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Investigation of recombinationmechanisms in Cu(In,Ga)Se2 solar cells using numerical mod-
elling
Sheng Yang,Samira Khelifi,Jessica de Wild,Bart Vermang,Johan Lauwaert

• Surface, interface and bulk recombination mechanisms in CIGSe thin-film solar cells are distinguished by nu-
merical modelling and regression analysis based on the solar cell performance.

• Global optimization algorithm differential evolution is used in the regression analysis to avoid finding local
minimal of the cost function. Good algorithmic performance and a convincing global minimization are obtained
in the fitting process.

• The recombination mechanisms are found to be different in solar cells with different preparation methods and
absorber thickness. For CIGSe solar cells with a relatively thick absorber layer, the main loss is found to be
the bulk recombination through deep level defects. For cells with an ultra-thin absorber layer, the back surface
recombination is found to be themain loss mechanism. Based on the proposed numerical model and the observed
loss mechanisms, suggestions are given for further improving the solar cell efficiency in each cell.



Investigation of recombination mechanisms in Cu(In,Ga)Se2 solar
cells using numerical modelling
Sheng Yanga, Samira Khelifib, Jessica de Wildc,d,e, Bart Vermangc,d,e and Johan Lauwaerta
a Department of Electronics and Information Systems, Ghent University, Technologiepark 126, 9052 Zwijnaarde, Belgium
b Department of Solid State Sciences, Ghent University, Krijgslaan 281/S1, B-9000 Gent, Belgium
c Institute for Material Research (IMO), Hasselt University (partner in Solliance), Agoralaan gebouw H, Diepenbeek, 3590, Belgium
d EnergyVille, Thor Park 8320, 3600 Genk, Belgium
e Imec division IMOMEC (partner in Solliance), Wetenschapspark 1, 3590 Diepenbeek, Belgium

ART ICLE INFO
Keywords:
CIGSe solar cell
Recombination mechanisms
Numerical modelling
Regression analysis
Differantial evolution

ABSTRACT
In this work, recombination mechanisms are investigated in Cu(In, Ga)Se2 solar cells based on
numerical modelling and verified by regression analysis of the dark and light current density-
voltage (J-V) curves. Loss mechanisms such as a back contact barrier, deep level defects in the
absorber layer are determined by fitting the simulated cell performance with the measurements
using global optimisation algorithm differential evolution. The cell performance in the fitting
process includes J-V curves recorded at different temperatures and open-circuit voltage(Voc )under different illumination intensities at 300K. The results show that for CIGSe solar cells with
different preparation methods and absorber thickness, the main loss mechanisms are different.
Based on the proposed numerical model and the observed loss mechanisms, suggestions are
given for further improving the solar cell efficiency in each cell.

1. Introduction
Thin-film solar cells with Cu(In, Ga)(S, Se)2 (CIGSe) absorber have achieved an efficiency of 23.35% which is one

of the highest efficiencies recorded in thin-film solar cell technology [1]. However, defects in the CIGSe absorbers and
their influence on the cell performance is still far from being well understood.

Characterization of the defects in the absorber layer is currently done through techniques such as Admittance Spec-
troscopy (AS) [2] and Deep Level Transient Spectroscopy (DLTS) [3]. They have the disadvantage that the signals are
influenced by parasitic effects induced by the complex layer structure. As a result, the low-temperature signal (N1) that
occurs independently of the preparation methods was questioned for a long time [4, 5, 6, 7, 8]. The room temperature
signal(N2) is attributed to a recombination center and has been associated with Voc losses[9, 10]. However, photocon-ductive measurements show that at least 11 other components are present in addition to the N1 and N2 signal[11]. An
alternative optical technique for the detection of shallow defect levels is, for example, photoluminescence (PL)[12].
These optical techniques are not influenced by parasitic effects but have the disadvantage that they do not provide direct
information on the carrier capture cross-sections of the defects.

Theoretically, density functional theory (DFT) calculations within the local density approximation[13, 14] and
with hybrid exchange-correlation functionals[15, 16, 17, 18, 19] are applied to CuInSe2 and CuGaSe2. There are
contradictory results on whether CuIn, InCu are shallow or deep defects that cause recombination losses[13, 15, 18].
CuGa and GaCu are found to be deep traps from theoretical calculation, however, experimentally GaCu defect is foundto be a shallow defect from photoluminescence spectroscopy[20].

As discussed above, although many intrinsic defects have already been observed both theoretically and experi-
mentally, the knowledge on the defects present in these compounds is still incomplete. Distinguishing among surface,
interface and bulk recombination is also a big challenge in thin-film solar cells. Due to the incomplete knowledge, it is
not straightforward to demonstrate how the observed defects and the recombination mechanism influence the solar cell
performance while this is very valuable information to support the further improvement of the solar cell efficiency.

In this work, we show that different recombination mechanisms and defects properties influence solar cell per-
formance in distinctive ways. By analyzing the measured performance data including temperature and illumination
dependent current density-voltage(J-V) curve and open-circuit voltage(Voc), we build numerical models for CIGSe
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solar cells and determine the defects and recombination related model parameters with regression analysis. The con-
ventional fitting methods used in regression analysis based on gradient search can easily be stuck at the local minimum
of the cost function. To obtain a more conclusive fitting result, the intelligence global optimisation algorithm differen-
tial evolution is used in building the model. This modelling method is applied to three CIGSe solar cells with different
preparation methods and absorber thickness. The main recombination mechanisms in those samples are verified by
the regression analysis and are found to be different in the three cells.

The paper is structured as follows: Section 2 gives the basic information on the three CIGSe samples under investi-
gation. Section 3 analyzes the failure in light/dark superposition of the J-V curves and Voc deficit for CIGSe solar cellsand the method of how we can investigate the recombination mechanisms based on the J-V curves. Section 4 explains
the detailed process of modelling and regression analysis using one sample as a demonstration. Then the results of the
fitting and the proposed numerical models for all three samples are given. In the end, Section 5 discusses the model
parameters and the discovered recombination mechanisms in the CIGSe solar cells.

2. Solar cells under investigation
Three CIGSe solar cells labeled as S1600, S1000 and S430 were investigated. The absorber’s thickness w of

samples S1600, S1000 and S430 are 1600 nm, 1000 nm, 430 nm respectively. The bandgaps of these cells are 0.99
eV, 1.13 eV, 1.18 eV respectively.

The samples S430 and S1000 were prepared by a one-stage co-evaporation deposition at Solliance. The CIGSe
layers are deposited on Mo/Si(O,N)/ soda-lime glass substrate(SLG). The Si(O,N) layer acts as an alkali barrier layer.
For S1000, before the CIGSe growth, 5nm NaF was evaporated on the substrate. During the evaporation process, the
four elements Cu, In, Ga, Se are heated separately in different crucibles with different temperatures, then all of them are
simultaneously evaporated onto the heated substrate(550 ◦C). The Cu/(Ga+In) ratio(CGI) and Ga/(Ga+In) ratio(GGI)
for S1000 is 0.79/0.26(CGI/GGI). The CGI/GGI in S430 is 0.86/0.31. For S430, there is no NaF treatment, but a KF
spin-coating was performed after the growth of the CIGSe absorber layer[21].

Sample S1600 was prepared by a two-step process[22]. The CIGSe absorber layer was made from electrodeposited
metal layers followed by selenization. The substrate for S1600 is SLG/Mo without the Si(O,N) alkali barrier layer.
The CGI/GGI in S1600 is about 0.85/0.30. However, in CIGSe solar cells prepared by such a two-step process, Ga
accumulation is often found at the back contact[23, 24]. This results in a low GGI ratio around the space charge region
and a reduction of the bandgap energy there. In S1600, the bandgap is measured to be 0.99eV which is lower than the
bandgap of the other two samples.

The schematic of the CIGSe solar cells is shown in Figure 1.

Figure 1: Schematic of the CIGSe solar cell

The performance of the three solar cells: open circuit voltage(Voc), short circuit current(Jsc), efficiency(�), fill
factor(FF) are shown in Table 1.

3. Method
We start the investigation of the recombination mechanisms, defects properties and possible losses in the solar cell

by analyzing the solar cell performance. Given sample S1600 as an example: The J-V curves of the S1600 measured
in dark and illumination under standard conditions (300K and A.M 1.5) are shown in Figure 2.
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Sample CGI GGI Eg(eV) Voc(mV) Jsc(mA/cm2) �(%) FF(%)
S1600 0.85 0.30 0.99 595.8 36.2 13.6 62.3
S1000 0.79 0.26 1.13 543.7 25.1 8.1 59.0
S430 0.86 0.31 1.18 576.2 18.9 7.1 64.7

Table 1
Chemical composition, bandgap of the absorber layers and solar cells parameters measured under standard conditions
(300K and A.M 1.5)
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Figure 2: J-V curves of the S1600. Jdark(V ): J-V curve of the S1600 Measured in dark; Jligℎt(V ): J-V curve of the S1600
measured in illumination under standard conditions (300K and A.M 1.5); Jdark(V ) − Jpℎ: Measured dark current plus the
short circuit current under illumination.

The ideal current density of a p-n junction is given by

JL = Js(exp(
qV
nkT

) − 1) − Jpℎ (1)
where Js is the saturation current density, V is the applied voltage, q is the elementary charge, k is the Boltzmann’s

constant, T is temperature, and n is the ideality factor, Jpℎ is the photogenerated current density. If the cell performance
of S1600 follows the ideal current density equation, the light current of S1600 should be the Jdark(V ) − Jpℎ in Figure2. However, as we can see from Figure 2 curve Jligℎt(V ) and Jdark(V ) − Jpℎ, the J-V curve under illumination doesn’t
follow the superposition of dark current and photogenerated current under the forward bias, there is a Voc deficit forthe measured J-V curve. The Voc deficit is commonly observed in CIGS solar cells[25, 26]. This implies that under
illumination the forward bias diffusion current is higher than in the dark condition so it compensates more for the
photogenerated current than expected. The forward bias diffusion current is dependent on the recombination. There
are three main recombination mechanisms in the solar cell:

- Recombination in the bulk of the CIGSe absorber.
The Shockley-Read-Hall(SRH) recombination current in the bulk of CIGSe absorber is given by Equation 2.

JRbulk = ∫

w

0
U (x)dx = ∫

w

0

n(x)p(x) − n2i
�p[p(x) + nie(Ei−Et)∕kT ] + �n[n(x) + nie(Et−Ei)∕kT ]

dx (2)

where U (x) is the SRH recombination rate[27], w is the thickness of the CIGSe absorber layer. n and p are the
carrier density for electrons and holes respectively. ni is the intrinsic electron density. �n and �p are the carrier lifetimes
for electrons and holes respectively linked to the defects by �n∕p = 1∕�n∕pvtℎNt with �n and �p the electron and hole
capture cross-sections respectively, vtℎ the thermal velocity, Nt the defect density. Ei is the intrinsic Fermi level and
Et is the defect energy level.- Recombination between the buffer and the absorber layer.
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Recombination at the interface between the CIGSe absorber and the CdS buffer layer which results in a recom-
bination current JRif . The SRH recombination process is similar as in the bulk of the CIGSe absorber layer, however
here the capture and emission of charge carriers are considered from both sides of the CdS/CIGSe interface.

- Recombination at the back contact surface.
The back surface recombination current is given by Equation 3.
JRback = qSn[n(0) − nback]
nback = Ncexp(Φb∕kT )

(3)

where Sn is the back surface recombination velocity for electrons, nback is the thermal equilibrium density of
electrons at the back contact,Nc is the density of states in the conduction band in the CIGSe absorber layer, Φb is thecorresponding back contact injection barrier.

As discussed above, these three recombination mechanisms contribute to the overall recombination current in
different forms. Thus, in the regression analysis, the three recombination mechanisms and the defects properties can
be regarded as the set of unknown model parameters �, the applied voltage and illumination are the independent
variablesX and the output current and solar cell performance parameters are the dependent variable Y = f (X, �). By
estimating the function f (X, �) that most closely fits the cell performance measurements data (IV curve, Voc , Jsc , �,FF), the unknown model parameters � can be determined.

4. Experimental
4.1. Numerical modelling

To start the regression analysis of themodel parameters �, we first have to specify the form of the function f . CIGSe
thin-film solar cells consist of several layers with different materials. They form a heterojunction with band disconti-
nuities and interface states. For these solar cells with complicated structure, the assumptions and simplifications that
are needed in order to construct an analytical model may not be applicable anymore. The analytical expression given
by Equation 1 for J-V curves often can not explain the crossover and rollover phenomenon observed in these thin-film
solar cells[28, 29]. Thus, a numerical model which can describe the complicated layered structure is necessary for
these devices. There are several commonly used software that can perform numerical simulation for thin-film solar
cells such as SCAPS[30], PC-1D[31], Sentaurus TCAD[32]. However, there are often no powerful fitting tools embed-
ded in them for regression analysis. In our case, for the multi-variable optimization problem, adapting the parameters
manually to get a good fitting can be very time-consuming and difficult to ensure a global optimal. In this work, we use
our in house software ‘FFmachine’ to build the numerical model[33]. This solves the semiconductor equations in an
equivalent way as in SCAPS but includes a powerful fitting tool to support building the model. FFmachine is written
in Fortran95 and it obtains a one-dimensional solution for van Roosbroeck system, which consists of three nonlinear
ordinary differential equations for the unknown electrostatic potential Φ(x), the quasi Fermi potential for electrons
�n(x) and the quasi Fermi potential for holes �p(x).

)2Φ
)x2

=
q
��0

[n(Φ, �n) − p(Φ, �p) −N+
D +N

−
A −

�defect
q

]

)Jn
q)x

+ G − U (Φ, �n) = 0

)Jp
q)x

− G + U (Φ, �p) = 0

(4)

Where � is the dielectric constant and �0 is the permittivity of the free space. N+
D andN−

A are the density of ionized
donors and acceptors respectively, �defect(x) is the charge density of the defect states. G is the rate of generation, U
is the recombination rate given by qU = JRbulk + JRif + JRback. Jn and Jp are the electron and hole current densitiesrespectively.

Jn = −q�nn(Φ, �n)
)�n
)x

Jp = −q�pp(Φ, �p)
)�p
)x

(5)
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�n and �p are the free electron and hole mobilities (cm2 V−1 s−1), the electron density n and the hole density p are
related to the electric potential Φ as well as the quasi Fermi potentials of electrons and holes via

n(Φ, �n) = Ncexp[
q(Φ − �n) − Ec

kBT
]

p(Φ, �p) = Nvexp[
q(�p − Φ) + Ev

kBT
]

(6)

In the literature, these carrier densities n and p are often set as unknowns for the van Roosbroeck system [33, 34, 35].
However, here we upgraded our software to solve this system of equation for the quasi-fermi potentials[36]. Therefore
this solver follows an equivalent methodology as the one used in SCAPS-1D [30].

By numerically solving the van Roosbroeck system, the carrier distributions under different applied voltages are
obtained. The output current of the solar cell, �, Voc , Jsc , FF are calculated accordingly.
4.2. Regression analysis

After having constructed the model form Y = f (X, �). Regression analysis of the unknown model parameters can
be implemented by fitting simulated solar cells performances to the measurements.

The basic parameters in the model for S1600 are shown in Table 2. The bandgap of the CIGSe layer is determined
by linear extrapolation of the long wavelength slope in the EQE plots. The thickness of the absorber is determined with
X-ray Fluorescence Spectrometer(XRF) and Scanning Electron Microscope(SEM). The electron affinity of the layers
are taken from reference[37]. The parameters marked with (f) in Table 2 are those to be determined by regression
analysis, and their values are given in a range during the fitting process. Here the doping density is also set as a fitting
parameter because the U-shaped doping profiles are commonly found in CIGS absorber by capacitance-voltage (C-V)
profiling [38]. There are contradicting views on whether that can be attributed to a real spatial variation in doping or if
it is an artifact caused by the presence of certain defect levels and a back contact barrier [39, 40, 41]. Interpreting the
actual doping profile from the apparent U-shape doping profile is a matter of debate [42]. The absorption coefficient
is calculated using Equation 7. The carriers mobility in ZnO and CdS are taken from reference[43]. Other parameters
in the table are taken from literature [44].

�(�) = (A + B
ℎv
)
√

ℎv − Eg (7)

Where Eg is the band gap of the material, A (in cm−1eV−1∕2) and B (in cm−1eV−1∕2) are the model constants.
To distinguish the influence of each recombination mechanism on the solar cell performance, not all the unknown

parameters are fitted simultaneously. Instead, when the effect of one parameter is investigated, other unknown param-
eters are controlled. We did four independent rounds of regression tests with different � arrays that including defects
in different positions in the cell as shown in Table 3.

-In the first regression test: it is assumed that there is only a back contact barrier, no defects present in the solar
cell.

-In the second regression test: the defects are assumed to be only present at the interface between the CIGSe
absorber layer and the CdS buffer layer.

-In the third regression test: the defects are assumed to be present only in the buffer layer.
-In the fourth regression test: the defects are only present in the CIGSe absorber layer.
The range of parameters in the fitting process is shown in Table3. The defects are assumed to be uniformly dis-

tributed.
4.3. Fitting process

The performance used in the fitting process are dark and light J-V curves and Voc under different light intensitiesat 300K. The J-V measurements are carried out using a source Measure Unit (KEITHLEY 2600B). A Xenon arc
lamp(Model Oriel 6143) together with neutral density filters ranging from 0 to 100mW/cm2 are used to mimic different
illumination intensities of the sunlight.
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Parameters ZnO CdS CIGSe(S1600)
Thickness (nm) 50 50 1600
Bandgap (eV) 3.3 2.4 0.99
Electron affinity (eV) 4.4 4.2 4.5
Dielectric permittivity (relative) 9 10 13.6
Electron mobility(cm2/V.s) 200 350 100
Hole mobility(cm2/V.s) 50 50 25
Shallow uniform acceptor density,NA(1/cm3) 1 1 5.83×1014 to 1.17×1016 (f)
Shallow uniform donor density,ND(1/cm3) 1×1018 1×1018 10
Absorption model parameter A(cm−1eV−1∕2) 1×105 1×105 1×103 to 1×105 (f)
Absorption model parameter B(cm−1eV−1∕2) 0.001
CB effective density of states(1/cm3) 2.2×1018
VB effective density of states(1/cm3) 1.8×1018
Electron thermal velocity(cm/s) 1×107
Hole thermal velocity(cm/s) 1×107

Back contact metal work function (eV) 4.5 to 6.5 (f)
Back surface recombination velocity for electron (cm/s) 1×107
Back surface recombination velocity for holes (cm/s) 1×107
Series resistance(Ohm.cm2) 0.1 to 20 (f)
Shunt resistance(Ohm.cm2) 1 to 1000 (f)

Table 2
Parameters in the numerical model for S1600. The parameters marked with (f) are set as variables in the fitting process.

R Defects position �e∕ℎ(cm2) Et above Ei(eV) Nt
1 - - - -
2 Interface 3.14×10−17 to 4.66×10−15 −0.4 to 0.4 4.86×108 to 1.19×1011 (1/cm2)
3 Buffer 3.14×10−17 to 1.39×10−11 −0.4 to 0.4 1.43×1017 to 1.74×1018 (1/cm3)
4 Absorber 3.14×10−17 to 1.39×10−11 −0.4 to 0.4 7.90×1013 to 2.35×1017 (1/cm3)

Table 3
The range for the fitting parameters in the four-round of variable controlled regression analysis: R is the number of the
regression test; �e∕ℎ are the defects capture cross sections for electrons/holes; Et is the energy level of the defects; Ei is
the intrinsic Fermi level; Nt is the defects density.

In the fitting process, the cost function CF to be minimized is defined as shown in Equation 8.

CF = CF (JV ) + CF (Voc)

CF (JV ) =
N−1
∑

i=2
d2{(Vi, Jmodel(Vi)), l[(Vi−1, Jmeas(Vi−1)), (Vi+1, Jmeas(Vi+1))]}∕(N − 2)

CF (Voc) =
M
∑

j=1
[Voc(e)j − Voc(s)j]2∕M

(8)

CF (JV ) is the difference of the J-V curves between simulation and measurement. CF (Voc) is the Voc differencebetween simulation and measurements. N is the number of points in the J-V measurements. (Vi,Jmodel(Vi)) is thecoordinate of a point in the simulated J-V curve. l is the line formed by the two measurement points(Vi−1,Jmeas(Vi−1))and (Vi+1,Jmeas(Vi+1)). d is the distance between line l and the point (Vi,Jmodel(Vi)). The distance d is used to normalize
the current values, because the current values in logarithm or exponential form have extreme values that dominate the
cost function and produce a biased fitting result. M is the number of Voc measured at 300K under different light
intensities. Voc(e) is experimentally measured Voc value, Voc(s) is simulated Voc value. Voc values in function of
illumination are especially included in the cost function because it is closely related to the recombination current.

Adapting manually the independent parameters to reach a good fitting strongly rely on the experience of the sci-
entist and can cost a lot of time. Using the traditional curve fitting methods based on the gradient search can easily
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be stuck at the local minimum of the cost function. Thus, here we use a global optimization algorithm differential
evolution[45] from the Scipy package of Python. Differential evolution as a stochastic global optimisation algorithm
has the advantages of the ability to locate the global optimum regardless of the initial values, it also has relatively fast
convergence and it uses few control parameters[46].

In this work, the fitting process is carried out with a python script. Figure 3 shows the flow chart of the fitting
process.

To start the fitting process, an initial population with NP = 15 × (number of unknown parameters) individuals
is created. Each individual is a vector x with the unknown parameters as the elements. The value of these elements is
randomly defined within the range given in Table 2 and 3.

Then the population goes through a mutation: For each vector(individual) xi(i ∈ [1, NP ]) in the population, threeother vectors(xr1, xr2, xr3) are randomly selected to generate the mutant vector which is also called donor vector vi.
vi = xr1 + F (xr2 − xr3) where F is the mutation scaling factor randomly chosen from the range[0.5,1).

The donor vector vi then exchanges some elements with the original vector xi to generate a new trial vector ui inthe recombination process. Whether the elements in vi are exchanged with xi depends on the control parameter called
crossover probability, here we set it as 0.7. A random number rand is generated for each elements, if rand < 0.7, then
that element in vi is exchanged with the corresponding elements in xi, The new vi is regarded as the trial vector ui.Now in the population, each individual xi has a corresponding trial vector ui, to compare which set of parameters
are better, the cost functionCF needs to be calculated. To get the value ofCF , the Fortran routine is called to calculate
the values for Jmodel(V ). The cost function includes J-V and Voc differences at 16 different illuminations from 0 to
100mW ∕cm2. To speed up the computation, 16 cores in the High-performance computer(VSC) are used to solve the
van Roosbroeck system under different illuminations in parallel with OpenMP[47].

The Fortran calculated Jmodel(V ) is then sent back to python to calculate the cost functionCF (xi) andCF (ui). Thebetter individual from xi and ui will remain in the population. This process will be repeated until all the individuals in
the population are very similar to each other with a standard error smaller than 0.1. The best individual from the final
population is taken as the optimised set of parameters.

Population initialization
Create a population of vector x

Mutation
Generate donor vector v

Recombination
Generate trial vector u

Call Fortran code FFmachine to calculate
Jmodel(V) under n conditions with x and u

Core1 Core2 Core n

OpenMP

Back to python 
Calculate cost function CF(x) and CF(u)

High-performance
computer(VSC)

Section from x and u

Strandard error of the
 individuals<0.1?

No

End

Yes

Figure 3: Flow chart of the fitting process
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R 1 2 3 4
A 8679.51 8577.13 8577.18 8522.43

NA(1/cm3) 5.22×1015 5.94×1015 2.46×1015 8.56×1015
Wb(eV) 5.52 5.53 5.52 5.58

Rs (Ohm.cm2) 4.07 3.87 1.37 3.25
Rsh (Ohm.cm2) 1778.10 1717.32 1753.97 2609.85
Defects position - Interface Buffer Absorber

Nt - 6.69×1010(1/cm2) 2.05×1017(1/cm3) 1.06×1014(1/cm3)
Et above Ei(eV) - -0.14 -0.27 0.09

�e(cm2) - 1.22×10−15 8.05×10−15 8.08×10−17
�ℎ(cm2) - 1.19×10−15 1.50×10−14 1.16×10−11

Table 4
Parameters in the numerical model after the fitting in the four regression tests for S1600: R is the number of the test; A
is the absorption model constant; NA is the shallow uniform acceptor density; Wb is the back contact metal work function;
�e∕ℎ are the defects capture cross sections for electrons/holes; Et is the energy level of the defects; Ei is the intrinsic Fermi
level; Nt is the defects density.

4.4. Fitting results
Due to the stochastic nature of the differential evolution optimisation algorithm, the fitting process is performed

20 times and the best set of parameters is taken for the model shown in Table 4. The dark and light J-V curves and Vocas a function of illumination calculated with the optimised model are shown in Figure 4 and Figure 5. During the 20
runs in each of the four tests, the minimal value of the cost function CFmin and the maximal value of the cost function
CFmax all satisfy the relation CFmin > (1−10%)CFmean and CFmax < (1+10%)CFmean where CFmean is the averagevalue for CF in 20 runs. This implies a good algorithmic performance and a convincing global minimal of the fitting
process.
4.4.1. Influence of the back barrier and interface defects

Comparing the first and the second regression test R1 and R2, themodel difference is that in the second test interface
defects are added. However, as shown in Figure 4(a) and (b), by adding interface defects, the IV curves show similar
behavior as in the first test(without interface defects present). This indicates that the interface defects have a small
influence on the solar cell performance while the back barrier is dominating the cell performance. In addition, with
only back barrier and interface defects, the model can not match the measurement well.
4.4.2. Influence of defects in the buffer layer

In the third test, only defects in the buffer layer are added in the model. As shown in Figure 4(c), the defect in the
buffer layer can lead to a crossover phenomenon in the IV curves. In some literature[29, 48], the proposed explanation
is that a secondary barrier results from the conduction band offset between CIGS and the commonly used CdS buffer
layer. This barrier produces a second diode with the same polarity and in series with the primary photodiode. The
secondary-diode barrier height is modified by photoinduced changes of trap occupancy in the CdS layer, hence creating
a voltage shift between dark and light conditions[28].
4.4.3. Influence of defects in the absorber layer

In the fourth regression test, a single level defect in the bulk of the CIGSe layer is implemented in the model,
as shown in Figure 4(d) and Figure 5, with the bulk defects, the light IV curve and Voc(illumination) have a better
correspondence with the measurements, which indicates that bulk defects have a large influence on the solar cell
performance.

From the four tests, it is verified that the recombination at different positions contributes differently to the solar
cell performance. Interface defects have a small influence while the bulk defects have a strong impact on the loss. The
same regression tests are performed on the other two samples S1000, S430 using the same parameter settings in Table
2 and Table 3 except for the different thickness and bandgap of the absorber layer. S1000 shows similar behavior as
S1600 that defects in both CdS and CIGSe layer need to be included in the model for a good fitting. For S430, it is
found that the back barrier has an important effect on the solar cell performance while the impact of the defects is
limited.

S.Yang et al: Preprint submitted to Elsevier Page 8 of 16



-0.2 0.0 0.2 0.4 0.6 0.8
-40

-30

-20

-10

0

10

20

30

40

50

60

R1: No defects implemented
       in the model

 
C

ur
re

nt
 d

en
si

ty
(m

A
/c

m
2 )

Voltage(V)

 Simulation
 Experiment

(a)

-0.2 0.0 0.2 0.4 0.6 0.8
-40

-30

-20

-10

0

10

20

30

40

50

60

R2: With interface defects

 

C
ur

re
nt

 d
en

si
ty

(m
A

/c
m

2 )

Voltage(V)

 Simulation
 Experiment

(b)

-0.2 0.0 0.2 0.4 0.6 0.8
-40

-30

-20

-10

0

10

20

30

40

50

60

R3: With defects in the buffer layer

 

C
ur

re
nt

 d
en

si
ty

(m
A

/c
m

2 )

Voltage(V)

 Simulation
 Experiment

(c)

-0.2 0.0 0.2 0.4 0.6 0.8
-40

-30

-20

-10

0

10

20

30

40

50

60

R4: With defects in the bulk
       of the absorber layer
 

 

C
ur

re
nt

 d
en

si
ty

(m
A

/c
m

2 )

Voltage(V)

 Simulation
 Experiment

(d)

Figure 4: Dark and Light IV curves at 300K for S1600 in the 4 rounds of regression analysis: (a)R1: No defects present in
the model; (b)R2: Defects only present in the interface of CdS and CIGSe layer of the model; (c)R3: Defects only present
in the CdS layer of the model; (d)R4: Defects only present in the CIGSe layer of the model
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Figure 5: Voc as a function of illumination at 300K for S1600: Non(no defects present in the model), IF(defects only
present in the interface of CdS and CIGSe layer of the model); Buffer(defects only present in the CdS layer of the model);
Bulk(defects only present in the CIGSe layer of the model)
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S1600 S1000 S430
CIGSe A 7826.22 19388.44 14163.74
CIGSe NA(1/cm3) 6.06×1014 3.06×1015 6.69×1015

Defects in
CIGSe layer

Nt (1/cm3) 9.67×1014 3.18×1016 -
Et above Ei(eV) 0.14 0.11 -

�e(cm2) 3.25×10−17 7.26×10−16 -
�ℎ(cm2) 2.26×10−14 6.32×10−17 -

Defects in
CdS layer

Nt (1/cm3) 1.97×1017 1.27×1017 -
Et above Ei(eV) -0.18 0.27 -

�e(cm2) 1.62×10−16 6.99×10−17 -
�ℎ(cm2) 6.48×10−15 1.29×10−15 -

Back contact metal work function (eV) 5.61 5.24 5.42
Barrier for holes (eV) -0.39 0.17 0.05

Series resistance (Ohm.cm2) 1.86 1.65 1.84
Shunt resistance (Ohm.cm2) 2793.52 7604.89 624.8

Table 5
Parameters in the numerical model after fitting for S430, S1000 and S1600: A is the absorption model constant; NA is
the shallow uniform acceptor density; Nt is the defect density; Et is the energy level; �e∕ℎ are the defects capture cross
sections for electrons/holes.

4.5. Numerical models for the solar cells
Based on the above sensitivity analysis, in the next step, all the essential variables are implemented in the model

to quantify the material properties. More performance data is included in the fitting process to reduce the uncertainty
of the optimised parameters. In the following, the light J-V curves for four temperatures 300K, 280K, 260K, 240K are
added. Temperature-dependent measurements are carried out using a cold finger cryostat mounted on a liquid nitrogen
source. The optimised parameters in the models are shown in Table 5. The defects capture cross-sections in the CdS
layer have a rather large uncertainty for both S1600 and S1000. Other parameters including doping density, defect
properties in the CIGSe layer, absorption model constant A, back barrier, Rs, Rsℎ have an uncertainty < 20%. This
result ensures the reliability of the stochastically determined numerical model. The optimised models also have good
correspondence with the measurements as shown in Figure 6,7,8.
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Figure 6: J-V curves of S1600 at 300K, 280K, 260K, 240K: symbols (measurements); lines (fitting using the numerical
model)
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Figure 7: J-V curves of S1000 at 300K, 280K, 260K, 240K: symbols (measurements); lines (fitting using the numerical
model)
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Figure 8: J-V curves of S430 at 300K, 280K, 260K, 240K: symbols (measurements); lines (fitting using the numerical
model)

5. Discussion
5.1. Absorption coefficient of CIGSe layer

As shown in Table 5, the absorption coefficient for the CIGSe absorber layer in all the 3 solar cells is lower than the
well-known value 105cm−1. The absorption of 105 cm−1 for CIGSe absorber layer has been questioned[49, 50, 51], a
lower value in the range of 104 cm−1 is found by spectroscopic ellipsometry (SE) and the high � reported in previous
studies is attributed to the transmission loss induced by the strong surface light scattering [52]. On the other hand, the
absorption coefficient in the presented model is linked directly to the generated electron-hole pairs, but in the reality,
there are several losses for the absorption: the shading by top contact coverage, shading by the measurement needles,
reflection from the front and back surface. Thus the light generated electron-hole pairs are less than expected.
5.2. Recombination mechanism

Deep level defects are observed in samples S1600 and S1000. From the four regression tests for S1600, it is found
that the presence of defects in the bulk of the CIGSe absorber layer represents the major recombination mechanism in
S1600. Based on the further optimised model of sample S1600 with parameters shown in Table 5, the influence of the
defects on the S1600 cell performance is studied. The defects in the CIGSe absorber layer are found to be deep defects
that have a rather large capture cross-section for holes thus will reduce the carrier lifetime for holes significantly. In
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S1600, a negative back barrier for holes is found. The reason for the negative barrier could be that accumulated Ga at
the back contact forms a bandgap grading and introduces a back surface field(BSF) that reduces the bulk/back surface
recombination. With this negative back barrier and a good carrier collection at the back contact, both the minority and
the majority carrier lifetime become important for solar cell efficiency. As shown in Figure 9, curve 1 is the light IV
curve at 300K based on the original model. Curve 2 shows the light IV curve at 300K when removing the observed
bulk defects in CIGSe layer in the model. After moving the defects in the bulk of the CIGSe layer, the efficiency of
the solar cell increases from 13.33% to 16.15%.
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Figure 9: Light IV curves for S1600: (1)S1600 calculated with the optimised model; (2)S1600 calculated with removing
the bulk defects of CIGSe layer in the model.

The influence of defects in S1000 is investigated as well. The light IV curve at 300Kwith removing the CIGSe bulk
defects in the model is plotted in Figure 10 (curve 2), curve 1 is the one with the optimised model. Comparing curve
1 and curve 2, the defects in the bulk of the CIGSe layer do not significantly deteriorate the solar cell performance.
However, in S1000 and S430, the recombination at the back contact is found to be the main loss mechanism. As
shown in Figure 10 (curves 3) and Figure 11 (curves 2), these two curves are calculated by introducing a negative
back barrier(-0.2eV) in both cells S1000 and S430. A negative barrier reduces the recombination current at the back
contact. With the reduced recombination at the back contact, the efficiency in sample S430 increases to 11.09% and the
efficiency in sample S1000 increases to 16.67%. The deterioration effect of back contact recombination on ultra-thin
CIGSe solar cells performance confirms the work of Touafek et al.[53]. The CIGSe absorber layer of S1000 and S430
are all made by one stage co-evaporation. The thickness of S430 also has a limitation on the cell’s efficiency. From
the simulation, we found that the efficiency of S430 can be further increased to 15.78% by increasing the thickness of
the absorber to 1�m. Curve 3 in Figure 11 is calculated based on the model for curve 2 but for an absorber thickness
1�m.
5.3. Doping profiles

The doping profiles of the three samples derived from the CV measurement(measured at a frequency f=100kHz)
is shown in Figure 12. S1600 shows a higher doping density in the optimised model than the one derived from CV
measurement. The reason can be that both free holes and charges in the traps respond in the CV measurement which
leads to an overestimation for the free carriers [54]. In S1000, the minimum point of the doping profile from CV
measurements is lower than the one derived from modelling but both of them indicate a doping density in the order of
1015cm−3. In S430, the minimum point of the doping profile from CV measurements corresponds well with the fitting
results. S430 shows a higher doping density than S1000 and that could due to the KF treatment[21]. In S1000 and
S430, the measured depletion width is close to the absorber thickness, this is an indication of a fully depleted CIGSe
absorber layer. The fully depleted absorber leads to a good carrier collection ability so that the defects have limited
influence on the solar cell performance. This could be the reason that defects are not found to be the main efficiency
limiting factor in ultra-thin solar cells S1000 and S430.
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Figure 10: Light IV curves for S1000: (1)S1000 calculated with the optimised model; (2)S1000 calculated with removing
the bulk defects of CIGSe layer in the model; (3)S1000 calculated with removing the bulk defects and changing the barrier
at the back contact to -0.2eV
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Figure 11: Light IV curves for S430: (1)S430 calculated with the optimised model; (2)S430 calculated with changing
the barrier at the back contact to -0.2eV. (3)S430 calculated with changing the barrier at the back contact to -0.2eV and
increase the thickness to 1um.

6. Conclusion
Recombination mechanisms are verified in three CIGSe solar cells using regression analysis with numerical mod-

elling based on the solar cell performance. Numerical models are proposed for the three solar cells as well. From the
analysis of the proposed model, for S430 and S1000 with relatively thin CIGSe absorber layers prepared using a one-
stage evaporation, the main loss mechanism is the back surface recombination. In S1600 prepared using a two-step
process with a rather thick absorber and a good carriers collection at the back contact, the cell performance is found
to be limited by deep defects decreasing the holes lifetime in the CIGSe absorber and therefore the Voc . Based on the
modelling results, information is provided to the solar cell manufacturers to improve the CIGSe solar cell performance:
For ultra-thin CIGSe solar cells with poor carrier collection at the back contact interface, the problem to solve first
is to reduce the surface recombination at the back contact. For a solar cell with good carrier collection ability at the
back contact, reducing deep level defects in the bulk of the CIGSe absorber is important for increasing the solar cell
efficiency.
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samples S1600, S1000 and S430
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