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Abstract 

Multivalent defects, e.g. double acceptors or simple acceptor, 
are important inmaterials used in solar cell production in general 
and in chalcopyrite materials in particular. We used the thin film 
solar cell simulation software SCAPS to enable the simulation of 
multivalent defects with up to five different charge 
states.Algorithms enabled us to simulate an arbitrary number of 
possible states of load. The presented solution method avoids 
numerical inaccuracies caused by the subtraction of two almost 
equal numbers. This new modelling facility is afterwards used to 
investigate the consequences of the multivalent character of 
defects for the simulation of chalcopyrite based CIGS. 
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1. Introduction 

Multivalent defects, i.e. defects with more than two 
possible charge states are important in several material 
systems used in solar cell production [1]–[3]. In particular 
for chalcopyrite materials CIGS, theoretical studies which 
are in good agreement with measurement results identify 
most of the existing defects as multivalent defects, e.g. 
double acceptors and simple acceptors [4]-[5]. The 
statistics governing this kind of defects differs from the 
usual Shockley-Read-Hall (SRH) statistics, for defects 
with only two possible charge states [1]. We used the 
numerical tool for simulation SCAPS for the modelling of 
the general-purpose defects and the states acceptors in 
their more general form. 

 
2. Definitions and Assumptions 
 

The recombination through defects is often described 
by the Shockley-Read-Hall (SRH) [14]-[15] statistics. The 
net recombination rate U, is considered to be the result of 
capture and emission processes of holes and electrons (see 
Figure 2.2). 

 
 

 
Fig.1 The basic processes involved in SRH-recombination through an 

acceptor defect: (a) electron capture; (b) hole emission; (c) hole capture; 
(d) electron emission. If the defect is in the unoccupied state (left side), 
processes (a) or (b) can occur leading to an occupied state (right side) and 
vice versa. 

 
Partially following the notation of Sah and Shockley 

[1], the different charge states are designated with a 
subscript s representing the number of electrons on the 
defect. The most positive charge state corresponds then to 
s=0, and the most negative to s=H. The different 
transitions (defect levels) are designated with a superscript 
which is the mean value of the charge states involved. For 
example the density of a defect in state s is noted as Ns, 
and the recombination rate associated with transitions 
between the states s and s+1 is noted as Us+1/2.  
The different charge states are indicated at the bottom and 
the transitions at the top of the figure. The most positively 
charged state corresponds with s = 0 in this example.  
 

 
Fig.2 The basic processes involved in recombination through a 
multivalent defect with four different charge states (N = 4). 
 

The arrows represent capture and emission processes in 
a similar way as in Fig 1. The net electron and hole 
capture rates are noted as 21+s

nU  and  21+s
pU  Eq (1). 
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With cn and cp the electron and hole capture constants. 
In order to calculate the emission coefficients (en, ep) the 
theory of detailed balance has to be applied. For 
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multivalent defects the grand partition function has to be 
used instead and take into account possible degeneracies 
[10]-[11], leading to the Eq (2). 
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3. Numerical Procedures and Algorithms 
 

In order to calculate the occupation probabilities of the 
different defect levels continuity has to be   Eq (3). 
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This expression doesn't hold for the most negative and 
positive charged states, e.g. for s=0 and s=1, it should be 
replaced respectively with Eq (4) and    Eq (5). 
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4. Results and discussions 

To illustrate the importance of correct multivalent 
modelling, we start from the ‘NUMOS CIGS baseline.def’ 
model [13], which is distributed together with the 
installation package of SCAPS, and which is a good 
representative for a CIGS thin film solar cell structure. 
This structure consists of a 3 μm wide CIGS absorber 
layer, together with a 50 nm CdS buffer layer and a ZnO 
window layer. 

To illustrate the importance of correct multivalent 
modelling, we start from the ‘NUMOS CIGS baseline.def’ 
model [13], which is distributed together with the 
installation package of SCAPS, and which is a good 
representative for a CIGS thin film solar cell structure. 
This structure consists of a 3μm wide CIGS absorber 
layer, together with a 50 nm CdS buffer layer and a ZnO 
window layer. In the p-type absorber layer, a band gap of 
1.1 eV and a shallow doping density of 2.1016 cm−3 is 
assumed. 
In this layer, we present a defect of the type charges: 
double acceptor (possible charge states 2-, 1-, 0), with 
energy levels 0.60 eV and 0.60 eV above the valence band 
level and with a defect density of 1.77.1013 cm−3, the 
capture constants are shown in Table 1. 
 
Table 1 : Overview of the capture constants used for the SCAPS model. 

Defect (level) Level 1 (0/ )  Level 2 ( /2 ) 
cn (cm3/s) 5.10-12  10-19 

cp (cm3/s) 10-15  10-19 

 
The results are compared with the results of simulation 

of the same structure but where the defect of double 
acceptor in the layer of shock absorber was replaced with 
a defect of simple acceptor, taking account of the 
degeneration as shown in the equations.All simulations are 
carried out to 300 K. Results of simulation the Current 
density Shockley, Read, Hall (recombination) as a 
function of the Voltage (JSRH-V ) characteristic under 
AM1_5G 1 sun.spe illumination conditions are shown in 
the fig. 3.   
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Fig.3 SCAPS simulation of the Current density Shockley, Read, Hall 
(recombination) as a function of the Voltage (JSRH-V) characteristic under 
AM1_5G 1 sun.spe illumination conditions. Comparison of the models with 
a defect single acceptor and a defect double acceptor. 
 
It is shown that by increasing the thickness from -0.8V to 
0.8V, JSRH is constant and after 0.45V, JSRH increases near 
exponentially. From the simulation results it was found 
that by increasing cell layers the states acceptors of the 
defects of a layer CIGS, there is an exchange rigorously 
on the level of the electric property JSRH is 175 mA/cm2 
for the CIGS single acceptor and 1800 mA/cm2 for the 
CIGS doubles acceptor against the tension applied of 
0.8V. 
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Fig.4 SCAPS simulation of the Total current density as a function of the 
voltage ( Jtot -V ) characteristic under AM1_5G 1 sun.spe illumination 
conditions. Comparison of the models with a defect single acceptor and a 
defect double acceptor.  
 
The total current as a function of voltage under 
illumination is shown in the Fig.4. It includes series 
resistance, shunt conductance and the saturation current 
density for the recombination mechanism under 
illumination. We notice that the total current decreases 
gradually when the tension applied increases. The results 
of simulation give with the CIGS single acceptor              
Jtot=4032.27 mA/cm2 and the CIGS double acceptor 
Jtot=4265.49 mA/cm2. 
From Fig.5, we can see that at low voltage, the 
capacitance increases with voltage. It then goes through a 
maximum and quickly drops for the two curves. we have 
maximum values of the capacitance of 39.8125 nF/cm2 
and 39.7775 nF/cm2 respectively for the single acceptor 
and double aceptor at a frequency of 105 Hz . 
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Fig.5 SCAPS simulation of the capacitance as a function of the frequency 
(C-f) characteristic under AM1_5G 1 sun.spe illumination conditions.  
Comparison of the models with a defect single acceptor and a defect 
double acceptor. 
Moreover under the polarization of inversion conditions 
catch of this agreement. Under downstream polarized 

conditions the agreement breaks up, except very at high 
frequencies where the defects do not contribute any more 
to the capacity.  
 
4. Conclusions 

The examples given above illustrate the numerical 
simulation program SCAPS is a valuable tool in modelling 
defectthin film solar cells based on CIGS. The fan of 
possible input parameters is so wide that one cannot be 
sure that there does not exist another set of parameters 
which will yield agreement between measurement and 
calculation which could be judged equally well as the one 
in Figs.4 and 5. This method is employed to show that 
being unaware of the general-purpose nature of a defect. 
Also, the choice of the input parameter set should be 
guided by the outcome of independent non-electrical 
measurements. 
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