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Performance Optimization of ZnS/CIGS Solar Cell
With Over 25% Efficiency Enabled by Using a
Culn3Ses OVC Layer
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Abstract- Chalcopyrite CIGS solar cells have been demonstrated with the highest efficiency for thin-film solar cell
families. Herein, the effects of thickness and bandgap of cadmium (Cd) free ZnS buffer layer grown on CIGS absorber with an
ordered vacancy compound (OVC) at buffer/absorber interface in CIGS solar cell structure have been investigated using
ADEPT 2.1 simulator. The ZnS buffer possesses a wider energy bandgap than the traditional CdS buffer layer, which
substantiates the higher conversion efficiency of this solar cell, allowing the photons of lower wavelength into the CIGS layer.
Besides, CulnsSes has been used as an OVC layer that assists to improve the conversion efficiency to an optimized level of
over 25% by reducing the recombination rate. Moreover, the optimized short circuit current (Jsc) and corresponding open-
circuit voltage (Vo) yield a higher fill factor (FF) of 86.22%, which, therefore, results in an optimum efficiency of the CIGS

cell estimated as 25.68% under AM 1.5 irradiance.
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1. Introduction

Polycrystalline CIGS solar cell has drawn much
attention in recent years because of its high efficiency and
comparatively lower fabrication cost [1-3]. To date, Solar
Frontier developed the highest efficiency for these solar
cells, recorded as 22.9% with the CdS buffer layer [4] and
recorded as 23.35% with the Cd-free buffer layer [5, 6]. The
standard device structure of CIGS based solar cells is
comprised of SLG/Mo/CIGS (absorber)/CdS buffer
layer/undoped ZnO/ZnO:Al stack. The buffer layer in this
stack ensures better optical transparency and electrical
interface between the transparent ZnO window and the CIGS
absorber layer. Historically, chemical bath deposited (CBD)
cadmium sulfide (CdS) of 2.42 eV is being employed as a
buffer layer in the CIGS device structure [7]. However, the
direct bandgap CdS causes parasitical absorption in the
shorter wavelength region and results in the fall of quantum
efficiency [8]. Another disadvantage is that the cadmium
(Cd) is carcinogenic and toxic in nature, which is deleterious
for the environment as well as for almost all creatures [9].
Furthermore, the non-vacuum CBD process is deleterious for

the vacuum line as the ZnO window layer, and the CIGS
absorber layers are usually deposited using vacuum-based
RF sputtering and co-evaporation technique, respectively
[10]. For the reasons mentioned earlier, the development of
the Cd-free substitute buffer layer materials and the
employment of other growth techniques instead of
conventional CBD have drawn attention among the
researchers [11].

In this work, we have designed and optimized a novel
combination of CIGS solar cells incorporating the CulnsSes
OVC layer and simulated the efficiency of the cell, and
analyzed the effects of ZnS buffer layer thickness and
bandgap on these cells using ADEPT 2.1 simulator.
Eventually, we studied the performance of the proposed Cd-
free CIGS structure due to the change in thickness of the
OVC layer and then compared it to the performance of the
CIGS module, having a CdS buffer layer and found
significant enhancement of the conversion efficiency. To the
best of our knowledge, there is no such type of work reported
in literature.
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The frequently used terms have been presented in the
following Table 1.

Table 1. Acronym and nomenclature of the frequently used
terms.

Acronym Nomenclature

CIGS Copper Indium Gallium Selenide

ovC Ordered Vacancy Compound

CulnsSes  Copper Indium Selenide

ADEPT A Device Emulation Program and Tool

AMPS Analysis of Microelectronic and Photonic
Structures

SCAPS Solar Cell Capacitance Simulator

CdS Cadmium Sulfide

ZnS Zinc Sulfide

ZnO: Al Aluminum-Doped Zinc Oxide

i-ZnO Intrinsic Zinc Oxide

SLG Soda Lime Glass

FF Fill-Factor

2. Methodology
2.1. Proposed Design of CIGS Solar Cell

It is conceived that for CIGS solar cells, the bandgap of
the buffer layer should be wider, and the electron affinity
should be lower compared to that of CIGS absorber when the
recombination occurs at the interface. We choose a direct
bandgap ZnS ternary alloy of 2.60 eV as an alternative buffer
layer material of widely used CdS [25, 26]. It overcomes the
state of parasitic absorption due to having a wider bandgap
with a lower electron affinity. The direct bandgap of CdS
(2.42 eV) corresponding to the wavelength of around 520 nm
is not adequate to transmit the light with a shorter
wavelength to the absorber. Since the bandgap of ZnS is so
wider than CdS, the more photons will be transmitted to the
absorber that therefore enhances this cell quantum efficiency.
A schematic design of this solar cell is shown in Fig. 1.
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Fig. 1. A schematic device structure for CIGS solar cell.

It has been earlier mentioned that the non-toxic ZnS has
been proposed as an active buffer layer. A highly resistive
semiconductor material, intrinsic zinc oxide (i-ZnO) was
sandwiched between the conductive aluminum-doped zinc
oxide (ZnO: Al) window layer and the ZnS buffer layer.
Aluminum (Al) grids were used as the front contact electrode
and Molybdenum (Mo) as a back contact electrode. The
bandgap profile for the entire cell has been depicted in Fig. 2.
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Fig. 2. Bandgap profile for the entire CIGS cell.

2.2. Simulation Approach

In this work, a numerical simulation was carried out by
widely used ADEPT 2.1 (A Device Emulation Program and
Tool), an online-based device simulator [12]. This simulation
tool has been widely used for modeling solar cells consist of
a variety of thin-film semiconductor materials like AMPS-
1D, SCAPS-1D, MSCS-1D etc. [21]. The simulation was
performed using the major input optoelectronic parameters of
different layers of the cell at a temperature of 300K. These
parameters have been presented in Table 2. These default
values are picked out from several experimental photovoltaic
research works based on the materials used in different thin-
film photovoltaic devices [11, 13-18, 24].

Performance parameters such as the short circuit current
density (Jsc), open-circuit voltage (Voc), fill factor (FF), and
efficiency (n) of the completed photovoltaic cell were
simulated from the J-V characteristics curve and the output
log after conveying the simulation. Here the temperature and
the shadowing factor were kept at 300K and 10%,
respectively. The simulation was performed using the default
values, as described in Table 3. After that, the performances
were measured and optimized by varying thickness and
doping concentration of different layers.
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Table 2. Symbolic representation of material properties [22]

Parameters Symbols Units
Thickness T pm
Dielectric constant Ks Constant
Refractive index Nax Constant
Bandgap Eg eV
Electron affinity Xe eV
Electron mobility Lo cm? Vsl
Hole mobility p cm? Vgl
Conduction band effective density of states Ne cm’
Valence band effective density of states Ny cm’
Donor concentration Na cm’
Acceptor concentration Na cm’
Electron lifetime tn sec
Hole lifetime tp sec
Short circuit current density JTse mA/cm?
Open-circuit voltage Vo \'%
Efficiency n %

Table 3. Optoelectronic parameters of different layers at a temperature of 300K

Parameters ZnO:Al [18] i-ZnO [16, 18] ZnS [22] OVC [23] CIGS [16]
T 0.2 0.02 0.05 0.05 1

Ks 7.8 7.8 12 13.28 13.6
Nax 2 2 3.15 3.67 3.67
E, 33 33 2.6 1.72 1.21
Ye 4.6 4.6 3.74 4.21
In 100 60 200 40 100
Up 30 20 40 10 25
Ne 2.2x10'8 2.2x10%® 2.2x10%® 1.7x10" 2.2x10%
Ny 1.8x10" 1.8x10" 1.8x10" 2.4x10'8 1.8x10"
Nd 1x10' 2x10'6 1x10' 5x10'% 0

Na 0 0 0 0 5x10"
tn 5%10® 6x10® 2x10°8 2x108 1108
tp 5%107 4x107 6x10® 6x10® 5%10®

3. Result Analysis and Discussion
3.1. Performance variation due to substitute ZnS buffer layer

From the simulation, it is evident that the ZnS buffer
layer plays a significant role in increasing efficiency. Owing
to the wider bandgap, ZnS increased the reverse saturation
current that increased the Voc dramatically, therefore
resulted in an increase of the overall CIGS cell efficiency.
This improvement appeared for the sake of a large number of
photons transmitted into the absorber. The photons having
low wavelengths are also transmitted into the CIGS layer due

to the higher bandgap of ZnS than of CdS. Additionally, the
interface defect density at the ZnS/CIGS interface was
devoted to 1x10' ¢cm™ To demonstrate the performance of
the cell, we also analyzed the effects of thickness and doping
concentration that is shown in Fig. 3. The simulations
considered the radiant power of incident light with 1000
Wm? for airmass AMI1.5G under 1 sun condition. By
studying the results, the thickness for the ZnS buffer was
optimized as 0.06 um, whereas the optimum doping
concentration was 5x10'® c¢cm?®. This optimized thickness
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results in a defect field that is very small in amount as the
critical layer thickness for the ZnS buffer is 0.034 um and
hence contributes to aggrade the cell performance.
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Fig. 3. J-V characteristics curve of CIGS cell with ZnS
buffer.

However, a higher doping density is possible for the n-
type ZnS buffer. In the space-charge region, it lifts the
electric field and thus enhances the drift velocity of the
electrons in both buffer and absorber layers. The output
current is also increased due to this enhancement drift
velocity. Concurrently, the heavily doped buffer increases
the hole recombination rate, which in turn, degrades the
output current. Eventually, this alteration in output current
relies upon which of these different constituents prevails at a
specific doping concentration. The efficiency is increased to
a level of 22.07% after optimizing the values of these
parameters.

3.2. Effects of OVC layer on cell performance

It has been observed that the OVC semiconductor
material Culn3Ses shows strong photoconductive nature [19].
The use of the OVC layer in solar cells inhibits interface

states between the absorber and window layer, and the cell
provides more prominent efficiency owing to having OVC
[20]. The simulated efficiency has been increased as the FF
increases along with the increase of Vo. due to negative
space charge at the ZnS/CIGS interface. As discussed earlier,
while using ZnS as a buffer layer along with OVC at the
ZnS/CIGS interface in the device, the efficiency of the CIGS
solar cell reaches the maximal level. In this high efficacy
cell, the voltage (Vm) and current density (Jm) at maximum
power point were obtained as 767.96 mV and 33.44mA/cm?,
respectively. And the Voc and Jsc were simulated as 856.93
mV and 34.75 mAcm™, respectively. These values result in a
fill factor of 86.22%, which yields an efficiency of 25.68%.
The J-V characteristics curve for the optimized cell has been
pictured in Fig. 4.
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Fig. 4. J-V characteristics curve for the optimized CIGS cell.

Finally, the comparison between the performance of the
proposed CIGS solar cell and the previous record cell has
been demonstrated in Table 4.

Table 4. Current density-voltage data of the proposed device compared to the previous champion CIGS solar cell with record

efficiency.

Description Vo (mV) Jse (mAcm™) FF (%) n (%)
Previous record with Cd-free buffer

layer [5] 734 39.6 80.4 23.35
Proposed cell with Cd-free ZnS

buffer layer 782.60 35.19 80.12 22.07
Proposed cell with ZnS buffer layer

and OVC 856.93 34.75 86.22 25.68

From Table 4, it is apparent that the energy conversion
efficiency of the proposed cell with the ZnS buffer layer and

OVC is about 2.33% more than the previous record
efficiency with the Cd-free buffer layer. Moreover, the fill
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factor of the cell is improved to a level of 86.22% because of
the increased Voc and its corresponding Jsc.

4. Conclusion

In the paper, a new combination of CIGS solar cell
structure has been optimized with a 25.7% theoretical
efficiency. A ZnS buffer layer having a bandgap of 2.6 eV
wider than of the conventional CdS has been employed in
this CIGS cell along with the CulnsSes OVC layer. The
minimum  defect density, lattice mismatch, and
crystallographic disorder substantiate the hetero-epitaxial
growth of ZnS buffer with the OVC layer on the CIGS
absorber. To make the fabrication process more cost-
effective, the thicknesses of all layers were kept near about
the critical thicknesses. Finally, it is proposed that ZnS
would be a promising substitute for the CdS buffer layer for
high efficiency, environment-friendly CIGS ultra-thin film
solar cells.
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