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ABSTRACT

In the present study, A thin-film solar cell based on Cu(In,Ga)Se> (CIGS) is carried out using
two-dimensional device simulator called Silvaco—Atlas. A basic CIGS solar cell was simulated
under the room temperature of 298 k. It is found that the obtained simulation results agree very
well with recent published experimental results, which validate our used model. The aim of this
study is to enhance the CIGS solar cell performance by optimizing its parameters. For this
purpose, the CIGS cell layer thicknesses and doping densities have been optimized. With this
optimization process, the cell efficiency increases from 22.9 to 27.5 %. In several research
studies, the CIGS solar cells were tested under the room temperature but the realistic operating
temperature is varied. In order to optimize the operating temperature and study its effect on the
CIGS cell performance, the operating temperature was varied. The results show that as the
temperature decreases, the cell performance increases. At the optimum temperature of 240 k,
the CIGS cell achieves a very important efficiency of 32.45 %.

Keywords: CIGS solar cell, Silvaco—Atlas, temperature, optimization, performance.

1. INTRODUCTION

The growing demand for energy and the negative effects of traditional energy sources (fossil
fuels) on the environment require us to look for variable sources of sustainable and clean energy
that can be a promising alternative to traditional energy. The solar is the most important source
of renewable and clean energy, study on solar cells is a major area of interest within the field
of energy .Many materials have been developed to produce thin film solar cells such as CdTe,
CIGS and CZTS. The CIGS (Copper-Indium-Gallium-diSelenide) based solar cell is considered
as one of the most promising thin film solar cell due to its many features such as higher
efficiency both on module and cell levels [1], simple processes of manufacturing [2,3], low cost
production [2], excellent durability and stability [4] radiation hardness [5]. In addition, the
CIGS solar cells have other attractive options for consumers such as flexibility and lightweight
[6, 7]. The CIGS material has a very high absorption coefficient in the order of 10° cm™in the
visible sunlight spectrum [3, 8]. The Cu(Ini-x),Gax)Se2 (CIGS) alloys is quaternary compound
semiconductor with a chalcopyrite structure [2, 9], where x=Ga/(Ga+In) is the mole fraction of
Ga (Ga-content). The CIGS has a direct bandgap adjustable with x. By varying x from 0 to 1,
the CIGS band gaps varies from 1.04 eV to 1.68 eV [10, 11, 12].
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The main current challenge in the photovoltaic field is to improving the solar cell performance.
Several photovoltaic research centers and companies have improved experimentally the CIGS
solar cell efficiency. In the last few years, the single junction CIGS based solar cells showed
increasing record efficiencies of 19.9 % in NREL (National Renewable Energy Laboratory)
[13], 20.4 % in Empa (Swiss Federal Laboratories for Materials Science and Technology) [14],
21.0 % in Solibro [15], 22.6 % in ZSW (the Center of Solar Energy and Hydrogen Research)
[16]. Finally, SF (Solar Frontier K.K.) achieved the current record efficiency of 22.9 % for
CdS/CIGS based solar cell. [1, 17, 18]. Furthermore, many theoretical and simulation studies
investigated the CIGS solar cell in order to enhance its performance such as the studies that are
found in literatures [19-26].

In order to enhance greatly the CIGS solar cell performance, all most important parameters that
affect cell performance are optimized in this study. The thickness and doping density are
important parameters for improving the cell performance and reducing the cell cost production.
Temperature is other very important parameter that determining the photovoltaic cell features.
Furthermore, in several research studies, the operating temperature for

solar cell was 25 °C (298 k) [1]. However, in realistic scenarios, the operating temperatures are
varied due to installing photovoltaic panels in different regions. Thus, studying the CIGS solar
cell performance in variable temperatures is very necessary. For this reason, the CIGS solar cell
is tested here under variable temperatures between 240 to 400Kk.

The purpose of this study is to enhance the performance of CIGS based solar cell and
particularly exceed the record efficiency of 22.9 % [18]. For these purposes, we have optimized
the temperature, the layer thicknesses and doping densities of the CIGS cell using Atlas-Silvaco
numerical simulation program. We first report the design of CIGS solar based on previous
studies and validate our model by comparing it with the previous experimental and simulation
models. Secondly, we optimize the layer thicknesses and doping densities and determine its
optimum values. By combining the optimum parameters, the optimized cell has been designed
and its results are compared with those of the basic cell. Then, we optimize the cell temperature
and study its effects on cell performance. Finally, all the results are summarized as a conclusion.

2. NUMERICAL MODEL DESCRIPTION

The modeling and Physically-based simulation has become a very important tool in
understanding device operation and physical mechanisms because the simulation processes are
more available, cheaper and faster than experimental performing and it can provide information
that is difficult or impossible to measure experimentally.

Atlas-Silvaco is a two- (2D) and three-dimensional (3D) powerful device simulator and
worldwide support in analyzing and optimizing the performance of semiconductor devises. It
provides a large variety of physical and mathematical models and appropriate mesh structure
It make reliable predictions and accurately characterization of the electrical, optical and
thermal behaviors of current and new semiconductor devices such as the solar cells [26]. Atlas—
Silvaco is used in this study to modeling and optimizing single junction CIGS solar cell, which
are conducted by solving coupled system of the basic semiconductor equations. The used
numerical method is the Newton method, the main basic semiconductor equations are the
continuity equations and the Poisson equation. The following expressions that describe the main
basic semiconductor equations and the performance parameters are obtained from the literature
[2, 27, 28, 29]:

The Poisson equation is given by:
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&

Where V is the electrostatic potential, g is an electron charge, ¢ is the permittivity, Na is the
acceptor doping density, Np is the donor doping density, p is the hole density, n is the electron
density and Nt is the acceptor-type and donor-type defect density. The continuity equations for
electrons and holes are obtained by:

1dJ,
_a dx - GOp (x)- Rn (2)
1dJ
g o CeR, @

Where Jp is the hole current density, Jn is the electron current density, Rp is the hole
recombination rate and Ry is the electron recombination rate, Gop is the optical generation rate.
The recombination rates are modeled by the Shockley-Read-Hall (SRH) model as:

R = Unapvth Nt(np_niz)

n,p _ _
o, {n +n, exp( EtkTE‘ )} +0, { p+n, exp(EtkTE‘)}

(4)

Where n; is the intrinsic carrier density, k is Boltzmann constant, T is temperature, v is the
thermal velocity, oy is the electron capture cross section, ap is the hole capture cross section, E;
is the intrinsic Fermi energy level, E: is the trap energy level. The photogeneration rate Gop is
given by:

Gy (X) =Wexp(—ax) (5)

ph

Where Eph is a photon energy, o is the absorption coefficient, r is the surface reflection, Pin is
the incident optical power and A is the illuminated device area.

The current-voltage (J-V) equation of the solar cell is a sum of the photocurrent Ip and the dark
current, it is obtained by the celebrated Shockley equation:

Y,
=1, -1, (exp(;(—_l_) —1) 6)

The main performance parameters of the solar cell are defined as follows:

The short-circuit current is expressed as:

Isc = Iph (7)

The open-circuit voltage is given by:
I
v, =& In(-2") (8)
0

The open-circuit voltage also can be written as:
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The fill factor FF is calculated by:

P
FF = —max 10
V| (10)

OoC " sC

The cell efficiency # is given as:

— Pmax _VOCISCFF (11)
"R TR,

Where a is the ideality factor, Pmax is the maximum power, loo is saturation current prefactor
and lo is the reverse saturation current. The approximate expression of the saturation reverse
current lo (for w>>L) is given by:

Dn.? Dn ?

I — n-,p + p LN 12
o =0a( LN, LpND) (12)

Where nip and ni is the intrinsic carrier densities of p-doped and n-doped layers, Dp and Dy are
the hole and electron diffusion coefficients, L, and Ly are the hole and electron diffusion lengths
respectively.

3. SOLAR CELL STRUCTURE AND MATERIALS PARAMETERS

The basic CIGS solar cell consists of a stack of layers deposited on substrate glass with an area
of 1 cm?. These layers from bottom to top are as follows: the Molybdenum back contact (0.5
pm), the p-doped Cu(In-x) ,Gax)Se2 (2 um) with x~0.3 used as the absorber layer, the n-doped
CdS (0.05 um) as the buffer layer, the intrinsic (undoped) ZnO (0.05 um) as second buffer layer
and the n-doped ZnO layer (0.2 um) as window layer or transparent conducting oxide (TCO).
This used structure is similar to the cell structures that were experimentally used in [16, 17].
The basic cell structure is displayed in figure 1.

Sunlight

i-ZnO second buffer layer (0.05 um)

Glass Substrate
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Figure 1. The basic cell structure

The following simulation parameters of all components of the solar cell are defined to be used
as inputs for Silvaco-Atlas software. The CIGS solar cell has simulated under the standard test
conditions (STC) that are: AM 1.5 G global solar spectrum, incident power density of 1000
W/m? and the room temperature of 25 °C [16, 17]. The Ga-content (x) of the CIGS (Culni-
xGaxSe2) material is chosen to be around 0.3. The reported record efficiencies of CIGS solar
cell have been achieved when x~0.3 that is considered as the typical value of x [2, 13, 16, 30,
31]. The dependences of CIGS electrical and optical parameters on Ga-content (x=0.3) are
taken into account in determining of the following simulation parameters. The optical
parameters are obtained from the experimental data found in [32], [33] and [34] for CIGS, CdS
and ZnO respectively, the optical parameters of Molybdenum are available in the SOPRA
database of the Silvaco-Atlas library. The electrical parameters of all materials are obtained
from the literature [27, 35-37]. All CIGS cell layers contain many kinds of defects and
impurities, the defect parameters determine the important recombination phenomenon in solar
cell, the recombination phenomenon is modeled by Shockley-Read-Hall (SRH) model
(equation. 4) that is implemented in Silvaco-Atlas [27]. The layer defect parameters are
obtained from [30, 31, 35]. All defect and electrical parameters are presented in table 1.

Table 1. The defect and electrical parameters of CIGS solar cell layers

Parameters p-CIGS n-CdsS n-ZnO
Thickness w (um) 2 0.1 0.2
Doping density (cm) Na= 10%° Np=1018 Np=1018
Relative permittivity & (F cm™) 13.6 10 9

Band gap energy Eg (eV) 1.3 2.48 3.3
Electron affinity y. (eV) 4.58 4.18 4.5
Valence band effective density of states N, (cm™) 1.8x10%° 2.57x10% 1.8x10%°
Conduction band effective density of states N (cm™) 2.2x10%8 2.41x10%8 2.2x10%8
Electron mobility i, (cm?/V s) 100 100 100
Hole mobility up, (cm?/V s) 25 25 25
Defect type Donor Acceptor Donor
Defect density N¢ (cm®) 104 108 10
Defect energy position E; (eV) 0.3 mid-gap* mid-gap*
Electron capture cross section o, (cm?) 103 107 1012
Hole capture cross section o, (cm?) 101 1012 101

* mid-gap is the middle of the band gap
4, RESULTS AND DISCUSSION
4.1. Simulation of the basic CIGS solar cell

The basic CIGS solar cell is simulated using the parameters listed in the previous table 1. The
J-V (current-voltage) curve resulting from the simulation is shown in figure 2 and the
performance parameters extracted from the corresponding J-V curve are listed in table 2. In
order to validate our used model, the performance parameters of our simulated cell are
compared with the performance parameters of the experimental record-efficiency cell taken
from [17] and those of other simulated cell found in [20]. All results are listed in the table 2.
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Figure 2. J-V curve of the basic CIGS solar cell.

Table 2 — Results of our simulated CIGS solar cell compared with other experimental and simulated results

Performance Our simulated cell The experimental cell Other Simulated cell
parameters (This work) [17] [20]
Jsc (MA/cm?) 38.9 385 34.866
Voc (MV) 740.68 746 666
FF (%) 79.68 79.7 79.88
Efficiency n (%) 22.94 22.92 18.50

As shown in the table 2, it is evident that all the performance parameters of our simulated cell
are very close to those of the experimental cell [17], and they are better than those of the
simulated cell [20]. This good agreement between our results and the experimental results can
validate the model and parameters used in this simulation and support the next simulation
results.

4.2. Optimization of the CIGS solar cell parameters

The optimization of the CIGS solar cell parameters was conducted by varying the thickness and
doping density of each layer of the CIGS solar cell and holding constants the other parameters,
then determining the optimum thicknesses and doping densities that obtain the best cell
performance.

4.2.1 Optimization of the CIGS absorber layer thickness and doping density

The CIGS layer thickness was varied from 1 to 10 pm and the CIGS layer doping density was
varied from 10 to 101" cm™ while all other parameters were stayed constant. Figures 3 and 4
display the main performance parameters such as the conversion efficiency (n), the fill factor
(FF), the short circuit current density (Jsc) and the open circuit voltage (Voc) versus the CIGS
layer thickness and versus the CIGS layer doping density respectively.
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Figure 3. The cell performance parameters versus CIGS layer thickness
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Figure 4. The cell performance parameters versus CIGS layer doping density Na

Figure 3 shows that as the CIGS layer thickness increases from 1 to 5 um, the efficiency n, Voc
and Jsc increase rapidly while the fill factor FF decreases. Beyond 5 um thickness, the fill factor
FF continues to decrease while the other performance parameters remains almost constant.
Thus, the thickness of 5 pum is the optimal absorber layer thickness at which the efficiency
reaches 23.89 %. Similar behaviors of the performance parameters were reported in [21, 22,
24]. These results can explained by the fact that as the CIGS thickness increases, more photons
are absorbed. The absorbed photons generate more carriers (electron-hole pairs), which
contribute to increasing photocurrent Iph and thus increasing cell performance parameters that
depend on the photocurrent according to Equations (7, 8, 10, 11). When the CIGS thickness
continues to increase, it exceeds the diffusion length L. The light absorbed outside the diffusion
length does not contribute to the photocurrent [28]. Thus, the cell performance remain constant.

Figure 4 shows that as the CIGS layer doping density increases from 104 to 1017 cm3 the short
circuit current density Jsc shows a very slight decrease then it decreases because the increase
in acceptor doping leads to decrease in the width of depletion region from which the major
contribution to the photocurrent comes [28]. On the other hand, as the CIGS doping density
increases from 10* to 10*" cm, the fill factor FF increases, the open circuit voltage Voc
increases rapidly then it remains constants. This can be justified by the fact that the increase in
doping density Na decreases the saturation reverse current lo, which increases VVoc according to
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Eq. 12 and Eq. 8. As the CIGS doping density increases from 104 to 4x10%¢ cm3, the efficiency
increases. Above 4x10® cm doping density, the efficiency decreases. The efficiency variation
depends on both Jsc and Voc variation according to Eq. 11. The efficiency reaches a peak of
24.18 % at 4x10 cm=which is the optimum CIGS layer doping density.

4.2.2 Optimization of the CdS buffer layer thickness and doping density

The CdS layer thickness was varied from 0.02 to 0.2 um and the CdS layer doping density was
varied from 10%7 to 10?2 cm™ while all other parameters were remained constant. Figures 5 and
6 display the main performance versus the CdS layer thickness and versus the CdS layer doping

density respectively.
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Figure 5. The cell performance parameters versus CdS layer thickness
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Figure 6. The cell performance parameters versus CdsS layer doping density Np

From Figure 5, as the CdS layer thickness increases from 0.02 to 0.2 um, all performance
parameters decrease. At 0.02 um CdS thickness, the efficiency reaches the peak of 23.55 %.
Thus, the thickness of 0.02 um is the optimal CdS buffer layer thickness, which improves the
cell performance and reduces the cell thickness. Similar trends of the performance parameters
were demonstrated in [21, 22, 24]. These results can justified by the fact that as the CdS buffer
thickness increases, the CdS absorbs more photons that can reach the absorber layer, which
reduces the carrier generation in absorber layer. Thus, the photocurrent and the performance
parameters decrease.

Figure 6 shows that as the CdS layer donor doping density increases from 10 to 10%° cm3, all
the cell performance parameters increase. Beyond 10%° cm= doping density, the performance
parameters remains almost constant. Thus, the optimum CdS doping density is chosen to be
102° cm™ at which the efficiency reaches 24.28 %. These results can be explained by the fact
that according to Eq. 12 and Eqg. 8, as the acceptor doping density Np increases, the saturation
reverse current lo decreases, which increase the open circuit voltage Voc, and thus the cell
performance parameters.

4.2.3 Optimization of the n-ZnO window layer thickness and doping density
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The n-ZnO layer thickness was varied from 0.02 to 0.32 um while all other parameters were
stayed constant. Figure 7 displays the main performance parameters versus the n-ZnO layer
thickness.
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Figure 7. The cell performance parameters versus n-ZnO layer thickness

Figure 7 shows that as the n-ZnO layer thickness increases from 0.02 to 0.32 um, all
performance parameters decrease slightly. At 0.02 um ZnO thickness the efficiency reaches the
peak of 23.17 %. Thus, thickness of 0.02 um is the optimal ZnO window layer thickness.
Similarly to CdS, thick ZnO absorbs many photons that can reach the absorber layer which
reduces the photogeneration and thus the cell performance parameters. Thick buffer and
window layer affect negatively the cell performance because the light absorption of window
and buffer layers cause optical losses in absorber layer and thus current losses. The CdS effect
on cell performance is greater than ZnO due to the CdS optical absorption that is greater than
ZnO absorption.

The n-ZnO doping density was varied between 101" and 10?2 cm while the other while all other
parameters were stayed unchanged. The results show that all cell performance parameters such
as Jsc, Voc, fill factor and efficiency remain almost constant when the ZnO doping density
varies. This result can be justified by the fact that the window layer is located outside the PN
junction. Thus, the effect of ZnO doping density on the depletion region width and thus the
photocurrent is negligible.
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4.2.4 The Optimized CIGS solar cell

An optimized cell was designed and simulated by combining the optimum layer thickness and
doping density that are 5 um and 4x10® cm™ for the CIGS absorber layer, 0.02 um and 10%
cm for the CdS buffer layer, 0.02 um and 10% cm™ for the ZnO window layer respectively.
The J-V curves for both the optimized cell and the basic cell are displayed in figure 8. The
performance parameters of the optimized cell with those of the basic cell are presented in table

3.
Table 3: The performance parameters of the basic cell compared to those of the optimized cell.
Performance parameters The basic cell The optimized cell
Jsc (MA/cm?) 38.9 39.75
Voc (MV) 740.68 830.57
FF (%) 79.68 83.25
Efficiency n (%) 22.94 27.48

As shown in the table 3 and figure 8, it can be seen that the optimized cell shows improvement
over the basic cell in performance parameters, which are significant improvements of 89.89 mV
in Voc, 3.57 % in fill factor FF 4.54 % in efficiency and a small improvement of 0.85 mA/cm?

in Jsc.
NA40 'o'o'o'.'o'.'.'.'.v.'.v.'.....'...'...
e
O
<
£30+
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K77
C
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g —<— Optimized CIGS solar cell
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0 : : . : , : . .
0 200 400 600 800
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Figure 8: J-V curve for both the optimized cell and the basic cell
4.3. Effect of the operating temperature on the CIGS solar cell performance

After the optimization of the CIGS solar cell parameters, in order to study the effect of the
temperature on the CIGS cell behaviors, the previous optimized cell was simulated under

temperature varied from 240 K to 400 K. Figure 9 displays the main performance parameters
versus the temperature variation.
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Figure 9. The cell performance parameters versus temperature

As shown in figure 9, the decrease in temperature affects positively and strongly the cell
performance parameters. Astemperature decreases, all performance parameters increase quasi-
linearly, Jsc increases slightly while Voc, FF and efficiency increase quickly. The increase in
efficiency is around 0.8 % per 10 kelvin and 2 mV/K in Voc. At 240 K temperature, the cell
efficiency reach a peak of 32.45 %. Thus, 240k is the optimum temperature. Similar behaviours
of performance parameters were reported in [20, 25]. The increase in the performance
parameters is mainly due to the increase in Voc. As temperature decreases, open circuit voltage
Voc linearly increases because of its linear dependence on temperature according to Eq. 9.

As a result, the temperature plays major factor that determining the CIGS solar cell
performance, the decrease in temperature improves significantly the cell efficiency. Thus, it is
desirable to decrease the cell temperature up to 240k. Decreasing the cell temperature is
conducted by installing the cell on low temperature regions or by using PV cell cooling
techniques. Different PV cell cooling techniques have been developed such as water cooling,
forced air cooling, the PCM material... [38, 39]. For example, the use of PCM material can
reduce the PV panel temperature by 35.6 k [39].
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5. CONCLUSION

In conclusion, a basic CIGS solar cell was simulated under the room temperature of 298k. The
simulation results are in good agreement with the experimental results. After optimization of
the cell layer thicknesses and doping densities, it is found that the optimum layer thicknesses
are 5 um for CIGS absorber layer, and 0.02 um for CdS buffer layers and ZnO window layer.
The optimum layer doping densities are 4x10*® cm™ for the CIGS absorber layer, 102° cm™ for
the CdS buffer layer and 10* cm for the ZnO window layer. With these typical parameters,
the optimized cell achieves an efficiency of 27.48 %. The temperature effect on CIGS cell
performance has been analysed. The results show that the decrease in temperature enhances
significantly the cell efficiency. At the optimum temperature of 240k, the cell efficiency reaches
a peak value of 32.45 % that exceeding the record efficiency by a very significant improvement
of 9.53 %. Thus, it is desirable to decreasing the cell temperature by installing the cell on low
temperature regions or by using PV cell cooling techniques. The results of this simulation can
be helpful for experimenters to fabricate CIGS solar cells with high efficiencies that increasing
the current record efficiency.
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