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Abstract

Thin-film solar cells possess the distinct advantage of being cost-effective
and relatively simple to manufacture. Nevertheless, it is of utmost impor-
tance to enhance their overall performance. In this research work, copper
indium gallium selenide (CIGS)-based ultra-thin solar cell (SC) configura-
tion (Ag/ZnO/ZnSe/CIGS/Si/Ni) has been designed and examined using
SCAPS-1D. The numerical calculations revealed that this new design resulted
in a substantial improvement in SC performance. This study explores the uti-
lization of two absorber layers, CIGS and Si, both with a total of 2 um thick-
ness, to enhance device performance while reducing material costs, observing
an increase in key SC parameters as the Si absorber layer thickness is increased,
reaching a maximum efficiency of 29.13% when CIGS and Si thicknesses are
set at 0.4 pm and 1.6 pm, respectively with doping absorber doping density of
10'* cm™. Furthermore, we analyze the impact of variation in absorber and
buffer layer thickness, as well as doping concentration, surface recombination
velocity (SRV), electron affinity, series-shunt resistance, and temperature, on
optimized CIGS SC parameters such as short-circuit current density (Jsc), open
circuit voltage (V), fill factor (FF), and power conversion efficiency (PCE).
The findings yielded by the investigation offer significant elucidation regard-
ing the fabrication of economically viable and highly efficient non-hazardous
CIGS ultra-thin SC.

Keywords

Thin-Flim, CIGS-Based Solar Cell, Non-Toxic Solar Cell, SCAPS-1D,
Numerical Simulation, Renewable Energy

1. Introduction

Renewable energy sources such as solar energy have the potential to serve as via-
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ble alternatives to non-renewable sources, such as fossil fuels. Solar energy, being
an in-exhaustible and sustainable energy source, exhibits remarkable potential for
meeting energy needs [1]. Notably, solar power generation is not only environ-
mentally friendly, but also free from any adverse consequences such as pollution
or noise. Solar cells (SCs) are ingeniously designed to harness the abundant solar
energy emitted by the sun and effectively transform it into a readily available form
of electrical power. Moreover, SC fabrication has improved greatly over time.
However, the cost-effectiveness and overall efficiency of SCs continue to pose
significant hurdles in their advancement [2] [3] [4]. Therefore, the primary ob-
jective of technological progress in the photovoltaic (PV) sector is to develop
high-efficiency SCs while simultaneously minimizing production costs [5] [6]
[7]. Hence, throughout the past few decades, extensive research has been con-
ducted by researchers on materials that meet the requirements of affordability,
effectiveness, and longevity in the PV field [8] [9]. Copper indium gallium sele-
nide (CIGS), belonging to the group I-III-VI, has emerged as a highly promising
choice for thin-film SCs (TFSCs). This is primarily owing to its excellent conver-
sion efficiency, which has recently surpassed 23% [10] [11] [12]. Additionally,
CIGS exhibits remarkable stability, cost-effectiveness, and configurable band gap
of roughly 1.01 - 1.69 eV [13] [14]. This puts them in close competition with sil-
icon PV cells, which currently have a PCE of 26.7% [15] and other competing
materials such as a-Si, CdTe [16] and CZTS [17]. Moreover, it has an excellent
absorption coefficient in the visual spectrum of approximately 10° cm™', making
it more desirable and effective for solar applications [6] [10]. However, the chal-
lenge lies in the fact that the combination of Ga (Gallium) and In (Indium) ma-
terials in the CIGS sample is both scarce and expensive. As a result, researchers
are directing their attention towards reducing the thickness of the absorber layer
to minimize the usage of Gallium and indium in an effort to decrease the overall
production expenses. But, the electrical properties of CIGS TFSCs are influenced
by the thickness of the active layer, and a reduction in thickness can potentially
lower SC performance. The ideal thickness of the active layer, according to some
researchers, is between 2 and 3 pm [18] [19]. On the other hand, recent studies
have produced CIGS-based cells having active layer thicknesses of under 1 pm
that are quite effective [20]-[24]. In a study conducted by Movla et al [20], it was
shown that an absorber layer made of graded CIGS material with a thickness of
0.5 pm, combined with a transparent conductive oxide (TCO) layer of thickness
20 nm, results in an impressive efficiency of 20.34%. Similarly, Vermang et al
carried out a study where they achieved an efficiency of up to 13.5% using ul-
tra-thin CIGS solar cells [21]. These cells had a CIGS absorber layer with a thick-
ness of 0.385 um. The experimental PV solar cell efficiencies were investigated
by Garris et al. [22] over a range of thicknesses. They discovered a remarkable
efficiency of 15.15% in a CIGS layer with a thickness of 0.490 um. In a separate
investigation carried out by Chadel ef al [23], an impressive conversion effi-

ciency of 24.43% was attained by utilizing a 0.2 um CIGS absorber layer in con-
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junction with a 1 um Si BSF layer. The results of earlier studies offer useful infor-
mation for optimizing ultra-thin CIGS solar cells, resulting in increased efficien-
cy and stability with reduced cost. Therefore, in order to develop a low-cost CIGS
solar cell with enhanced efficiency, we introduced a dual absorber layer-based
SC.

In this paper, an alternative configuration of CIGS-based ultra-thin SC has
been proposed. The numerical analysis of the performance of a newly proposed
Ag/ZnO/ZnSe/CIGS/Si/Ni SC is conducted using the SCAPS-1D simulator.
SCAPS-1D has gained extensive popularity for numerical simulations of SC due
to its open-source characteristics, adaptability, ease of use, and precision. Here,
we employed a dual absorber configuration consisting of two distinct layers, name-
ly CIGS and Si. A SC with two absorber layers is more effective because it can
absorb solar photons throughout a wider spectral range [25]. To get maximum
performance at the lowest cost, we put a specific emphasis on optimizing the thick-
ness of the absorber layer. Moreover, cadmium sulphide (CdS) is commonly em-
ployed as a buffer layer in CIGS SCs. The toxicity of cadmium is the most signif-
icant disadvantage of CdS. Hence, in order to develop an environmentally friendly
and non-toxic CIGS SC, CdS buffer layer is substituted with a ZnSe layer, and
the optimization process is subsequently pursued. Furthermore, we investigate
the impact of incorporating a Si absorber layer on the performance of the device.
In addition, we explore the effects of changes in the thickness of the absorber
and buffer layers, as well as variations in doping concentration, surface recom-
bination velocity (SRV), electron affinity, series-shunt resistance and temperature,

on the optimized CIGS SC parameters.

2. Device Configuration and Material Parameters

The investigation of performance parameters for the newly designed Ag/ZnO/
ZnSe/CIGS/Si/Ni SC involved the use of one-dimensional electrical Solar Cell
Capacitance Simulator structures (SCAPS-1D) software. This software developed
by the Department of Electronics and Information Systems at the University of
Ghent, Belgium, analyzed the electrostatic potential and behaviour of free carri-
ers within the SC through the implementation of the continuity equations and
Poisson equation, comprising up to seven semiconductor materials [26]. The
device configuration of the newly developed SC is shown in Figure 1(a). The SC
is made up of a p-CIGS and p-Si absorber layer, an n-ZnO window layer, and an
n-ZnSe buffer layer. The additional p-Si absorber layer in the proposed design
has a band gap of 1.12 eV. To facilitate efficient light absorption, minimize elec-
trical losses, promote effective charge carrier transfer, and protect the underlying
layers, we employ ZnO as window layer. ZnO is preferred due to its high trans-
parency, low resistivity, favorable interface characteristics, and wide bandgap.
ZnSe serves as the buffer layer due to its non-toxicity, high optical transmittance,
and wide bandgap, which together contribute to a substantial optical throughput

in the hetero-junction structure. The suitable electron affinity of the ZnSe buffer
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Figure 1. (a) Newly developed CIGS SC configuration; (b) Ener-
gy band diagram.

layer enables the formation of an appropriate junction with CIGS. Moreover, the
introduction of the p-Si absorber layer exhibits favorable band alignment with
CIGS, leading to enhanced light absorption. The energy band diagram of the
proposed SC structure is presented in Figure 1(b). For the front and rear con-
tacts, Ag and Ni are employed, respectively. A working temperature of 300 K is
used for all simulations, with AM 1.5G light. This study utilizes previous re-
search efforts on experimentally and theoretically determined parameters of dif-
ferent layers, as described in various research papers, to enhance the performance
of the newly developed CIGS solar cell. The relevant physical parameters for
each layer are outlined in Table 1 and Table 2.
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Table 1. Physical parameters of various layers from literature.

p-Si n-ZnO p-CIGS n-ZnSe
Parameter
[27] [27] [27] [28]
Thickness (um) 1.6 0.02 0.4 0.025
Electron Affinity, x, (ev) 4.05 4.60 4.50 4.09
Dielectric Constant, €, 11.90 9 13.60 10
Bandgap (ev) 1.12 3.30 1.30 2.700

Density of States in Conduction " 8 8 8
N 2.2 x10 2.2x10 2.2 x10 2.2x10
Band (cm™)

Density of States in Valence Band " 18 8 19
2.65x 107 1.8x10 1.8 x10 1.8 x 10

(cm™)

Electron Mobility, up (cm?/V-Sec) 1400 100 100 50
Hole Mobility, un (cm?/V-Sec) 500 25 25 20
Donor Density, Nd (cm™) 0 1 x10% 0 2 x 10
Acceptor Density, Na (cm™) 1x10" 0 2 x 10 0

Table 2. Contact properties from literature [29].

Parameters Back Contact (Ni) Front Contact (Ag)
Electron SRV (cms™) 10° 107
Hole SRV (cms™) 107 10°
Work Function (eV) 5.25 4.26

3. Result and Discussion

3.1. Impact of Absorber Layer Thickness

The thickness of the absorber layer plays a pivotal role in the development of SC.
This is due to the fact that a thicker absorber layer can lead to an increase in car-
rier recombination, while a thinner absorber layer may result in insufficient light
ab-sorption [25]. Consequently, the current density and efficiency of the SC ex-
perience a decrease. Therefore, it is essential to meticulously choose the appro-
priate thickness in order to enhance the performance of the SC.

As can be seen in Figure 2, the V., Jsc, FF, and PCE are all influenced by the
absorber layer thickness. When the CIGS/Si is thickened, more pairs of electrons
and holes are produced, which advances efficiency and causes a decrease in FF
owing to resistance and an increase in J.. The symbols (C1 to C11) are used to
indicate the thickness combinations among the two absorber layers, which are
demonstrated in Table 3. It is observed from Figure 2 that maximum SC per-
formance has been achieved with thickness combination C9, where CIGS of 0.4
pum and Si of 1.6 um thicknesses were used. This demonstrated that an increase

in the thickness of the Si layer leads to an increase in SC performance.
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Figure 2. Impact of varied thicknesses of CIGS and Si ab-
sorber layers on Voc, Jsc, FF and PCE.

Table 3. Thickness combination of CIGS and Si in absorber layer.

Thickness (um)
Cl C2 C3 C4 C5 C6 C7 C8 (C9 C10 cC11

Combination
CIGS 2 1.8 16 14 1.2 1 08 0.6 04 0.2 0
Si 0 02 04 06 0.8 1 1.2 14 1.6 1.8 2

3.2. Doping Concentration Optimization of CIGS and Si Layer

The influence of doping concentration on the performance of SCs was studied
by examining the impact of changing the doping concentration from 10'* to 10*°
cm™ in the CIGS and Si absorber layers, while maintaining the respective layer
thicknesses at 0.4 and 1.6 um, as depicted in Figure 3(a) and Figure 3(b). The
SC output characteristics barely change when the CIGS absorber layer and Si
layer’s doping concentration changes 10" to 10'® cm™. Beyond the doping con-
centration of 10" cm™ of the CIGS absorber layer and Si layer, the value of V¢
rises. Doping changes the Fermi level within the semiconductor, bringing it
closer to the energy level of the bandgap. As a result, the built-in potential rises,
raising the V. [30]. The value of Jsc decreases with the increase in doping con-
centration of the both absorber layer. This is due to the increase in carrier re-
combination at higher doping densities [31]. The FF and PCE also show the sim-

ilar down trend beyond doping concentration 10'* cm™ for both absorber layers.
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Figure 3. Variation of performance parameters for doping concentration of CIGS and Si

absorber layer.

The findings demonstrate that the optimal performance of the newly developed
dual absorber CIGS-based SC has obtained with the doping concentration of 10"
cm™ which yield overall PCE of 29.13%.

3.3. Effect of Thickness and Doping Concentration of ZnSe
Buffer Layer on SC Parameters

The thickness and doping concentration of the ZnSe buffer layer have been op-
timized by varying them from 0.02 pm to 0.4 pm and 10" to 10*° cm™ corres-
pondingly. The result is illustrated in Figure 4. Figure 4 depicts the SCs influ-
ence on Voc, with the values rising slightly in accordance with the thickness of
the ZnSe buffer layer. Additionally, it has been shown that the Jsc values of the
SC decrease as the thickness of the ZnSe buffer layer increases. This is due to the
fact that a larger buffer layer leads to more photon losses [32]. Consequently, it
would result in a reduction in the number of photons that passed through the
absorber layer. When the ZnSe buffer layer is thicker, the FF and PCE also begin
to decline. Jsc, FF, and PCE, which are at their greatest levels at lower doping
concentrations except Voc. Voc is not significantly affected by variations in the
doping concentration of the ZnSe buffer layer. However, increased buffer layer
doping concentration creates a powerful electric field that efficiently attracts elec-
trons and opposes minority carriers away from the interface between the buffer
layer and absorber layer, reducing interface recombination [32]. We choose the
thickness 0.025 um and doping concentration 10" cm™ at which the Voc, Jsc,
FF, and PCE are 0.7875 V, 43.0927 mA/cm?, 85.83%, and 29.13%, respectively,

taking into consideration of fabrication cost and SC’s performances.
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Figure 4. Variation of performance parameters for thickness and doping concentration of ZnSe buffer layer.

3.4. Impact of Series and Shunt Resistance on CIGS-Based
Solar Cell

Figure 5 illustrates the assessment of PV characteristics by changing the series
resistance from 1 to 5 ohm-cm” and the shunt resistance from 10 to 10° ohm-cm®
A slight variation in Voc is observed due to changes in the series and shunt re-
sistance, with Voc changing from 0.43 V to 0.78 V only when the shunt resis-
tance ranges from 10 to 10’ ohm-cm?, after which it remains relatively constant.
Moreover, Figure 5 indicates a significant variation in the value of Jsc, showing
an increase when the series resistance is low and the shunt resistance is high,
leading to a significant improvement in Jsc of 39.17 mA/cm’ to 43.09 mA/cm’
for shunt resistance values between 1 and 10° ohm-cm® and a decrease of 39.17
mA/cm’® to 28.72 mA/cm’ for series resistance values between 1 and 5 ohm-cm®
It is noticed from Figure 5 that the impact of series resistance on FF and PCE
is minimal, while shunt resistance shows a significant effect on FF and PCE,
leading to an increase in both FF and PCE from 25.00% to 80.64% and 4.22%
to 27.40%, respectively, as the shunt resistance value increases from 1 to 10°

ohm-cm?
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3.5. Variation of Parameters Due to Electron Affinity

The influence of the electron affinity of the CIGS absorber layer on the proper-
ties of the SC is shown in Figure 6. When the electron affinity of absorber layer
fluctuates between 4.1 and 4.6 eV, Voc and Jsc values raise. At the interface be-
tween the semiconductor material and the absorber layer, a stronger electron af-
finity encourages more effective charge separation, which increases the flow of
electrons [10]. The FF and PCE, however, decrease as the electron affinity value

increases over 4.4 eV. This may be related to the SC’s rising resistance.

3.6. Impact of Surface Recombination Velocity on SC Parameters

In thinner absorber layers, the proximity between the back contact and depletion
region is significantly reduced, thereby enhancing the likelihood of carrier re-
combination in the back contact. This indicates the importance of investigating
the impact of surface recombination velocity (SRV) on the performance of SC
parameters. The impact of the SRV varying from 10 to 10° cms™ has been studied
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Figure 6. The impact of varying electron affinity of CIGS on
SC parameters.

and is depicted in Figure 7. It is observed that Voc of 0.96 V at 10* cms™' and
deteriorates till 0.61 V with decreasing of SRV till 10° cms™". But the curve of Jsc
is 43.09 mA/cm?, which is constant with respect to increasing SRV. FF is gradu-
ally decreased until it reaches 10° cms™, after that point it is abruptly decreased.
The surface recombination velocity impacts the efficiency by decreasing a con-
stant manner. Due to the rapid recombination of electrons and holes, a high SRV
drastically reduces the minority carrier lifetime and diffusion length, thereby
decreasing the SC performance parameters [33]. A fixed value is always chosen
for perfect SRV. At 10° cms™' SRV, We get the value of Voc, Jsc, FF, and PCE are
0.78 V, 43.09 mA/cm?, 85.83%, and 29.12%, respectively.

3.7. Variation of CIGS Output Parameters Due to Temperature

The assessment of the Voc, Jsc, FF, and PCE has been carried out to evaluate the
implications of the temperature change between 280 K and 380 K, as depicted in
Figure 8. For the proposed CIGS-based hetero-structure, Voc, FF, and PCE val-
ues have changed from 0.81 V to 0.66 V, 86.81% to 81.01%, and 30.60% to
23.25%, respectively, between 280 K and 380 K. However, Jsc is 43.09 mA/cm?,
which remains unchanged. It has been noticed that temperature change consi-
derably deteriorates the values of Voc, FF, and PCE in the hetero-structures as a
consequence of temperature-induced shrinking of the band gap [34]. But none-
theless, Jsc in the hetero-structures remains stable, indicating that the creation of

electron-hole pairs and the recombination are consistent throughout the entire

DOI: 10.4236/epe.2023.158015

300 Energy and Power Engineering


https://doi.org/10.4236/epe.2023.158015

M. F. Wahid et al.

PCE

L 4
L 4
L 4

102 104 10° 108

Surface recombination velocity (cms™)

Figure 7. The impact of surface recombination velocity on

SC parameters.

mf
2
26.4 _
24,0 B w::{y:drm:
874 _ | | | I . 1 L 1 L _
855 »\>\ _-
83.6

817 |
e | | | | I . 1 L 1 .

FF (%) PCE

Jsc (mA/cm?)

Voc (V)

43.08

43.06
0.833

0.784
0.735
0.686

T
»
1

280 300 320 340 360 380
Temperature (K)

Figure 8. The impact of temperature on SC parameters.

DOI: 10.4236/epe.2023.158015

301

Energy and Power Engineering


https://doi.org/10.4236/epe.2023.158015

M. F. Wahid et al.

temperature range [35].

3.8.1-V Curve and Quantum Efficiency (QE) of the Newly
Designed SC

Figure 9(b) demonstrates the QE of the Ag/ZnO/ZnSe/CIGS/Si/Ni structure us-
ing AM1.5 illumination. Since CIGS absorber layer absorbs light of intermediate
wavelength ranging from 300 nm to 1100 nm, Q.E. is large in that region [36].
Due to the device producing greater electron-hole pairs as a consequence of the
strong absorption, the current density rises. In addition, QE declines in the broad
wavelength region from 1100 and 1200 nm. The most probable cause of the con-

dition is insufficient long-wavelength photon absorption [10].
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Figure 9. (a) I-V curve; (b) Quantum efficiency (QE) curve.

Table 4. Comparative analysis.

Work Category Al;;c;zl;er Buffer Layer PCE (%) References

Experimental CIGS CdsS 15.6 [12]
Simulation CIGS CdsS 13.08 [6]
Simulation CIGS ZnMgO/Zn(0,S) 17.67 [9]
Simulation CIGS CdS 21.3 [5]
Simulation CIGS CdS 24.22 [10]
Simulation CIGS CdS 25.05 [14]
Simulation CIGS CdS 26 [11]
Simulation CIGS ZnS 26.30 [37]
Simulation CIGS ZnMgO/Zn(0O,S) 27.3 [9]
Simulation CIGS CdS 28.08 [7]
Simulation CIGS Cds 18.15 [38]
Simulation CIGS InP 28.01 [30]
Simulation CIGS/Si ZnSe 29.13 This Research
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3.9. Comparative Analysis

In this study, the advantage of incorporating absorber (Si) layer into CIGS-based
TFSCs using ZnSe as a buffer layer has been investigated. A Si absorber layer of
1.6 pm and a buffer layer of 0.025 um, in addition to the CIGS absorber layer,
contribute to the overall 29.13% efficiency in this SC, which is higher than the
reported CIGS SC in previous studies, listed in Table 4. The addition of this ab-

sorber layer greatly increases the performance of the SC.

4. Conclusion

CIGS-based SC configuration of Ag/ZnO/ZnSe/CIGS/Si/Ni was proposed and
simulated using SCAPS-1D software, and numerical calculations revealed that
this new design resulted in a substantial improvement in SC performance. This
study explores the utilization of two absorber layers, CIGS and Si, both with a
total of 2 pm thickness, to enhance device performance while reducing material
costs, observing an increase in key SC parameters as the Si absorber layer thick-
ness is increased, reaching a maximum efficiency of 29.13% when CIGS and Si
thicknesses are set at 0.4 um and 1.6 pm, respectively with doping absorber doping
density of 10" cm™. The output parameters have been meticulously determined
through a comprehensive analysis of the effect of buffer layer thickness variation
and doping concentration variation, SRV, series-shunt resistance, and tempera-
ture. The incorporation of the silicon (Si) layer boosts the absorption of photons
and decreases the recombination rate, thereby ultimately leading to enhanced out-
put efficiency parameters. The aforementioned findings indicate that the recent-
ly developed SC configuration holds great promise for integration within the so-
lar cell community, enabling the realization of highly efficient CIGS SCs while si-

multaneously reducing overall costs.
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