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As the energy demand continues to increase, the need for various energy sources is evident. The re-
newable energy sources provide sustainable and environmentally friendly energy, which can be alternative
to traditional energy. Solar cells are the widespread forms of renewable energy. Many materials have been
developed to produce thin-film solar cells. The Cu(In, Ga)Se2 (CIGS)-based solar cell is considered as one of
the most promising thin-film solar cells due to its many attractive features. In this paper, numerical simu-
lations of thin-film CIGS solar cells using two-dimensional device simulator called Silvaco-Atlas are pre-
sented. Several studies of CIGS solar cell structures have been examined by employing CdS as a buffer
layer. In this scenario, we first investigate CIGS solar cell based on CdS as a buffer layer. The simulation
results are compared with those of previous related experimental and theoretical studies. In addition, the
photovoltaic parameters are in good agreement with the experimental ones, which validate our simulation
model. Secondly, we examine CIGS solar cell based on ZnS as a buffer layer in order to enhance the power
conversion efficiency of CIGS solar cells. Therefore, the photovoltaic parameters of CdS-CIGS solar cell de-
sign are compared with those of ZnS-CIGS solar cell design showing a significant improvement of efficien-
¢y by including ZnS buffer layer. In particular, the efficiency increases from 22.92 % to 24.4 %. Moreover,
an optimization process is applied to ZnS-CIGS solar cell design, which gives an efficiency of 25.1 %. The
proposed CIGS solar cell design may significantly enhance the solar cell performances. Thus, ZnS can be

considered as a promising alternative buffer layer for improving thin-film CIGS solar cell efficiency.
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1. INTRODUCTION

The increasing demand for energy and the envi-
ronmental effects of fossil fuels lead to need for variable
sources of sustainable and clean energy that can be an
alternative to traditional energy. The Sun is the most
important source of renewable and clean energy. The
solar cells are devices that convert directly the solar
light energy into electricity. Many materials have been
developed to produce thin-film solar cells such as CIGS,
CdTe and amorphous silicon (a-Si).

Copper-Indium-Gallium-diSelenide (CIGS) solar cell
is the best candidate for thin-film solar cells because of
many advantages such as higher efficiency on both the
module and the cell levels [1], simple processes of man-
ufacture [2], low cost production [2], excellent durabil-
ity and stability [3] and radiation resistance [4]. CIGS
solar cells have other attractive options for consumers
such as flexibility and lightweight [5]. In addition,
CIGS material has a direct adjustable band gap [6] and
a very high absorption coefficient [2, 7].

The p-n junction is the main component of the solar
cell, which is formed by the n-doped buffer layer with
the p-doped CIGS absorber layer. Therefore, the buffer
layer is an important film in CIGS solar cell. Usually,
CdS is one of conventional and traditional materials,
which is employed as a buffer layer in CIGS cells. With
CdS-CIGS solar cell structures, different efficiency
values are reported by several groups such as the Cen-
ter of Solar Energy and Hydrogen Research (ZSW)
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which reach a value of 22.6 % [8] and the current world
record-efficiency of 22.9 % by Solar Frontier K.K. (SF)
[1, 9]. However, due to cadmium (Cd) toxicity, different
non-cadmium and non-toxic materials such as ZnS,
ZnSe, ZnS (0, OH) and InsS are investigated and tested
as buffer layers which replace CdS [10-13]. The idea of
this work is to replace CdS buffer layer by non-toxic
one called ZnS. The latter has wider band gap and
smaller light absorption in comparison with CdS. In
this context, numerical simulations of CIGS solar cells
using both CdS and ZnS buffer layers are performed.
By introducing ZnS buffer layer in CIGS solar cell,
photovoltaic parameters are compared to those of CdS-
CIGS solar cell structure and the results are reported.
Therefore, the work is extended by optimizing ZnS-
CIGS solar cell design. The obtained results illustrate
that the proposed structure may notably enhance the
CIGS solar cell performances.

2. NUMERICAL MODEL DESCRIPTION

In this study, Atlas-Silvaco [14] is used for modeling
and optimization of both single junction CdS-CIGS
solar cell and ZnS-CIGS solar cell designs, which are
conducted by solving coupled system of the basic semi-
conductor equations. The main basic semiconductor
equations are the Poisson and the continuity equations
for both holes and electrons.

The following expressions that describe the main
basic semiconductor equations and the performance
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parameters are obtained from literature [2, 14, 15].
The Poisson equation is given by:

AV=-2[p-n+N,-N,+N,], 1)
&

where Vis the electrostatic potential, ¢ is the permittiv-
ity, g 1s the electron charge, Np is the donor doping
density, Na is the acceptor doping density, p is the hole
density, n is the electron density and N; is the donor-
type and acceptor-type defect density.

The continuity equation for electrons and holes is
obtained respectively from the following expressions
given as:

1dJ
——=n -G (x)-R,, 2
4 dr ()R, (2
1dJ
Pl CACORES 3)

where J, is the electron current density, J, is the hole
current density, R, and R, are the recombination rates
for electrons and holes, respectively, Gop is the optical
generation rate.

The photogeneration rate Gop is given by:

G, (x) :%ﬂn)aexp(—ax), (4)

ph

where a is the absorption coefficient, A is the illumi-
nated device area, Epn is the photon energy, r is the
surface reflection and Pi» is the incident optical power.

The recombination rates calculated by Shockley-
Read-Hall (SRH) model can be expressed as:

R - 0,00, N, (np - nf)
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where on and op are the capture cross sections for elec-
trons and holes, respectively, n; is the intrinsic carrier
density, v is the thermal velocity, E; is the intrinsic
Fermi energy level and E is the trap energy level.

The current-voltage (J-V) characteristic of the solar
cell is a summation of the dark current and the photo-
current Ipn, and it is obtained by the celebrated Shock-
ley equation:

I=1,-1, [exp(jk—‘;j —1) ) (6)

The main performance parameters of the solar cell
are defined as follows.
The short-circuit current is given by:

Isc = Iph > (7)
The open-circuit voltage is expressed as:
I
v, :aklh{ﬂ] . (8)
q 1,

The fill factor FF is calculated by:
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P
FF = —max 9
V' )

The cell efficiency 7 is given as:

P v I FF
— Zmax _ "oc”sc 10
=5 T (10)

in in
where a represents the ideality factor, Pmax is the max-
imum power and Io is the reverse saturation current.
The approximate expression of the reverse satura-
tion current Io is given as:

I =g M+M , (11)
LN, LN,

where ni» and nip are the intrinsic carrier densities of
n-doped and p-doped layers, respectively, and D, and
D, are the electron and hole diffusion coefficients, re-
spectively, Lr» and L, are the electron and hole diffusion
lengths, respectively.

3. SOLAR CELL CONFIGURATION

Both solar cell structures were analyzed. The first
one is CIGS solar cell with CdS as a buffer layer and is
presented in Fig. 1. The latter is similar to those exper-
imentally performed and reported in [8, 9]. The second
structure is CIGS solar cell with ZnS as a buffer layer.

Sunlight

n-ZnO window layer /TCO (0.15 pm)

i-ZnO window layer (0.05 pm)

n-CdS buffer layer (0.05 pm)

Glass substrate

Fig. 1 — CIGS solar cell based on CdS buffer layer

The two structures are composed by stack of layers
deposited on a glass substrate. Layers from bottom to
top are as follows: the molybdenum back contact
(0.6 um), the 3 um thickness of p-type doped CIGS
(Culni - xGaxSez) with x = 0.3 used as an absorber layer,
the n-doped CdS (first structure) or ZnS (second struc-
ture) with 0.05 um as buffer layers, and the intrinsic
i-ZnO (0.05 um) and the n-doped ZnO (0.15 um) as a
window layer and transparent conducting oxide (TCO).

The diverse simulation parameters of each material
used in CIGS solar cell are defined in Table 1 [11, 14,
19, 20]. It is to note that the operating temperature is
set at room temperature (25°C). In addition, CIGS
solar cell has been illuminated under the standard
solar spectrum at the earth’s surface AM 1.5 G with
incident power density of 100 mW/cm2. The optical
parameters of different materials are obtained from
experimental studies taken from literature [16-18].
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Table 1 — Different parameters of CIGS solar cell layers
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Parameters p-CIGS n-CdS n-ZnS n-ZnO
Thickness w (um) 3 0.05 0.05 0.15
Doping density (cm -~ 3) Na=1018 Np=10!8 Np=1018 Np=10!8
Relative permittivity - (F.cm—1) 13.6 10 8.28 9
Band gap energy Eg (eV) 1.2 2.48 3.8 3.3
Electron affinity y. (eV) 4.58 4.18 4.13 4.5
Conduction band effective density of states Nc (cm~3) | 2.2 x 101® | 2.41 x 108 | 1.7 x 1018 2.2 x 1018
Valence band effective density of states N, (cm ~3) 1.8 x 101 | 257 x 1019 | 2.4 x 1019 1.8 x 1019
Electron mobility sz (cm?/V s) 100 100 250 100
Hole mobility 4 (cm2/V s) 25 25 70 25
Defect density N; (cm —3) 2 x 1014 1018 1017 1017
Defect energy position E: (eV) mid-gap mid-gap mid-gap mid-gap
Electron capture cross section on (cm2) 10-13 10-17 10-12 10-12
Hole capture cross section g, (cm?) 10-15 10-12 10-15 10-15

4. RESULTS AND DISCUSSION
4.1 Simulation of CdS-CIGS Solar Cell Structure

The J-V characteristic resulting from the simula-
tion of CIGS solar cell based on CdS as a buffer layer is
shown in Fig. 2. The various electrical parameters are
38.7 mA/em?2, 748.12 mV, 79.18 % and 22.92 % for Jsc,
Voc, FF and 7, respectively.

In order to validate our used simulation model, the
obtained parameters are compared with the experi-
mental ones reported in [9] and other results found in
literature [7]. All results are listed in Table 2. As seen
from the table, it is evident that the electrical parame-
ters of our simulation results are very close to that of
the experimental ones, and they are better than the
simulated results taken from literature [7]. This can
effectively validate our model and parameters used in
this simulation, and thus support the next simulation
results.

Table 2 — Comparison of simulated and experimental results
of CIGS solar cell

which lead to fewer photons absorbed by this layer and
allow more photons to reach the CIGS absorber layer,
which contribute to the photocurrent, and consequently
increase the short-circuit current.
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Fig. 2 — J-V characteristics of both CdS and ZnS-CIGS solar
cell structures

Table 3 — The photovoltaic parameters of both CdS and ZnS-
CIGS solar cell designs

Electrical . Our Experi- . Other
simulated mental simulated
parameters results results [9] | results [7]
Jsc (mA/ecm2) 38.7 38.5 34.89
Voc (mV) 748.12 746 646
FF (%) 79.18 79.7 78.03
1 (%) 22.92 22.92 17.55

4.2 Simulation of ZnS-CIGS Solar Cell Structure

Substituting CdS by ZnS as a buffer layer in CIGS
solar cell, Fig. 2 displays the J-V characteristics of both
CdS and ZnS-CIGS solar cell designs. It is clearly that
ZnS-CIGS solar cell design illustrates better perfor-
mance in comparison with CdS-CIGS solar cell design.
Accordingly, the corresponding photovoltaic parame-
ters of both structures are summarized in Table 3.

As can be seen from Table 3, there is important in-
crease in parameters by (case of ZnS-CIGS solar cell)
1.95 mA/ecm2, 4.48 mV and 1.48 % for short-circuit cur-
rent Jsc, open circuit voltage Voc and efficiency, re-
spectively, and also a slight increase by 0.61 % for fill
factor FF compared to CdS-CIGS solar cell. This is due
to high band gap of ZnS compared to that of CdS,

Photovoltaic CdS-CIGS ZnS-CIGS
parameters solar cell solar cell
Jsc (mA/ecm?) 38.7 40.65
Voc (mV) 748.12 752.6
FF (%) 79.18 79.79
1 (%) 22.92 24.4

4.3 Optimization of ZnS-CIGS Solar Cell

To obtain great performance of ZnS-CIGS solar cell,
an optimization process is applied to the structure by
varying its buffer layer doping density and keeping
other parameter values constant. The ZnS buffer layer
doping density is varied from 1018 to 1022 cm-3. Fig. 3
plots the variation of different electrical parameters
versus ZnS doping density. As illustrated in Fig. 3, all
parameters (Jsc, Voc, FF and 7) increase with increas-
ing ZnS doping density (INp) from 10'® to 102! cm-3.
Particularly, the efficiency increases from 24.4 % to
25.1 %. However, beyond 102! cm -3 doping density, the
performance parameters become almost constant.
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Fig. 3 — Different electrical parameters against ZnS buffer
layer doping density: (a) short-circuit current and open circuit
voltage; (b) fill factor and efficiency
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Ockinmbku moTpeda B eHepril IpoIoBsKye 3pocTaTH, HeOOX1THICTh B PI3HUX Il JKepesax € oueBHIHoo. [ToHo-
BJIIOBAHI [iyKepeJsia eHeprii 3a0e3meuyioTh CTIMKY Ta €KOJIOTYHO YKCTy €Heprilo, SKka Moske OyTH aJIbTepPHATHBOO
TpaauiiiHii eHeprii. COHAYHI eJleMeHTH — IIe IompeHa (opMa BiTHOBIIOBAHOI eHepril. [y BUpoOHUIITBA
TOHKOILTIBKOBUX COHSYHHUX €JIEMEHTIB 0yJio po3pobiieHo Garato marepiamiB. COHAYHMIA eIeMEeHT Ha OCHOBL
Cu(In, Ga)Sez (CIGS) BBaskaeTbcss 0JHUM 3 HAMOLIBIN IIEPCIEKTUBHUX TOHKOILIIBKOBUX COHSTYHUX €JIEMEHTIB
3aBasAKM 0e3sriul mpuBabIUBUX 0COOIUBOCTEH. Y POOOTI IIPEICTaBJIEHO YKCEeIbHE MOJIE/IOBAHHS TOHKOILTIBKO-
Bux coHauHnx ejgeMeHTiB CIGS 3a momomMoron ABOBMMIPHOIO IMITALHOIO IIPHCTPOIO I HAasBow Silvaco-
Atlas. Bysio BuBueHo kinbka crpyrTyp conssunux enementie CIGS, suropucroByroun CdS sax Oydepunii map. Y
poGoTi MU crouarry mocimkyemo corstaramii eslemert CIGS Ha ocuosi Gydeproro mapy CdS. Pesymsrat mo-
JIEeJIIOBAHHS TTOPIBHIOITHCS 3 PE3yJIbTATAMU IIOMEPEIHIX MOB'SI3aHNX eKCIIEPUMEHTAIBHAX Ta TEOPETUUHUX J0-
cmiprenb. Kpim Toro, doroesexTpuuni mapameTpu qo0pe y3romKyOTECA 3 eKCIIePUMEHTaIbHIMY, 10 IiTBe-
pIKye Haly iMitamiiiany mMonesb. [lo-npyre, mu posrysmaemo cousrauuit eement CIGS Ha ocHoBi ZnS sik Oy-
depHOrO MIAPY 3 METOM IABUINEHHS e(DEKTUBHOCTI IlepeTBOpeHHs eHeprii cornsunux exementis CIGS. Tomy
doToesrekTpUUHI mapaMeTpu KOHCTPYKINI coHauHux esieMeHTiB CdS-CIGS mopiBHIOIOTBCA 3 IapaMeTpaMu
KOHCTPYKIII cOHAUHMX ejeMeHTIB ZnS-CIGS, 1m0 gemoHCTpye 3HAUYHE IMIBUIIEHHS edeKTUBHOCTI mpu 0ydep-
HoMmy mapi ZnS. 3okpema, edeKTUBHICTD 30LIbITyeThesa 3 22,92 % 1m0 24,4 %. KpiM Toro, 115 mpoeKTyBaHHS CO-
HauHuX ejieMeHTiB ZnS-CIGS 3acTocoByeThCs IIpollec OIITUMI3aliii, mo aae edpekTuBHICTS 25,1 %. 3ampomnowo-
BaHA KOHCTPYKILA coHAYHMX ejieMeHTiB CIGS Moske 3HAYHO IMNOBUIUTH MIPOAYKTHUBHICTD COHAYHUX €JIeMEH-
TiB. Takum umrHOM, ZNnS MOKHA PO3IVIANATH SAK IIEPCIIEKTUBHUN aJIbTePHATUBHUM OydQepHU map A/ MiIBHU-
meHHs e)eKTUBHOCTI TOHKOILTIBKOBUX COHAYHUX esieMeHTiB CIGS.

Knrwouogi cinosa: Conssunnii enement CIGS, ZnS, Ederxruenicts, Bydepnwuit map, Omrrumizarris.
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