model is adjusted to the 

illuminated IV characteristic. If the two diode model with ideality factor 

n2 = 2 is adjusted to the illuminated IV characteristic of a solar cell with 

laterally inhomogeneous contact resistance, the saturation current density in 

the depletion region J02 seems to be increased instead of the series resistance. 

• Laterally inhomogeneous diffusion lengths of the minority carriers:  

Mijnarends et al. [94] showed, that laterally inhomogeneous diffusion 

lengths may suggest an increased series resistance and increased saturation 

current J02 of the second diode instead of an increased J01, when the two 

diode model is adjusted to the according IV characteristic.  

• Resistance limited enhanced recombination: This effect was analyzed by 

two authors/author-groups: Hernando et al. [95] and McIntosh [33], 

chapter 4.   

Hernando et al. [95] show that shoulders/”humps”1 in the dark 

IV characteristic with ideality factors n2 > 2 may be caused by a small region 

with very high saturation current J02 of the second diode, which is separated 

by a high series resistance from the other parts of the solar cell. In real solar 

cells this effect can be caused by broken pyramids of the front texturization. 

The effect is shown to diminish, if pyramids with a height of 3 µm are used 

instead of 15 µm as the lower pyramids break less often.   

McIntosh [33], chapter 4.3, explains shoulders in the dark IV characteristics 

of small buried contact solar cells with cell areas of less than about 4 cm2 in 

case of usual buried contact solar cells and with cell areas of less than about 

6 cm2 in case of double sided buried contact solar cells by resistance limited 

enhanced recombination. In the analyzed cases the enhanced recombination 

occurs at the cell edge, which is separated by the emitter sheet resistance 

from the peripheral finger. The hump in the local ideality factor 

characteristics (see chapter  2.6.2) of the analyzed solar cells becomes lower 

                                                                 
1 In the literature shoulders in the dark IV characteristics are also often called „humps.“ 
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and shifts to higher voltages, if the distance between peripheral finger and 

cell edge and therefore also the according effective emitter resistance 

becomes smaller. In chapter 4.4 of his PhD-thesis, McIntosh explains humps 

in the local ideality factor characteristics with local Schottky contacts 

between the fingers and the p-type base of buried contact solar cells. 

• Laterally inhomogeneous distributed coupled defect levels: see 

chapter  8.2.4. 

8.2.2 Recombination saturation effects 

Solar cells with defects, which obey the Shockley-Read-Hall (SRH) statistic (see 

chapters  2.3.3 and  2.3.4) and which have asymmetrical capture cross sections for 

electrons and holes, may have dark IV characteristics with a shoulder in the low 

voltage range. The effect is called recombination saturation as the recombination in the 

specific voltage range is limited by the supply of one kind of charge carriers due to the 

asymmetric capture cross sections.  

One of the first publications found describing saturation recombination effects is [96], 

in which III-V materials are analyzed. 

In case of silicon solar cells, recombination saturation effects were analyzed by several 

authors (e.g. [97], [98], [99], [100], [101]) who attributed the effect to different kinds 

of defects:  

• Defect levels in the space charge region: Beier et al. [97] showed that 

“humps” or shoulders, which were observed in the dark IV characteristics of 

high efficiency silicon solar cells, can be caused by SRH-defects in the space 

charge region with asymmetrical capture cross sections and with energy 

levels, which are not positioned in the middle of the band gap. Robinson et 

al. [98] confirmed this thesis.  

• Defect levels at the rear surface: Robinson et al. [98] furthermore showed 

that shoulders or “humps” in the dark IV characteristic also occur if the 

defects are located at the rear surface. They were able to attribute the 

shoulders, which occur in the dark IV characteristics of high efficiency solar 

cells, to their silicon-silicon oxide interface at the rear as this interface is 

characterized by defects with asymmetrical capture cross sections [99].  

• Defect levels in the base material: Robinson et al. [98] also simulated the 

effect of defect levels with asymmetrical capture cross sections in the base 
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material using PC1D. The resulting dark IV characteristics also show a 

shoulder. 

As the boron oxygen defect complex, which often occurs in boron doped 

Czochralski silicon (see e.g. [102]), has strongly asymmetric capture cross 

sections for electrons and holes in its active state [103], this also results in 

dark IV characteristics with a shoulder. This effect is analyzed in [100] by 

Schmidt et al.  

Macdonald et al. [101] analyzed the effect of interstitial iron in silicon solar 

cells. The defect caused by interstitial iron, which mostly occurs in 

multicrystalline silicon, also has asymmetric capture cross sections. This 

results in a reduction of the fill factor of the solar cell compared to one 

without this defect.   

• Coupled defect-levels: see chapter  8.2.4.  

8.2.3 Surface charges on p-doped silicon 

Kühn et al. [104] analyzed the effect of positive surface charges on p-doped silicon on 

the dark and illuminated IV characteristics. Such surface charges may occur at p-doped 

silicon, which is passivated by a silicon dioxide or silicon nitride layer. The positive 

surface charges create a depletion or even inversion region within the p-doped silicon. 

Kühn et al. simulated, that the dark IV characteristics of solar cells with positive 

charges on a p-doped surface can have a shoulder or “hump”.  

8.2.4 Coupled defect-level recombination 

Coupled defect-level recombination was analyzed by Schenk and Krumbein [105] and 

by Breitenstein et al. [106], [107]. Coupled defect-levels may occur in regions with 

high defect density as e.g. badly passivated surfaces or regions with high impurity 

density. The cases, which were found by both author-groups to result in dark 

IV characteristics with increased local ideality factors, are an extension of the 

saturation recombination effect described in chapter  8.2.2 to more than one defect 

level. Furthermore Breitenstein et al. showed that these kinds of defects cause 

increased local ideality factors also when they are distributed laterally 

inhomogeneously across the solar cell. 

• Schenk and Krumbein [105] analyzed the effect of two coupled defect-

levels on the dark IV characteristic and the corresponding local ideality 

factors. Therefore they derived a theory for different kinds of coupling and 

implemented their models into the device simulator DESSIS (a two and three 

dimensional device simulator, which is now distributed by Synopsis, Inc., 
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under the name Sentaurus Device). Hereby they analyzed possible reasons 

for the observed increased local ideality factors of liquid phase epitaxial 

grown diodes with weak intrinsic fields. They found two scenarios, which 

result in increased local ideality factors. The first one is a shallow donor 

level, which is coupled to a recombination center, whose energy level is 

positioned in the middle of the band gap, under the assumption of a not-

limiting interlevel rate. The second scenario is the one of a coupled donor-

acceptor pair recombination in conjunction with direct tunneling into both 

shallow levels. 

• Breitenstein et al. [106], [107] also used DESSIS simulations to explain the 

increased local ideality factors, which often occur in industrially fabricated 

silicon solar cells. In one approach they applied one of the coupled defect-

level models as described by Schenk and Krumbein [105]: one level, which 

can be occupied by tunneling, in combination with another defect level, to 

which the tunneled charge carrier is transferred immediately. As in 

industrially fabricated solar cells defects as e.g. shunts often occur locally 

they implemented this defect locally in their cell model assuming a shunted 

region with a cross section of 10 µm x 10 µm. In this way they were able to 

generate dark IV characteristics with local ideality factors up to 6.5 by 

decreasing the lifetime to 2 x 10-8 s and increasing the energy distance 

between the defect levels and the according band edges to 190 meV. In their 

second approach Breitenstein et al. used two deep recombination levels, a 

donor-acceptor-pair. For both levels unequal capture cross sections for 

electrons and holes were chosen. With varying transfer coefficient, which 

describes the charge carrier transfer between both levels, they were able to 

generate dark IV characteristics with increased local ideality factors. 

8.3 Structure of the analyzed solar cells 

The solar cells analyzed in this chapter consist of a p-doped float zone base with a 

resistivity of 0.5 Ohm cm. At the rear a highly boron doped region is integrated. This 

region provides for a low effective surface recombination velocity, which is lower than 

e.g. the one of a solar cell with a screen printed aluminum back surface field [108]. 

Furthermore a highly boron doped region at the rear is not known to result in non-

linear effects, when different illumination intensities are applied. Such effects occur for 

example in solar cells, which have a SiO2-passivation layer at the rear (see e.g. [109], 

[110], [111]). Another advantage of a highly doped region at the rear is the resulting 
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decrease in contact resistance [58]. The back contact of the solar cells consists of an 

aluminum layer, which is followed by a Ti-, Pd- and Ag-layer, as aluminum is more 

difficult (or not at all) to solder than silver [112]. At the front inverted pyramids, which 

have an approximate height of 13 µm, and an anti-reflection coating consisting of SiO2 

allow for a high rate of the incident light to enter the solar cell. The emitter consists of 

a shallow phosphorus doped layer with an emitter sheet resistance of approximately 

100 Ohm/sq. As front contacts a thin Ti-, Pd-, Ag-layer is used, which is thickened 

with plated silver. The solar cells are approximately 260 µm thick. A solar cell has an 

active cell area of 2 cm x 2 cm. Seven cells are produced on one 4 inch wafer. Fig.  8.2 

shows a schematic cross section of the analyzed solar cells.  

Usually the measurements shown in this work were performed while the solar cells 

were still integrated into the wafer.  

 
Fig.  8.2:  Schematic of the profile of the analyzed solar cells.  

8.4 Measurement results 

In a first step detailed measurements of the analyzed solar cells were performed to 

investigate if the shoulder in the dark IV characteristics can be attributed to a specific 

kind of defect. The performed measurements are  

• analysis of the global dark and illuminated IV characteristics 

• external quantum efficiency (EQE) measurements at different illumination 

levels of the additional illumination source 

• light beam induced current (LBIC) measurements using different filters 

• photoluminescence (PL) measurements at open circuit conditions 

• dark lock-in thermography (DLIT) measurements at different voltages. 
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Most of these measurement methods are only applied a few times in this thesis. 

Therefore only a short introduction in each method is given. In depth descriptions can 

be found in the literature, which is referred to in the according chapter. 

8.4.1 Global measurement results 

To get a first hint of possible reasons for the shoulders in the dark IV characteristics 

the according local ideality factors (see chapter  2.6.2) were calculated (Fig.  8.3). 

Comparing their shapes with the ones found in the literature possible reasons might be 

recombination saturation effects as well as resistance limited enhanced recombination, 

but also a decreased parallel resistance results in similar shapes (see Fig.  2.9b). 
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Fig.  8.3:  a) Dark IV characteristics of the analyzed solar cells.   
b) Local ideality factors (see chapter  2.6.2) of the analyzed solar cells.  

To get further insight in the properties of the analyzed solar cells their illuminated 

IV characteristic parameters using one sun illumination intensity are compared  

(Tab.  8.1). The short circuit current density is not affected by the investigated effect. 

The open circuit voltage as well as the current density and voltage at maximum power 

point are only affected, if the effect is very grave and results in a strong decrease in fill 

factor (solar cell 32.1). The series resistances in the dark are not remarkable, but the 

series resistances under illumination calculated using formula ( 2.45) are peculiar as 
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some of them are lower than the according series resistance in the dark, which is due to 

the low difference between Vdark,mpp and Vlight,mpp. Nevertheless, no final conclusion can 

be drawn from this analysis. Hence further measurements were performed, which are 

presented in the next chapters.  

Tab.  8.1:  Illuminated IV characteristic parameters of the analyzed solar cells using 
one sun illumination intensity. The series resistances in the dark Rs,dark 
were calculated according formula ( 2.46), the series resistances of the 
illuminated solar cells Rs,light using formula ( 2.45).  

 Jsc 

[mA/cm2] 

Voc 

[mV] 

Jmpp 

[mA/cm2] 

Vmpp 

[mV] 

FF 

[%] 

η 
[%] 

Rs,dark’ 

[Ohm 

cm2] 

Rs,light 

[Ohm 

cm2] 

21.6 36.5 658.2 34.1 579.1 82.2 19.7 0.16 0.13 

12.7* 36.39 655.8 35.0 559.2 82.1 19.6 0.21 0.12 

31.2 36.5 656.2 34.6 559.1 80.9 19.4 0.20 0.26 

32.1 36.9 637.7 24.9 519.2 54.9 12.9 0.27 0.11 

*: Adjustment of the two diode model to the dark IV characteristic possible using 

n2 = 2.1 

8.4.2 Measurements performed under short circuit conditions – EQE und 
LBIC 

Even though the effect, which causes the shoulders in the dark IV characteristics, 

seems not to influence the short circuit current density at one sun illumination 

intensity, it might nevertheless influence measurements, which are usually performed 

under short circuit conditions, e.g. with low light intensity. 

Thereto local external quantum efficiencies (EQE) were determined using different 

additional illumination intensities. The EQE gives the ratio of of the charge carriers, 

which contribute to the current flow under short circuit conditions, compared to the 

number of incident photons per wavelength. Details about quantum efficiency 

measurements can be found e.g. in [61].  

Furthermore LBIC (Light Beam Induced Current) measurements were performed using 

a halogen lamp with different filters. During an LBIC measurement the local short 

circuit current density is mapped using a small local illumination source, which scans 

the solar cell. Details about LBIC measurements can be found e.g. in [54]. 



144  8  Analysis of solar cells with shoulders in the dark IV characteristic 

 

Both measurements were performed at a solar cell, whose dark IV characteristic does 

not show a shoulder (solar cell 12.7) and at a solar cell, whose dark IV characteristic 

shows a shoulder (solar cell 21.6). Both solar cells are characterized by similar 

illuminated IV characteristic parameters.  

Local external quantum efficiencies 

Fig.  8.4 shows the measured EQEs. The measurement results of the solar cell with a 

dark IV characteristic without shoulder (open symbols) agree quite well with the ones 

of the solar cell with dark IV characteristic with shoulder (closed symbols). Also the 

results of the last mentioned solar cell using different additional illumination intensities 

agree quite well. Hence the shoulder does not affect the results of EQE measurements, 

which are performed under Jsc-conditions.   
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Fig.  8.4:  Local external quantum efficiencies of cell 12.7 (no shoulder) and 21.6 
(shoulder, similar fill factor as cell 12.7) measured using different 
additional illumination intensities.  

LBIC measurements using different filters  

To investigate, if the locally resolved properties of a solar cell with dark 

IV characteristic without shoulder differ from the ones of a solar cell with a shoulder in 

the dark IV characteristic, in a first step, LBIC measurements using a halogen lamp as 

illumination source were performed.  
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To generate different depth dependent excess carrier density profiles, measurements 

with and without applying optical filters were performed. Once a filter combination 

was used, which results in a transmittance of more than 50% in the wavelength range 

between approximately 330 nm and 700 nm and which otherwise transmits less. The 

aim of using this filter combination is to generate a great part of the excess carriers in 

or near the emitter region of the solar cell. Furthermore a filter was used, whose 

maximum transmittance is at 1001 nm and which has a full width at half maximum of 

11.5 nm. The aim is to generate a homogeneous excess carrier density over the depth 

of the solar cell.  

The results are shown in Fig.  8.5. The local short circuit current density of both solar 

cells declines from the middle of the solar cells in direction towards their edges  

(Fig.  8.5 a) and b)). This behavior might be attributed to a laterally inhomogeneous 

emitter sheet resistance or a laterally inhomogeneous front surface passivation quality 

(Fig.  8.5 c) and d)). Nevertheless this effect occurs at both solar cells and thereto is 

probably not the cause of the shoulder in the dark IV characteristics. Also the LBIC 

measurements performed using the 1001 nm filter do not show any noticeable 

differences between both solar cells.  
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Fig.  8.5:  LBIC measurement results using   

a) and b) no filters  
c) and d) a filter combination with main transmittance in the wavelength 
range between approx. 330 nm and 700 nm and   
e) and f) a filter, whose transmittance maximum is at 1001 nm with a full 
width at half maximum of 11.5 nm.   
A solar cell with dark IV characteristic without shoulder (left) and one 
with shoulder (right) are analyzed. 
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8.4.3 Measurements performed under Voc-conditions – PL maps 

To compare the local voltages of the solar cells under external open circuit conditions 

and one sun equivalent illumination intensity photoluminescence (PL) measurements 

were performed and evaluated similar to the procedure described in [5], which was 

outlined in chapter  4.5. 

Fig.  8.6 shows the resulting approximate voltage differences ∆Vonesun at one sun 

illumination intensity between the local voltages and the externally applied voltage 

Voc,ext,onesun calculated using  

offsetcorr
sunsVoc

corr
onesunVext

onesun V
PLI

PLI

q

kT
V −














=∆

2.0,

,ln  
( 8.1) 

with PLIcorr determined according to formula ( 4.3). An approximate measurement 

temperature T of 25°C was taken into account. For each voltage difference map an 

individual voltage offset Voffset was estimated to receive local voltage difference maps, 

whose lowest values are approximately zero. 

It is noticeable, that all maps show an increase in voltage difference at the edges of the 

solar cell. The increase seems to be stronger for solar cell 21.6 (Fig.  8.6 b)), whose 

dark IV characteristic has a shoulder, as at solar cell 12.7 (Fig.  8.6 a)), whose dark 

IV characteristic has no shoulder. However the increase seems to be less at solar cell 

31.2 (Fig.  8.6 c)), whose dark IV characteristic also has a shoulder.  

The increase in local voltage difference at the edges of the solar cells could be 

attributed to an increase in emitter sheet resistance at the edges of the solar cells which 

might be caused by diffusion of phosphorus atoms beneath the SiO2-mask during the 

phosphorus diffusion process (see e.g. [113], chapter 8.5.1). In combination with 

increased recombination at the solar cell edges, resistance limited enhanced 

recombination effects could occur as described in chapter  8.2.1 according to McIntosh 

[33]. However it has to be kept in mind, that the measurements were performed while 

the solar cells were still on the wafer, which means that no effects of open, 

unpassivated edges could be a possible cause of high recombination effects at the solar 

cell edges.  
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Fig.  8.6:  Approximate voltage differences ∆Vone sun at open circuit conditions 
between the local voltage and the externally applied voltage Voc,ext,onesun at 
one sun illumination intensity calculated according to formula ( 8.1). The 
dark IV characteristic of solar cell 12.7 (a) has no shoulder while the ones 
of solar cell 21.6 (b) and 31.2 (c) have shoulders.  

8.4.4 Measurements performed using different voltages – Dark lock-in 
thermography 

As the shoulder in the dark IV characteristics occurs at voltages lower than 600 mV 

dark lock-in thermography measurements were performed using externally applied 

voltages of 200 mV and 400 mV.  

Lock-in thermography [114], [50] is a method to detect small temperature differences 

on a solar cell, which is operated in a specific operation mode. Different externally 

applied voltages can be used as well as different illumination intensities. Increased 

warming is often caused by shunts, which are mostly regions, whose pn-junction is 
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disturbed. As the temperature difference on the solar cell is usually very low, at least in 

the case of minor shunts, lock-in technique is used to amplify the measured signals.  

Fig.  8.7 shows the results, which were measured at solar cell 12.7, whose dark 

IV characteristic has no shoulder, and at solar cell 32.1, whose dark IV characteristic 

shows a grave shoulder. Shown are the images called image A. They are received by 

correlating the measured signals with a sin-function. In these images local shunts are 

characterized by a small region with highly increases signals, which is surrounded by a 

region with negative signals. (Note that an image A does not represent the local 

heating, but allows to pinpoint the maximum of the heat emission with high spatial 

resolution). More details about lock-in thermography and different kinds of evaluation 

can be found e.g. in [114] and [50]. 

If the low external voltage of 200 mV is applied, no shunts are detectable on solar cell 

12.7 (Fig.  8.7 a)) while on solar cell 32.1 (Fig.  8.7 b)), four shunts are visible. 

Nevertheless, if a voltage of 400 mV is applied, also on solar cell 12.7 (Fig.  8.7 c)) one 

shunted region is visible. However this shunt is less grave as the shunts, which are 

detected on solar cell 32.1 (Fig.  8.7 d)).  
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Fig.  8.7:  Dark lock-in thermography maps of a solar cell with dark IV characteristic 

without shoulder (left) and a solar cell with dark IV characteristic with 
grave shoulder (right). In a) and b) an external voltage of 200 mV is 
applied, in c) and d) an external voltage of 400 mV. 

According to these images the shoulder in the dark IV characteristic of solar cell 32.1 

might be caused by the shunts, which are visible in the images. This conclusion is 

supported by suns-Voc-measurement results [7], according to which solar cell 32.1 has 

a pseudo-fill factor, i.e. the fill factor, which would be achieved, if the solar cell had no 

series resistance losses, of also only approx. 55%. The shunt detected on solar cell 12.7 

might not be severe enough to cause a shoulder or might be caused by a different kind 

of defect, which results in the slightly increased ideality factor n2 = 2.1, which is 

determined from the dark IV characteristic of this solar cell.  



 8.5  Distributed circuit simulations 151 

8.4.5 Conclusion and outlook – measurement results 

Comparing the presented measurement results with possible reasons of a shoulder in 

the dark IV characteristic, which were found in the literature, two effects might be the 

reason of the shoulder in the dark IV characteristics of the analyzed solar cells:  

• resistance limited enhanced recombination at the edge of the solar cells due 

to an increasing emitter sheet resistance towards the solar cell edges in 

combination with an increasing recombination in these regions. However it 

has to be kept in mind that the increased recombination already has to occur 

while the solar cells are still on the wafer. 

• local defects with unequal capture cross sections of electrons and holes 

(recombination saturation effects), which occur on the solar cells with 

different severity.  

Further measurements could be performed in the future to be able to narrow the 

reasons further. These are 

• dark lock-in thermography measurements at different voltages of all 

analyzed solar cells to analyze if in all cases local shunts occur in specific 

voltage ranges.  

• illuminated lock-in thermography measurements at maximum power point 

and open circuit conditions especially of the edges of the solar cells to 

analyze if these are indeed regions with increased recombination (see e.g. 

[115]). For the same reason detailed LBIC-measurements of the solar cell 

edges could be performed.  

• PL measurements near maximum power point and/or Corescan 

measurements to inspect the extent of the observed voltage increase towards 

the solar cell edges in more detail. 

8.5 Distributed circuit simulations 

To complement the experimental analysis the production process of the regarded solar 

cells was analyzed with regard to possible sources of problems.  

Three possibilities were figured out:  

• Small local holes in the oxide covering the back of the solar cell during the 

phosphorus diffusion step might result in a local (partial) compensation of 

the boron at the rear of the solar cell (Fig.  8.8 a)) or even in its local 
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overcompensation (Fig.  8.8 b)). A compensation of the boron would result in 

an increased effective surface recombination velocity; an overcompensation 

would result in local diodes, which are reverse biased in the usual solar cell 

operation mode.  

  
Fig.  8.8:  Schematic of the cross section of the analyzed solar cells showing 

accidentally caused local doping with phosphorus at the rear. a) The 
boron doping at the rear is locally compensated and the effect of the back 
surface field is diminished. b) The boron doping at the rear is locally 
overcompensated resulting in local pn-junctions at the rear, which are 
reverse biased in the usual solar cell operation mode.  

• A weakness of the covering oxide at the front during the boron diffusion step 

might result in a local doping with boron (Fig.  8.9) and hence in a locally 

increased emitter sheet resistance. This might be accompanied by a locally 

damaged space charge region. The effect could occur in regions with 

inverted pyramids (1) in Fig.  8.9) or beneath the metallization (2) in Fig. 

 8.9). In case 1) the local boron doping would be very low as the pyramids are 

etched after the boron diffusion step. Therefore case 1) is quite unlikely to 

occur.  

 
Fig.  8.9:  Schematic of the cross section of the analyzed solar cells showing 

accidentally caused local doping with boron at the front resulting in an 
increased emitter sheet resistance, potentially accompanied by a disturbed 
space charge region.  
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• Broken pyramids might result in resistance limited enhanced recombination 

effects as described by Hernando et al. [95]. 

Up to now, no experimental evidence has been found for the first theory (phosphorus 

on the rear of the solar cell. However the occurring holes in the oxide might be very 

small, so that the resulting effect might not have been detected by the applied 

measurement methods. Thereto the effect of the first two above described possible 

problems on the dark and illuminated IV characteristics as well as on local voltage 

maps is analyzed by distributed circuit simulations to be able to compare the 

simulation results with the measurement results presented in the previous chapter.  

8.5.1 The model without any defects 

The symmetry element shown in Fig.  8.10 was used in the distributed circuit 

simulations.  

 

Height of the metallization:  15 µm 

Specific contact resistance:  0.2 mOhm cm2 

Resistivity of the metallization: 1.75 x 10-6  

                                                               Ohm cm 

Emitter sheet resistance:  100 Ohm/sq 

 

Fig.  8.10:  Schematic of the top view of the symmetry element used in the distributed 
circuit simulations and used parameter values.  

Tab.  8.2 gives the chosen resolution of the distributed circuit model.  
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Tab.  8.2:  Resolution of the distributed circuit model.  

Number of nodes  

• beneath one finger in direction 

perpendicular to it  

3 

• in between two adjacent fingers 16 

• beneath the bus bar in direction 

perpendicular to it 

3 

• beneath one finger in direction parallel 

to it 

20 

In Tab.  8.3 the parameters, which are used in the PC1D model used to generate the 

local IV characteristics of the defect-free distributed circuit model, are listed. They 

were obtained by adapting the PC1D model to the measurements performed on solar 

cell 12.7, whose dark IV characteristic shows approximately no shoulder. The model 

was adapted to a locally measured external quantum efficiency, whose measured 

region includes regions with and without fingers. Hence, the determined front surface 

recombination velocity represents a mean value of passivated and of metalized regions. 

Thereto it was used to generate the local IV characteristics of the metalized regions as 

well as of the not metalized regions of the distributed circuit model.  



 8.5  Distributed circuit simulations 155 

Tab.  8.3:  Data of the PC1D model used to generate the local IV characteristics of 
the distributed circuit model without any defects.  

Surface texturing 3 µm No internal Shunt Elements 

Surface Charge Without Emitter Diffusion Measured profile (see 

Fig.  8.11) 

External 

Reflectance 

Measured data  Rear Doping Measured profile (see 

Fig.  8.11) 

Internal Reflectance   

Front Surface Bulk Recombination 

First Bounce 81 diffuse τn 1000 µs 

Subsequent 

bounce 

81 diffuse τp 1000 µs 

Rear Surface Et vs. Ei 0 

First Bounce 70 diffuse Recombination velocities 

Subsequent 

bounce 

70 diffuse Front surface  

Rear surface 

2160 cm/s  

107 cm/s 

Background 

resistivity 

(p-type) 

0.5 Ohm cm Cell thickness 260 µm 

 



156  8  Analysis of solar cells with shoulders in the dark IV characteristic 

 

0 1 2 3
1E16

1E17

1E18

1E19

0.0 0.1
1E17

1E18

1E19

 

 

 Emitter doping density 
          (phosphorus)
          used in regions 
          without any defects

 Boron doping density 
          (back surface field)

D
op

in
g 

de
ns

ity
 [c

m
-3
]

Distance from front [µm]
Distance from rear [µm]

 

 

D
op

in
g 

de
ns

ity
 [c

m
-3
]

Distance from front [µm]
Distance from rear [µm]

 
Fig.  8.11:  Emitter (red) and boron (back surface field) (blue) doping profiles used in 

the simulations. The data are based on secondary ion mass spectrometry 
(see e.g. [116], chapter 10.3.1) measurements. The data were provided by 
Jan Benick.  

8.5.2 Phosphorus doping at the rear – simulation results 

Two cases were simulated: A locally degraded back surface field due to a partial 

compensation of the boron doping by additional phosphorus doping, and a local 

overcompensation of the boron doping at the rear resulting in local diodes, which are 

reverse biased in case of the usual solar cell operation mode. 

  
Fig.  8.12:  Schematics of the top view of the symmetry element used to simulate the 

effect of accidental phosphorus doping at the rear.  

Locally degraded back surface field 

A partial compensation of the boron doping at the rear was simulated by omitting the 

increasing boron doping density at the rear in the underlying PC1D model and by 
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taking only into account a constant p-doping profile corresponding to the base 

resistivity of 0.5 Ohm cm. Not considered is the possibility of a decreasing effective 

p-doping density profile towards the rear of the solar cell.  

Fig.  8.12 a) shows the dimensions used in the simulations.  

Fig.  8.13 shows the dark IV characteristics used as local IV characteristics in the 

distributed circuit model and the resulting dark IV characteristic generated by the 

distributed circuit simulations. Already the local IV characteristics of a solar cell with 

and without back surface field effect do not differ seriously (black and red lines in  

Fig.  8.13). Hence also the IV characteristic using the symmetry element with a 

damaged area does not differ much from the one using the defect-free symmetry 

element (black closed and orange open symbols in Fig.  8.13). A shoulder does not 

occur in the simulated dark IV characteristic of the solar cell with damaged area and is 

not likely to occur, if the damaged area were enlarged. Hence local phosphorus 

diffusion at the rear, which would only degrade the back surface field effect in the 

described way, can be excluded to be the reason for the shoulders observed in the 

measured dark IV characteristics of the analyzed solar cells.  
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Fig.  8.13: Effect of accidental phosphorus doping at the rear of the solar cell, 
resulting in a constant p-doping density in the whole base material. Local 
dark IV characteristics generated with PC1D (black and red lines) and 
resulting dark IV characteristics simulated using distributed circuit 
simulations and the symmetry element shown in in Fig.  8.12 a) (black 
squares: no defect; orange diamonds: locally no back surface field). 
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Locally overcompensated boron doping at the rear resulting in reversed biased 

diodes 

The available computing power did not suffice to simulate IV characteristics of the 

symmetry element with local areas, which are reverse biased, using IV characteristics 

generated by PC1D as local diodes. Thereto the effect was estimated using the two 

diode model in the regions without defect with J01 = 10-12 A/cm2, n1 = 1, 

J02 = 10-8 A/cm2, n2 = 2. In the damaged region additional local diodes were added 

beneath the already implemented diodes of the defect-free solar cell model in reverse 

direction to simulate the additional local pn-junction at the rear of the solar cell using 

J0 = 4 x10-13 A/cm2, n = 1. The used saturation current density J0 was approximated 

using formula ( 2.36) under consideration of a donor concentration ND = 4 x 1018 cm-3, 

which is based on the difference between donor and acceptor concentration of the 

profiles shown on the right in Fig.  8.11, and diffusion lengths, which correspond to a 

lifetime of electrons and holes of 1000 µs. 

Once again the symmetry element as shown in Fig.  8.12 a) was used. In addition the 

symmetry element as shown in Fig.  8.12 b) once using the damaged area A and once 

using the damaged area B was used to increase the effect.  

Fig.  8.14 compares the simulation results of the symmetry element with and without 

additional local, reverse biased diodes. The dark IV characteristics are barely affected 

by the local, reverse biased diodes (Fig.  8.14 a) and the local ideality factors are not 

influenced at all (Fig.  8.14 b). In the illuminated case (Fig.  8.14 c) the current density 

at short circuit and maximum power point is influenced most. In the voltage map 

simulating 400 mV externally applied voltage under illumination (Fig.  8.14 d) a 

voltage decrease in the damaged area is observed.  
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Fig.  8.14: Simulation results using additional local, reverse biased diodes at the rear 
of the solar cell beneath the diodes representing the pn-junction at the 
front to simulate the effect of a local overcompensation of the boron at the 
rear by  accidental phosphorus diffusion.   
a) Dark IV characteristics.   
b) Local ideality factors.   
c) Illuminated IV characteristics.   
d) Illuminated voltage map applying an external voltage of 400 mV using 
the symmetry element with defect B shown in Fig.  8.12 b). 
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Conclusion 

In both simulated cases the dark IV characteristic is nearly not affected by the defect. 

Hence an accidental doping with phosphorus can be excluded to be the reason of the 

shoulders observed in the measured dark IV characteristics, at least if the phosphorus 

only affects the effective doping concentrations.  

8.5.3 Boron doping at the front – simulation results 

To describe accidental boron doping at the front the PC1D model described in 

chapter  8.5.1 was adapted by several different manners:  

• A similar boron profile as at the rear of the solar cell is considered at its 

front. This results in a very low and very shallow effective emitter doping 

density (see zoom-in on the right in Fig.  8.11) (red line/circles in Fig.  8.15). 

• A shallow, very weakly doped emitter with a Gaussian profile, a peak doping 

density of 4 x 1016 cm-3 and a junction depth at 0.007798 µm resulting in an 

emitter sheet resistance of 866 200 Ohm/sq is used instead of the emitter 

profile shown in Fig.  8.11 (green line/ upper triangles in Fig.  8.15). It is used 

to estimate a worst case scenario, in which there is just an emitter existing.  

• In combination with the just described shallow, very weakly doped emitter, 

an additional defect in the space charge region is introduced. Thereto the 

PC1D model is divided into three regions. The first one has a thickness of 

0.04 µm and includes the emitter doping as described above. The lifetime is 

set to 1000 µs for electrons and holes respectively, the front surface 

recombination velocity to 2160 cm/s and no rear surface recombination 

velocity is included. The second region with a thickness of 0.01 µm 

describes the defect in the space charge region by choosing electron and hole 

lifetimes of 0.001 µs. The region has no surface recombination velocities as 

there are no real surfaces. Region three with a thickness of 259.95 µm 

describes the base of the solar cell as in the defect free model (Tab.  8.3) 

(blue line/lower triangles in Fig.  8.15).  

• To be able to separate the effect of a disturbed space charge region from the 

effect of the increased emitter sheet resistance, a forth model is used, which 

includes the damaged space charge region as described above but maintains 

the emitter profile as shown in Fig.  8.11 (violet line/diamonds in Fig.  8.15). 

It serves only as a comparison as this model does not describe the effect of 

boron doping at the front. 
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Fig.  8.15:  a) Dark IV characteristics and    

b) associated local ideality factors   
of the local IV characteristics used in the distributed circuit simulations to 
describe possible effects of an accidental boron doping at the front. The 
characteristics were generated using PC1D.  

Local dark IV characteristics and associated local ideality factors (PC1D) 

The according local dark IV characteristics and associated local ideality factors are 

shown in Fig.  8.15. 

A defect in the space charge region in combination with an increased emitter sheet 

resistance results in a shoulder in the dark IV characteristic and in increased local 

ideality factors in the voltage range between 0.2 V and 0.5 V (blue line/lower triangle 
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in Fig.  8.15). A damaged space charge region alone (violet line/diamonds in Fig.  8.15) 

increases the current density in the dark and the local ideality factors, but results in no 

shoulders.  

The local ideality factors of all local models with damaged space charge region and/or 

increased emitter sheet resistance increase at voltages higher than approximately 0.6 V 

(encircled in Fig.  8.15 b)). This effect might be attributed to the higher currents, which 

flow in these cases in comparison to the model called defect-free. Hence in the first 

mentioned cases series resistance effects influence the local ideality factors at lower 

voltages than in the case called defect-free. 

Distributed circuit simulations 

To analyze the effect of the above described defects the symmetry element shown in 

Fig.  8.12 a) was used.  

To analyze the effect of an increased emitter sheet resistance only the Gaussian profile 

as described above was used in the local PC1D models (green line/upper triangles in 

Fig.  8.13) as the effect of a combination of measured phosphorus and boron profile at 

the front of the solar cell affects the dark IV characteristic less (red line/circles in Fig. 

 8.13) and is therefore not likely to result in a shoulder in the dark IV characteristic.  

It has to be considered that the effect of a combination of locally increased emitter 

sheet resistance and locally damaged space charge region are assumed to occur at the 

same place of the real solar cell, while in the distributed circuit model they are locally 

slightly separated due to the distributed nature of the resistances and of the local 

IV characteristics in this kind of model (Fig.  8.16). 
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Fig.  8.16: Top view of the equivalent circuit of the damaged region used to simulate 

the effect of a combination of increased emitter sheet resistance and 
damaged space charge region. As the emitter resistances of the equivalent 
circuit are calculated by taking both emitter resistances of adjoining nodes 
into account, the emitter resistances connecting damaged and not damaged 
diodes are less increased than the ones between damaged diodes.  

Thereto it is also possible to use different emitter sheet resistances in the model used to 

generate the local IV characteristics Rsheet
PC1D and in the equivalent circuit of the 

distributed circuit model Rsheet,loc
dcm. As the emitter sheet resistance of the Gaussian 

profile with 866 200 Ohm/sq used in the PC1D model is quite high and was chosen to 

generate a worst case local IV characteristic, the emitter sheet resistance of the 

damaged region was chosen to be lower. Furthermore by varying Rsheet,loc
dcm of the 

damaged region between 100 Ohm/sq and 1 000 000 Ohm/sq and simultaneously 

keeping the emitter of the PC1D model unaffected, it was possible to separate the 

effect of the increased emitter resistance from the one of the local IV characteristic, 

whose shape might be generated also by defects different from the ones considered 

here.  

Dark IV characteristics and local ideality factors 

Fig.  8.17 shows the dark IV characteristics and associated local ideality factors 

obtained by distributed circuit simulations. 

If the emitter sheet resistance is locally increased but no defect in the space charge 

region is present no shoulder in the dark IV characteristic occurs (green triangles in 

Fig.  8.17).  

Also if a defect in the space charge region occurs but the emitter sheet resistance 

remains unaffected, the local ideality factor increases slightly to values between one 

and two, but no shoulder in the dark IV characteristic and no hump in the local ideality 

factor characteristic occurs (violet diamonds in Fig.  8.17). 
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Only if the space charge region is damaged and the emitter sheet resistance is locally 

increased – which is the effect called resistance limited enhanced recombination 

analyzed by Hernando et al. [95] and McIntosh [33] and described in chapter  8.2.1 – a 

shoulder in the dark IV characteristic and a hump in the local ideality factor 

characteristic occurs (blue symbols in Fig.  8.17).  
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Fig.  8.17:  a) Dark IV characteristics and    

b) associated local ideality factors    
simulated by distributed circuit simulations using the symmetry element 
shown in Fig.  8.12 a) and the dark IV characteristics shown in Fig.  8.15 as 
local IV characteristics. The emitter sheet resistance used in the 
distributed circuit model (dcm) Rsheet,loc

dcm was varied separately from the 
one in the local models Rsheet

PC1D to analyze the effect of an increasing 
local emitter sheet resistance (blue symbols).  

To separate the effect between the one due to the shape of the local IV characteristic in 

the damaged area and the one due to the increased emitter sheet resistance, the local 

ideality factors of the PC1D model are compared to the ones obtained by distributed 

circuit simulations using emitter resistances of 100, 10 000, 100 000 and 

1 000 000 Ohm/sq in the damaged region (Fig.  8.18).  
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Fig.  8.18: Local ideality factors of dark IV characteristic of the local PC1D model and 

of the distributed circuit model with varied local emitter resistance in the 
damaged region using the symmetry element shown in Fig.  8.12 a). 

Only in case of a very high local emitter resistance in the damaged region (crossed 

open lower triangles), the hump in the local ideality factor characteristic generated by 

distributed circuit simulations exceeds the one of the local PC1D model. Thereto 

resistance limited enhanced recombination results in increased local ideality factors 

only if the local resistances are very high. Otherwise the hump in the local ideality 

factor and the shoulder in the dark IV characteristic is caused by the shoulder in the 

local dark IV characteristic itself.  

Illuminated IV characteristic parameters 

According to the simulated dark IV characteristics a locally damaged space charge 

region in combination with an increased emitter sheet resistance as well as a local 

defect which results in a similar shape of the dark IV characteristic but without 

increased emitter sheet resistance might be the reason of the shoulders observed in the 

measured dark IV characteristics. 

Hence the according simulated illuminated IV characteristic parameters of these 

models are compared to the one of the defect-free model in Tab.  8.4. 

The simulated illuminated IV characteristic parameters of the model called defect-free 

exceed the measured ones of solar cell 12.7 (Tab.  8.1). This is probably because solar 

cell 12.7 is not totally defect-free as was also found out by the dark lock-in 

thermography measurements.  



 8.5  Distributed circuit simulations 167 

Tab.  8.4:  Illuminated IV characteristic parameters simulated by distributed circuit 
simulations using the symmetry element shown in Fig.  8.12 a) to estimate 
the effect of a local boron doping at the front.  

   Jsc 

[mA/

cm2] 

Voc 

[mV] 

Jmpp 

[mA/

cm2] 

Vmpp 

[mV] 

FF 

[%] 

η 
[%] 

Defect-free 37.9 668.1 36.1 584.0 83.5 21.1 

Local defect: Space charge region damaged, 

Rsheet
PC1D increased*, 

Rsheet,loc
dcm:  10 000 Ohm/sq 

37.9 667.0 36.0 576.5 82.3 20.8 

Local defect: Space charge region damaged, 

Rsheet
PC1D increased*, 

Rsheet,loc
dcm: 100 Ohm/sq 

37.9 664.7 36.0 575.5 82.4 20.7 

* Gaussian profile as described in the text

The simulated illuminated IV characteristic parameters of the symmetry element with 

locally damaged space charge region and locally increased emitter sheet resistance in 

the PC1D model, once using an emitter sheet resistance of 10 000 Ohm/sq in the 

distributed circuit model and once of 100 Ohm/sq, are slightly degraded compared to 

the illuminated IV characteristic parameters of the model called defect-free (with the 

exception of Jsc). 

Local voltage map under illumination 

To be able to compare simulated voltage maps with measured ones the simulated 

voltage maps under one sun illumination once applying an external voltage of 400 mV 

and once applying external Voc-conditions are shown in Fig.  8.19 for a symmetry 

element with locally damaged space charge region and locally increased emitter sheet 

resistance in the underlying PC1D model. Once the surrounding emitter in the 

distributed circuit model was also increased (a) and b) in Fig.  8.19), once it was not (c) 

and d) in Fig.  8.19).  

In case of a locally increased emitter sheet resistance in the distributed circuit model, 

the local voltage in the damaged area is significantly increased when an external 

voltage of 400 mV is applied (Fig.  8.19 a)), while it is not increased in case of a 

laterally homogeneous emitter resistance in the distributed circuit model (Fig.  8.19 c)).  
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Under open circuit conditions, the area, in which the local voltage is decreased due to 

the damaged area, is much greater in case of a laterally homogeneous emitter sheet 

resistance in the distributed circuit model (Fig.  8.19 d)) than if the damaged area is 

shielded by an increased emitter sheet resistance in the distributed circuit model  

(Fig.  8.19 b)). 

Comparing the simulated voltage maps b) and d) in Fig.  8.19 with the measured ones 

(Fig.  8.6) an area with decreased local voltage can be found on solar cell 31.2.  

Furthermore resistance limited enhanced recombination at the solar cell edges can be 

excluded on the basis of the simulated voltage maps as this effect results in a voltage 

decrease in the surrounding area instead of the voltage increase observed in the 

measurements performed under open circuit conditions. 

To draw further conclusions also measurements applying increased external voltages 

of approximately 400 mV should be performed as well as measurements and 

simulations applying a diminished illumination intensity of approximately 0.1 suns and 

maximum power point conditions. 
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Fig.  8.19:  Local voltage maps of the illuminated symmetry element with a locally 

damaged space charge region and increased emitter sheet resistance in the 
local PC1D model once applying an external voltage of 400 mV (left), 
once applying external Voc-conditions (right).   
a),b): The local emitter sheet resistance in the distributed circuit model is 
also increased to 10 000 Ohm/sq.   
c),d): The emitter sheet resistance in the distributed circuit model is 
laterally homogeneous.  
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8.6 Summary, conclusion and outlook 

Shoulders observed in the dark IV characteristics of some of the solar cells produced in 

the Fraunhofer ISE clean room applying photolithography technique prompted the 

analyses presented in this chapter.  

Started by a literature review summarizing effects, which go beyond the ones 

described by the two diode model, an analysis using measurements and distributed 

circuit simulations was performed with the aim,  

• to analyze the effect of defects, which might be existent in the solar cells, on 

the corresponding IV characteristics and local voltage maps on the one hand 

and  

• to narrow down possible reasons for the observed shoulders on the other 

hand.  

According to the results presented in this chapter the following defects, which were 

firstly suspected to be able to be responsible for the observed shoulders, can now be 
excluded to cause the shoulders:  

• Accidental doping with phosphorus on the rear of the solar cell as long as 

only the effective doping concentration is affected. 

• Accidental doping with boron on the front as long as only the effective 

doping concentration is affected. 

• Resistance limited enhanced recombination at the edges of the solar cells. 

Possible reasons according to the investigations performed in this work are: 

• Accidental doping with boron on the front, which simultaneously results in a 

damaged space charge region or in a defect, which results in a local 

IV characteristic with similar shape. 

• Further local defects, which result in local IV characteristics with a shoulder 

as for example Shockley-Read-Hall-defects with unequal capture cross 

section for electrons and holes, but which do not affect the emitter sheet 

resistance. 

To be able to draw further conclusions the following measurements remain to be 

performed in the future:  
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• photoluminescence measurements applying different external voltages and 

illumination intensities, maybe in comparison to distributed circuit 

simulation results, 

• dark lock-in thermography measurements applying different external 

voltages. 

Furthermore, as within this work not all possible effects/problems could be analyzed, 

the following questions remain to be answered in the future:  

• Contributes the oxide passivation near the active solar cell area via the 

generated surface charges to the observed shoulders, similar as described in 

[104]? 

• Could broken pyramids at the front be responsible for the observed 

shoulders, similar as described in [95]? 

• Does accidental boron doping beneath the front metallization occur? And if 

this should be the case, does it contribute for example via increased contact 

and emitter sheet resistance to the observed shoulders? 

 





 

 

9 Summary 

In this work the effect of lateral inhomogeneities of silicon solar cells – either given by 

the solar cells themselves or introduced by the measurement conditions – on different 

measurement parameters was analyzed mainly by means of distributed circuit 

simulations.  

Thereto firstly the fundamental physical properties of silicon solar cells were 

summarized and often used measurement parameters introduced.  

Afterwards the distributed circuit model of a standard industrial like silicon solar cell, 

whose only lateral inhomogeneity was given by the front metallization, was introduced 

and its properties analyzed. Especially the effect of the chosen resolution of the 

equivalent circuit of a distributed circuit model on the simulation results was analyzed 

in detail because distributed circuit models are discrete by nature while in silicon solar 

cells the currents flow continuously. As the resolution affects mainly series resistance 

effects, it influences especially the fill factor of a simulated illuminated 

IV characteristic, but also simulated voltage maps especially under external maximum 

power point conditions are affected. 

In the following the value of distributed circuit models was investigated by a 

comparison between simulation and measurement results of an industrial-like silicon 

solar cell. The measured and simulated dark and illuminated IV characteristics agreed 

quite well, while a greater discrepancy was found between measured and simulated 

Corescan voltage maps, which differed by a factor of approximately 1.9 and whose 

origin remained to be analyzed in the future. Also the comparison between simulated 

voltage maps and voltage maps obtained from photoluminescence measurements 

revealed differences in absolute values as well as in relative ones, whose origin 

remained ambiguous. Thereto further comparisons will have to be performed in the 

future.  

As first application the effect of a shaded region near the bus bar during one sun 

IV characteristic measurement on open circuit voltage and fill factor was analyzed. 

Such a shading is often caused by the measurement strips which are used especially in 

industrial environments. The effect of the shaded region on the short circuit current 

density can be eliminated by increasing the illumination intensity until the short circuit 

current density, which has been measured elsewhere (e.g. in a calibration laboratory), 

is reached. Nevertheless an effect on fill factor and open circuit voltage remains due to 

internal current flows caused by the additionally shaded region. This effect was 
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determined by experiment and simulation to decrease the open circuit voltage by less 

than 0.4% (less than 2.4 mV) in case of an industrial like silicon solar cell with a 1 cm 

wide region near the bus bar, which is totally shaded. In this case distributed circuit 

simulations predicted a fill factor decrease of less than 0.4% relative. In case of partial 

shading – which is the usual case – the effect is expected to be even less.  

A second, similar application was the analysis of the effect of a laterally 

inhomogeneous illumination during suns-Voc-measurements as it is caused by the 

photoflash, which is usually used for suns-Voc-measurements, on the measured one sun 

open circuit voltage. In case of an industrial-like silicon solar cell, the one sun open 

circuit voltage is underestimated by less than 1 mV according to distributed circuit 

simulations, if the laterally inhomogeneous illumination as approximately measured is 

used with maximum illumination intensity of one sun compared to the results using a 

laterally homogeneous illumination with one sun illumination intensity. The results of 

the distributed circuit simulations were also compared to the ones obtained by a 

simplified averaging method, which turned out to be able to estimate the lower limit of 

the voltage underestimation.  

Next two kinds of laterally varying emitter sheet resistances were analyzed using 

distributed circuit simulations:  

The first analysis was concerned to unintentionally produced emitter inhomogeneities 

as they may be due to fluctuations in the diffusion furnace. Three different mean 

emitter sheet resistances were chosen, 50 Ohm/sq, 75 Ohm/sq and 100 Ohm/sq. The 

emitter sheet resistance distributions were chosen to be symmetrical around these mean 

values. In the simulations the effect of the emitter doping concentration on Auger-

recombination was considered via PC1D, the effect on contact resistance was 

estimated by experimental results, effects on the surface passivation quality were taken 

into account using literature data and the effect of the emitter resistances themselves 

were considered via the distributed circuit model. However further process problems 

as shunting due to overfiring were not taken into account as for these problems no 

general formula is known. It can be summarized that in all analyzed cases the 

efficiency of a solar cell with a laterally inhomogeneous emitter sheet resistance is 

decreased compared to the efficiency of the solar cell with the same parameters but a 

laterally homogenous emitter sheet resistance with the mean value. Furthermore the 

efficiency deviations obtained by distributed circuit simulations were compared to the 

ones obtained by calculating the area weighted mean IV characteristic under 
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consideration of effective series resistance effects. The results turned out to be 

comparable.  

The second analysis regarded the potential of solar cells with semiconductor fingers, 

which are one kind of intentionally produced emitter sheet resistance inhomogeneities. 

Semiconductor fingers are lines perpendicular to the metal fingers with strongly 

decreased emitter sheet resistance compared to the surrounding emitter sheet 

resistance. This solar cell structure aims to decrease Auger-recombination effects in 

the not-semiconductor finger regions of the emitter and to diminish shading effects due 

to the front metallization. Two different contact patterns between metal fingers and 

semiconductor were compared: In the first case, the whole region beneath the metal 

finger was contacted to the emitter and the emitter sheet resistance was decreased in 

this whole area. In the second case, only regions, where a semiconductor finger meets 

a metal finger, were contacted and the remaining parts beneath the metal fingers were 

assumed to be well passivated and electrically isolated from the metal fingers. 

Furthermore two different emitter sheet resistances in the not-semiconductor finger 

region were analyzed, 150 Ohm/sq and 350 Ohm/sq, while in the semiconductor finger 

regions an emitter sheet resistance of approximately 4 Ohm/sq was assumed. 

Simplified distributed circuit simulations – neglecting the resistance of the 

metallization – were used to perform an analysis of the potential of this solar cell 

structure. Especially the distance between two adjacent metal fingers and the distance 

between two adjacent semiconductor fingers was varied. According to the simulation 

results implementing semiconductor fingers on a solar cell with an emitter sheet 

resistance of 150 Ohm/sq in the not-semiconductor finger region will not result in an 

efficiency gain compared to the efficiency of a solar cell with the same parameters but 

without semiconductor fingers and optimized distance between two adjacent metal 

fingers. If an emitter sheet resistance of 350 Ohm/sq in the not-semiconductor finger 

region is chosen, semiconductor fingers can improve the solar cell efficiency, provided 

appropriate metal and semiconductor finger distances are chosen. Here the contact 

pattern, which contacts the whole metal finger to the emitter, promises a higher 

efficiency gain than if only small regions beneath the metal fingers are contacted. 

According to the performed distributed circuit simulations the highest efficiency gain 

compared to an optimized solar cell without semiconductor fingers can be achieved if a 

350 Ohm/sq emitter sheet resistance in the not-semiconductor fingers region is used, a 

distance between two adjacent metal fingers of 1.6 mm and a distance between two 

adjacent 30 µm wide semiconductor fingers of 900 µm. However the maximum 

efficiency gain is simulated to be only 0.7% relative for the analyzed cases. It has to be 

kept in mind, that the analyzed effects depend on the used local solar cell 
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characteristics and will probably differ, if e.g. semiconductor finger characteristics 

with increased local performance are assumed. The simulation results remain to be 

compared to experimental results.  

In the last chapter of this thesis, distributed circuit simulations were used amongst 

different measurement methods to analyze possible reasons for a shoulder, which is 

observed in some of the dark IV characteristics of small area silicon solar cells, which 

were produced in the Fraunhofer ISE clean room using photolithography technique. 

Comparing measurement and simulation results three problems, which were firstly 

considered to be able to cause the shoulders, could be excluded: Accidental 

phosphorus doping on the rear of the solar cell, as long as it only affects the effective 

doping concentration and therefore weakens the effect of the applied boron back 

surface field, accidental boron doping on the front, provided only the effective doping 

concentration is affected, and resistance limited enhanced recombination effects at the 

edges of the solar cells. According to the analyses performed in this work, the 

following reasons could not be excluded to cause the shoulder: Accidental doping with 

boron on the front, which simultaneously results in a damaged space charge region or 

in a defect, which results in a similar local IV characteristic, and further local defects 

which result in local IV characteristics with a shoulder. According to the literature also 

the oxide passivation near the active solar cell area could result in a shoulder in the 

dark IV characteristic due to surface charges as well as broken pyramids Further 

investigations remain to be performed in the future.  

In summary firstly the application of distributed circuit simulations was evaluated in 

case of laterally homogeneous silicon solar cells. Afterwards this simulation technique 

was used to analyze the effect of different lateral inhomogeneities of the solar cells 

themselves or of externally introduced ones by the measurement equipment on diverse 

solar cell parameters. Furthermore in selected cases the results of the distributed circuit 

simulations were compared to the ones calculated using simpler averaging techniques.  
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11 Appendix 

11.1 Abbreviations 

 

Variable Meaning 

ARC Anti reflectance coating 

Corescan 
Contact resistance scan (Instrument offered by SunLab B.V., 
Netherlands) 

DLIT Dark lock-in thermography 

EQE External quantum efficiency 

e Electron 

FF Fill factor 

h Hole 

LBIC Light beam induced current 

mpp Maximum power point 

PECVD Plasma-enhanced chemical vapor deposition 

PL Photoluminescence 

scr Space charge region 

SRH Shockley, Read, Hall 
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11.2 Glossary – Latin symbols 

 

Variable  (Usual)  
Dimension Meaning 

AARC  Absorption in the anti reflectance coating  

Ai m2 Area of the region with emitter sheet resistance Rsheet,i 

Amax m2 Not-metalized solar cell area 

Ashaded m2 Area, which is additionally shaded 

Atotal m2 Area of the whole solar cell or symmetry element 

B cm3s-1 Coefficient of radiative recombination 

Cloc  
Calibration factor needed for voltage calibration of 
PL-measurements 

Cn m6/s Auger coefficient of the eeh process 

Cp m6/s Auger coefficient of the ehh process 

df m 
Distance of two adjacent fingers on the front of a solar 
cell 

Dit cm-2 Surface or interface state density 

dn m 
Depth of one node in direction parallel to the fingers 
in a distributed circuit model 

Dn cm2s-1 Diffusion coefficient of the electrons 

Dp cm2s-1 Diffusion coefficient of the holes 

E V/m Electrical field 

EC eV Lowest energy in the conduction band 

EF eV Fermi level 

Eg eV Energy of the band gap 

Ei eV 
Energy of the fermi level in an intrinsic 
semiconductor at thermal equilibrium 

Ek eV Energy of an electron with momentum k 

Et eV Energy of a defect level 

Etop eV Highest energy in the conduction band 
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Variable  (Usual)  
Dimension 

Meaning 

EV eV Highest energy in the valence band 

F(E)  Fermi-Dirac distribution 

fE  
Emitter correction factor to correct the effect of the 
emitter sheet resistance in a distributed circuit model 

fF  
Correction factor to correct the effect of the resistance 
of the metal fingers in a distributed circuit model 

G m-3s-1 Generation rate 

Gill  m-3s-1 Generation rate due to illumination 

Gn m-3s-1 Generation rate of electrons 

Gp m-3s-1 Generation rate of holes 

h, h   
Planck constant, h = 4.135 667 27(16)×10-15 eV s 

)2/( πh=h  [117] 

hb µm Height of the bus bar 

hf µm Height of the metal fingers 

I l A 
Current, which passes the emitter resistance Rl*  in 
between two adjacent fingers in a distributed circuit 
model of a solar cell 

Iwith shading W/cm2 
Illumination intensity used to generate the one sun 
short circuit current density in case of an additionally 
shaded area 

Iwithout shading W/cm2 
Illumination intensity used to generate the one sun 
short circuit current density without additionally 
shaded region (0.1 W/cm2) 

J0 A/cm2 Generation current density (one diode model) 

J01 A/cm2 
Generation current density in the neutral regions 
(two diode model) 

J02 A/cm2 
Generation current density of the space charge region 
(two diode model) 

Jill  A/cm2 
Additionally generated current density due to 
illumination 

( )VJ xsuns
local

 A/cm2 
Local IV characteristic of a solar cell illuminated with 
an illumination intensity of x suns 
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Variable  (Usual)  
Dimension Meaning 

Jmpp A/cm2 Current density at maximum power point 

Jn A/cm2 Current density of the electrons 

Jp A/cm2 Current density of the holes 

Jsc A/cm2 Short circuit current density 

xsuns
localscJ ,

 A/cm2 
Local short circuit current density using an 
illumination intensity of x suns 

sun
scJ1  A/cm2 One sun short circuit current density 

k kg m s-1 Momentum of an electron 

kB  Boltzmann constant, 1.380 6504×10-23 J/K [117] 

lf cm Length of one finger on a solar cell 

Ln cm Diffusion length of the electrons 

Lh cm Diffusion length of the holes 

m  Ideality factor used in the one diode model 

M  
Part of the area of the solar cell, which is illuminated 
by the measurement spot and which is covered by the 
front metallization  

MC  Number of equivalent minima in the conduction band 

mde kg Density-of-state effective mass for electrons 

mdh kg Density-of-state effective mass for holes 

mhh* kg Effective mass of the heavy holes in the valence band 

mi* kg 
Effective mass of the electrons along the principal 
axes of the ellipsoidal energy surfaces 

mlh* kg Effective mass of the light holes in the valence band 

mloc  Local ideality factor 

n cm-3 Electron density in the conduction band 

Ν(Ε) cm-3 Density of states  

n0 cm-3 
Electron concentration in the conduction band at 
thermal equilibrium 

n1 cm-3 SRH density for electrons 
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Variable  (Usual)  
Dimension 

Meaning 

n1  
Ideality factor of the first diode in the two diode 
model 

n2  Ideality factor of the second diode in the two diode 
model 

NA cm-3 Total concentration of acceptors 

−
AN  cm-3 Concentration of ionized acceptors 

0
AN  cm-3 Concentration of unionized acceptors 

Nb,Y  
Number of nodes beneath the bus bar in direction 
parallel to the fingers in a distributed circuit model of 
a solar cell 

Nbf,X  
Number of nodes between two adjacent fingers in 
direction perpendicular to them in a distributed circuit 
model of a solar cell 

NC cm-3 Effective density of states in the conduction band 

ND cm-3 Total concentration of donors  

+
DN  cm-3 Concentration of ionized donors 

0
DN  cm-3 Concentration of unionized donors 

Nf,X  
Number of nodes beneath one grid finger in direction 
perpendicular to it in a distributed circuit model of a 
solar cell 

Nf,Y  
Number of nodes in the area of the grid fingers in 
direction parallel to them in a distributed circuit 
model of a solar cell 

Nfront cm-3 
Front surface doping concentration of an emitter 
profile 

ni cm-3 Intrinsic carrier concentration at thermal equilibrium 

nn cm-3 
Electron concentration at the edge of the space charge 
region in the n-doped material 

np cm-3 
Electron concentration at the edge of the space charge 
region in the p-doped material 

nS cm-3 Concentration of electrons at the surface 
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Variable  (Usual)  
Dimension Meaning 

Nt cm-3 Defect concentration 

NV cm-3 Effective density of states in the valence band 

p cm-3 Hole density in the valence band 

p0 cm-3 
Hole concentration in the valance band at thermal 
equilibrium 

p1 cm-3 SRH density for holes 

Pin W/cm2 Power density of an external illumination  

corr
sunsVocPLI 2.0,

  
PL-image obtained under Voc conditions and 0.2 suns 
equivalent illumination intensity, which is corrected 
for lifetime effects 

corr
onesunVextPLI ,

  
PL-image obtained applying an external voltage Vext 
and one sun equivalent illumination intensity, which 
is corrected for lifetime effects 

PLIJsc,0.2suns  
PL-image taken at Jsc-conditions and 0.2 suns 
equivalent illumination intensity 

PLIJsc,onesun  
PL-image taken at Jsc-conditions and one sun 
equivalent illumination intensity 

PLIVoc,0.2suns  
PL-image taken at Voc-conditions and 0.2 suns 
equivalent illumination intensity 

PLIVext,onesun  
PL-image taken at externally applied voltage Vext- and 
one sun equivalent illumination intensity 

Ploss W Power loss in a solar cell due to (emitter) resistances 

pn cm-3 
Hole concentration at the edge of the transition region 
in the n-doped material 

pp cm-3 
Hole concentration at the edge of the transition region 
in the p-doped material 

ps cm-3 Concentration of holes at the surface 

q  Elementary charge, 1.602 176 462(63)×10-19 C [117] 

R s-1 cm-3 Total recombination rate 

R0 s-1 cm-3 Recombination rate at thermal equilibrium 

RARC  Reflectance of the anti reflectance coating 
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Variable  (Usual)  
Dimension 

Meaning 

RC Ohm cm2 Contact resistance between emitter and metallization 

eff
contR  Ohm cm2 

Effective series resistance between metal and 
semiconductor 

E
YbR ,

 Ohm 
Emitter resistance beneath the bus bar in direction 
parallel to the fingers between two adjacent nodes in a 
distributed circuit model of a solar cell 

E
XbfR ,

 Ohm 
Emitter resistance in between two adjacent fingers in 
direction perpendicular to them between two adjacent 
nodes in a distributed circuit model of a solar cell 

E
XfR ,

 Ohm 
Emitter resistance beneath the fingers in direction 
perpendicular to them between two adjacent nodes in 
a distributed circuit model of a solar cell 

E
YfR ,

 Ohm 
Emitter resistance in the area of the grid fingers in 
direction parallel to the fingers between two nodes in 
a distributed circuit model of a solar cell 

Rl* Ohm 

Emitter resistance in between two adjacent fingers in 
direction perpendicular to them between two adjacent 
nodes in a distributed circuit model of a solar cell 
needed to derive the emitter correction factor fE 

DPC
locEQER 1   

Part of the incident light, which does not enter the 
solar cell, used in a PC1D model, which is adjusted to 
a locally measured EQE 

M
XbR ,

 Ohm 
Resistance of the bus bar in direction perpendicular to 
the fingers between two adjacent nodes in a 
distributed circuit model of a solar cell 

M
YbR ,

 Ohm 
Resistance of the bus bar in direction parallel to the 
fingers between two adjacent nodes in a distributed 
circuit model of a solar cell 

apewithoutesc
tmeasuremenR   Measured reflectance without escape 

RMet  
Reflectance of the metallization at the front of the 
solar cell 

M
XfR ,

 Ohm 
Resistance of the fingers in direction perpendicular to 
them between two adjacent nodes in a distributed 
circuit model of a solar cell 

M
YfR ,

 Ohm Resistance of the fingers in direction parallel to them 
between two adjacent nodes in a distributed circuit 
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Variable  (Usual)  
Dimension Meaning 

model of a solar cell 

RP Ohm cm2 
Lumped parallel resistance as used in the two diode 
model 

RS Ohm cm2 
Lumped series resistance as used in the two diode 
model 

Rs,dark Ohm cm2 
Lumped series resistance of a solar cell in the dark 
calculated as described in [34] 

Rs,light,Dicker Ohm cm2 
Series resistance of an illuminated solar cell 
calculated as described in [36] 

Rsheet Ohm/sq Emitter sheet resistance 

eff
sheetR  Ohm cm2 Effective series resistance of the emitter 

Seff cm/s Effective surface recombination velocity  

Sfront cm/s Front surface recombination velocity 

Ssurf cm/s Surface recombination velocity 

T K Absolute temperature 

U s-1cm-3 Net recombination rate 

UAuger s-1cm-3 Net band-to-band Auger recombination rate 

Ui s-1cm-3 
Individual net recombination rate of one kind of 
recombination process 

Un s-1cm-3 Recombination rate of electrons 

Up s-1cm-3 Recombination rate of holes 

Urad s-1cm-3 Radiative net recombination rate 

USRH s-1cm-3 Net Shockley, Read, Hall recombination rate 

Usurf s-1cm-2 Net surface recombination rate 

Utot s-1cm-3 Total net recombination rate 

V V Voltage / Potential 

V0 V 
Contact potential of the pn-junction at thermal 
equilibrium 

Vdark,Jsc V 
Voltage of the dark IV characteristic at the current 
density Jsc 
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Variable  (Usual)  
Dimension 

Meaning 

Vdark,mpp V 
Voltage of the dark IV characteristic at the current 
density |Jsc|-|Jmpp| 

Vext V Externally applied voltage 

Vlight,mpp V 
Voltage of the IV characteristic of an illuminated 
solar cell at maximum power point 

Vloc V Local voltage on a solar cell 

Vmpp V Voltage at maximum power point 

Voc V Open circuit voltage 

Voc,ext,0.2suns V 
Externally applied voltage under Voc-conditions and 
0.2 suns equivalent illumination intensity at PL-
measurements 

Vext,onesun V 
Externally applied voltage Vext at one sun equivalent 
illumination intensity at PL-measurements 

Voc,loc,0.2suns V 
Local voltage under externally applied Voc-conditions 
and 0.2 suns equivalent illumination intensity at PL-
measurements 

Vloc,onesun V 
Local voltage applying one sun equivalent 
illumination intensity and an external voltage Vext,onesun 
at PL-measurements 

vth cm/s Thermal velocity of the charge carriers 

W µm Width of the space charge region at a pn-junction 

wb cm Width of the bus bar of a solar cell 

wf µm Width of one finger of a solar cell 

wn µm 
Width of one node in a distributed circuit model of a 
solar cell 

wx µm 
Width of one node at the position x in direction 
perpendicular to the fingers in a distributed circuit 
model of a solar cell 
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11.3 Glossary – Greek symbols 

Variable  (Usual)  
Dimension Meaning 

∆n cm-3 Excess electron density in the conduction band 

∆ns cm-3 Excess electron density at the surface 

∆p cm-3 Excess hole density in the valence band 

∆Vonesun V 
Voltage difference between local voltage Vloc,onesun and 
and externally applied voltage Vext,onesun  

ε F/m Dielectric permittivity  

ε0  Dielectric constant (8.854 187 817…×10-12 F/m [117]) 

εr  Relative permittivity  

η  Solar cell efficiency 

µn m2 V-1s-1 Mobility of the electrons 

µh m2 V-1s-1 Mobility of the holes 

ρ C m-3 Charge density  

ρc Ohm cm2 
Specific contact resistance between metal and 
semiconductor 

ρm Ohm cm Resistivity of the metallization 

σn cm-2 Capture cross section of the electrons 

σp cm-2 Capture cross section of the holes 

τi µs 
Individual excess carrier lifetime of one kind of 
recombination process 

τn µs Excess electron lifetime 

τp µs Excess hole lifetime 

τtot µm Total excess carrier lifetime 
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11.4 Physical constants 

 

Variable Value [117] Dimension Meaning 

c 299 792 458 m / s Speed of light in vacuum 

ε0 8.854 187 817…×10-12 F / m Electric constant 

h 4.135 667 27(16)×10-15 eV s Planck constant 

kB 1.380 6504×10-23 J / K Boltzmann constant 

m0 9.109 382 15×10-31 kg Electron rest mass 

q 1.602 176 462(63)×10-19 C Elementary charge 
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13 Deutsche Zusammenfassung 

In dieser Arbeit wurden die Auswirkungen lateraler Inhomogenitäten, die entweder in 

den betrachteten Silicium-Solarzellen selbst vorliegen oder die in den Solarzellen 

durch lateral inhomogene Messbedingungen induziert werden, auf verschiedene 

Messparameter untersucht. Hierzu wurden vorwiegend Netzwerksimulationen genutzt.  

Dazu wurden zunächst die grundlegenden Eigenschaften von Silcium-Solarzellen 

zusammengefasst und häufig verwendete Messparameter eingeführt.  

Anschließend wurde ein Netzwerkmodell für eine Silicium-Solarzelle mit einer 

Struktur, ähnlich wie sie in der Industrie hergestellt wird und deren einzige laterale 

Inhomogenität die Vorderseitenmetallisierung darstellt, vorgestellt. Die Eigenschaften 

des Netzwerkmodells für diese Solarzelle wurden untersucht. Der Schwerpunkt lag 

dabei auf der Untersuchung der Auswirkungen der gewählten Auflösung des 

Netzwerkmodells auf die Simulationsergebnisse, da Netzwerkmodelle aufgrund ihrer 

Natur diskret sind, wohingegen in realen Solarzellen die Ströme kontinuierlich verteilt 

fließen. Da die Auflösung sich hauptsächlich auf Serienwiderstandseffekte auswirkt, 

beeinflusst sie vor allem den Füllfaktor einer simulierten Hellkennlinie, aber auch die 

simulierten lokalen Spannungen insbesondere am Punkt maximaler Leistung werden 

beeinflusst.  

Auf diese Untersuchung folgte der Vergleich von Mess- und Simulationsergebnissen 

von Solarzellen mit einer Struktur ähnlich der, wie sie in der Industrie auch hergestellt 

werden. Die gemessenen und simulierten Hell- und Dunkelkennlinien zeigten eine gute 

Übereinstimmung. Eine größere Diskrepanz wurde beim Vergleich von gemessenen 

und simulierten Corescan-Spannungsbildern gefunden. Hier unterschieden sich 

Messung und Simulation ungefähr um einen Faktor 1,9, dessen Ursache noch weiter zu 

untersuchen verbleibt. Auch der Vergleich von simulierten Spannungsbildern mit aus 

Photolumineszenz-Messungen gewonnenen zeigte Unterschiede sowohl im absoluten 

als auch im relativen Verlauf der Messwerte, deren Ursache ebenfalls noch weiter zu 

untersuchen ist.  

Als erste Anwendung wurde der Effekt eines abgeschatteten Bereichs neben des 

Busses auf die Offenklemmspannung und den Füllfaktor einer ein-Sonnen-

Hellkennlinie untersucht. Solch eine Abschattung kann z.B. durch die Verwendung 

von Messleisten verursacht werden, wie sie insbesondere in der industriellen 

Produktion verwendet werden. Die Auswirkung des abgeschatteten Bereichs auf die 

Kurzschlussstromdichte kann durch eine Erhöhung der Beleuchtungsintensität 
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eliminiert werden, indem die Beleuchtungsintensität erhöht wird, bis die gemessene 

Kurzschlussstromdichte mit der anderweitig (z.B. in einem Kalibrierlabor) bestimmten 

übereinstimmt. Jedoch verbleibt die Auswirkung auf die Offenklemmspannung und 

den Füllfaktor aufgrund interner Stromflüsse in der Solarzelle, die durch den zusätzlich 

abgeschatteten Bereich verursacht werden. Sowohl im Experiment als auch mittels 

Simulation wurde gezeigt, dass sich im Falle einer industrieähnlichen Solarzelle, bei 

der ein 1 cm breiter Bereich neben des Busses zusätzlich total abgeschattet wird, die 

Offenklemmspannung um weniger als 0.4% (weniger als 2.4 mV) vermindert. Die 

Netzwerksimulationen sagen für diesen Fall eine Verminderung des Füllfaktors um 

weniger als 0.4% relative vorher. Im Falle von partieller Abschattung – die gewöhnlich 

auftritt – ist zu erwarten, dass der Effekt geringer ist.  

Eine zweite, ähnliche Anwendung war die Untersuchung der Auswirkung einer lateral 

inhomogenen Beleuchtung während einer sun-Voc-Messung, die durch das bei dieser 

Messung üblicherweise verwendete Blitzlicht verursacht wird, auf die gemessene 

Offenklemmspannung bei einer Beleuchtungsintensität von einer Sonne. Im Falle einer 

industrieähnlichen Solarzelle zeigte sich mittels Netzwerksimulationen, dass die ein-

Sonnen-Offenklemmspannung um weniger als 1 mV unterschätzt wird, wenn die 

lateral inhomogene Beleuchtung, wie sie näherungsweise gemessen wurde, verwendet 

wird, im Vergleich zu einer lateral homogenen Beleuchtung mit einer Intensität von 

einer Sonne. Die Ergebnisse der Netzwerksimulationen wurden außerdem mit denen 

einer vereinfachten Mittelungsmethode verglichen. Mit Hilfe dieser Mittelung konnte 

der obere Grenzwert der Spannungverminderung abgeschätzt werden.  

Des weiteren wurden zwei Arten von lateral inhomogenem Emitterschichtwiderstand 

mit Hilfe von Netzwerksimulationen untersucht:  

Die erste Untersuchung befasste sich mit unbeabsichtigt auftretenden lateralen 

Emitterinhomogenitäten wie sie z.B. aufgrund von Schwankungen im Diffusionsofen 

auftreten können. Drei verschiedene Emitterschichtwiderstandsmittelwerte wurden 

ausgewählt: 50 Ohm/sq, 75 Ohm/sq und 100 Ohm/sq. Die Verteilung der 

Emitterschichtwiderstände wurde symmetrisch um diese Mittelwerte gewählt. In den 

Simulationen wurde die Auswirkung der Emitterdotierkonzentration auf die Auger-

Rekombination mittels des zu Grunde liegenden PC1D-Models berücksichtigt, der 

Effekt auf den Kontaktwiderstand wurde mittels experimenteller Ergebnisse 

abgeschätzt, die Auswirkung auf die Qualität der Oberflächenpassivierung durch 

Verwendung von Literaturdaten und der Effekt der Emitterwiderstände selbst durch 

das Netzwerkmodell berücksichtigt. Jedoch wurden weitere Prozessprobleme wie z.B. 
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das Auftreten lokaler Kurzschlüsse aufgrund zu starken Feuerns nicht berücksichtigt, 

da hierfür keine allgemein gültige Formel bekannt ist. In den untersuchten Fällen führt 

ein inhomogener Emitterschichtwiderstand mit symmetrischer Emitterschicht-

widerstandsverteilung zu einer verminderten Solarzelleffizienz im Vergleich zu der 

einer Solarzelle mit denselben Parametern, aber lateral homogenem Emitterschicht-

widerstand mit mittlerem Emitterschichtwiderstand. Die Effizienzabweichungen, die 

mittels Netzwerksimulation bestimmt wurden, wurden des weiteren mit denen 

verglichen, die mit Hilfe der flächengewichteten mittleren IU-Kennlinie unter 

Berücksichtigung von Serienwiderstandseffekten bestimmt wurden. Beide Ergebnisse 

sind vergleichbar.  

Die zweite Untersuchung in diesem Bereich befasst sich mit einer Potenzialanalyse 

von Solarzellen mit Halbleiterfingern. Hierbei handelt es sich um eine Art von 

absichtlich erzeugter Emitterschichtwiderstandsinhomogenität. Mit Halbleiterfingern 

werden Linien mit stark vermindertem Emitterschichtwiderstand im Vergleich zu dem 

der übrigen Zellbereiche bezeichnet. Die Linien verlaufen senkrecht zu den 

Metallfingern. Das Ziel dieser Zellstruktur ist eine Verminderung der Auger-

Rekombination im Emitter und eine Verminderung der Abschattung aufgrund der 

Vorderseitenmetallisierung. In dieser Arbeit wurden zwei verschiedene 

Vorderseitenkontaktstrukturen simuliert: Bei der ersten wird der gesamte Bereich 

unterhalb eines Metallfingers kontaktiert. Hierzu wird im gesamten metallisierten 

Bereich ein verminderter Emitterschichtwiderstand verwendet. Im zweiten Fall werden 

nur Bereiche kontaktiert, in denen Halbleiterfinger auf Metallfinger treffen. Die 

übrigen Bereiche unterhalb der Vorderseitenmetallfinger wurden als elektrisch vom 

Metallfinger isoliert angenommen sowie mit einer geringen 

Oberflächenrekombinationsgeschwindigkeit versehen. Zwei verschiedene 

Emitterschichtwiderstände im nicht-Halbleiterfinger-Bereich wurden betrachtet: 

150 Ohm/sq und 350 Ohm/sq. Im Halbleiterfingerbereich wurde ein 

Emitterschichtwiderstand von ca. 4 Ohm/sq angenommen. Vereinfachte 

Netzwerksimulationen, welche den Widerstand der Metallisierung vernachlässigen, 

wurden durchgeführt, um das Potenzial dieser Zellstruktur abzuschätzen. Dabei wurde 

insbesondere der Abstand zwischen benachbarten Metallfingern und zwischen 

benachbarten Halbleiterfingern variiert. Die Simulationen ergeben, dass für die 

untersuchte Zellstruktur mit einem Emitterschichtwiderstand von 150 Ohm/sq der 

Einbau von Halbleiterfingern nicht zu einem Effizienzgewinn führen wird. Wird ein 

Emitterschichtwiderstand von 350 Ohm/sq im nicht-Halbleiterfingerbereich 

verwendet, so kann nach den Simulationsergebnissen der Einbau von Halbleiterfingern 

zu einer Effizienzsteigerung führen. In diesem Falle verspricht die Kontaktstruktur, bei 
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der der gesamte Metallfinger mit dem Emitter elektrisch kontaktiert wird, eine höhere 

Effizienzsteigerung als die Verwendung von nur lokalen elektrischen Kontakten 

zwischen Metallfinger und Emitter. Basierend auf den durchgeführten 

Netzwerksimulationen kann der höchste Effizienzgewinn erreicht werden, wenn ein 

Emitterschichtwiderstand von 350 Ohm/sq im nicht-Halbleiterfingerbereich verwendet 

wird, ein Abstand der Metallfinger voneinander von 1.6 mm und ein Abstand der 

30 µm breiten Halbleiterfinger voneinander von 900 µm. Es ist zu beachten, dass die 

Ergebnisse von den speziellen, hier verwendeten Parametern und Eigenschaften 

abhängen. Eine zukünftige Aufgabe wird es sein, die Ergebnisse der 

Netzwerksimulationen mit experimentellen Ergebnissen zu vergleichen.  

Im letzten Kapitel dieser Arbeit wurden Netzwerksimulationen neben verschiedenen 

experimentellen Methoden genutzt, um mögliche Ursachen für das Auftreten einer 

Schulter in den Dunkelkennlinien einiger kleinflächiger Solarzellen, die im Reinraum 

des Fraunhofer ISE unter Verwendung von Photolithographie hergestellt wurden, zu 

untersuchen. Nach dem Vergleich von Mess- und Simulationsergebnissen konnten drei 

Probleme, von denen zunächst vermutet wurde, dass sie eventuell zu der Schulter 

führen könnten, ausgeschlossen werden: Versehentliche Phosphordotierung auf der 

Rückseite der Solarzelle, sofern diese nur die effektive Dotierkonzentration beeinflusst 

und somit zu einer Abschwächung des Effekts der erhöhten Bor-Dotierung auf der 

Zellrückseite führt, versehentliche Bor-Dotierung auf der Solarzellvorderseite, 

vorausgesetzt, nur die effektive Dotierkonzentration wird beeinflusst, und die 

sogenannte widerstands-begrenzte verstärkte Rekombination in den Randbereichen der 

Solarzelle. Ausgehend von den in dieser Arbeit vorgestellten Untersuchungen sind 

mögliche Ursachen der Schulter: Versehentliche Bor-Dotierung an der 

Solarzellvorderseite, vorausgesetzt, diese führt außerdem zu einer erhöhten 

Rekombination in der Raumladungszone oder zu einem Defekt, der zu einer ähnlichen 

IU-Kennlinie führt, sowie andere lokale Defekte, die zu lokalen IU-Kennlinien mit 

Schulter führen. Nach der Literatur könnte auch die Oxid-Passivierung neben der 

aktiven Zellfläche zu einer Schulter in der IU-Kennlinie führen aufgrund von 

Oberflächenladungen sowie abgebrochene Pyramiden. Weitere Untersuchungen hierzu 

sind in Zukunft noch durchzuführen.  

Zusammenfassend wurde zunächst die Anwendung von Netzwerksimulationen im 

Falle von lateral homogenen Solarzellen untersucht. Anschließend wurde diese 

Simulationstechnik genutzt, um die Auswirkung verschiedener lateraler 

Inhomogenitäten der Solarzellen selbst bzw. durch die Messbedingungen induzierter 

Inhomogenitäten auf verschiedene Solarzellparameter zu untersuchen. In ausgewählten 
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Fällen wurden die Ergebnisse der Netzwerksimulationen mit denen einfacherer 

Mittelungsverfahren verglichen.  
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