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Abstract

In a CIGS thin film solar cell, the buffer layer is interposed between the absorber layer and
the window layer, which plays an important role in interface electricity. CdS is often used
as a buffer layer in CIGS cells. Beside the toxicity of Cd, the main drawback of CdS is its
relatively narrow band gap (2.4 eV), which can lead to the current loss due to parasitic
absorption. In order to reduce the use of CdS, we try other buffer layers instead of CdS and
optimize buffer layer structure. Numerical simulation has been used to explore the effect
of different buffer layer materials (CdS and ZnSe) on the performance of CulnGaSe, solar
cells with SCAPS-1D software. The main photovoltaic parameters of the analog device:
open circuit voltage, short circuit current density, fill factor and conversion efficiency (1)
were compared and analyzed. The results show that different buffer materials and thickness
have great influence on the performance of the cell. In this simulation, CdS buffer layer
was replaced by ZnSe material, which has a wider band gap. However, the efficiency of
this kind of cell is lower than that of CIGS device with CdS buffer layer because of the bad
energy band alignment. In order to improve the short-wave absorption and the efficiency of
CIGS cell, we simulated a novel CdS/ZnSe double buffer layer structure. The efficiency of
the optimized cell with double buffer layer increases from 18.47% (conventional cell with
the same CdS buffer layer thickness) to 19.01%.

Keywords CIGS - Buffer layer - SCAPS

1 Introduction

The CIGS solar cell with tetragonal chalcopyrite structure is currently one of the most
promising solar cells, and the highest conversion efficiency has reached 23%. The band gap
of CIGS can be adjusted by replacing indium with gallium, so that the solar spectrum can
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be better matched. Because the CIGS material can be deposited on the rigid and flexible
substrates by applying various deposition techniques, which expands its applications on
the ground. In addition, due to their high radiation tolerance, CIGS solar cell can also be
used for space applications (Reinhard et al. 2015; Rampino et al. 2012; Guillemoles 2002;
Fischer et al. 2014; Kapur et al. 2008; Nakada 2012; Ramanathan et al. 2003; Romeo et al.
2004). Buffer layer is a very important layer in cell structure and it has many meaningful
functions:

1. CIGS solar cell often prepared in the “substrate/Mo/CIGS/buffer layer/i-ZnO/TCO”
structure, in which the buffer layer between the absorber layer and the window layer can
avoid the reaction between the two and improve the efficiency (Khoshsirat and Yunus
2013).

2. Moreover, the buffer layer can protect the absorber layer from damage by high-energy
ions when sputtering the window layer.

3. Since buffer layer is usually highly-resistive, it serves as intermediate layer that can
prevent shunting between the TCO layer and the absorber layer.

4. It has a suitable guide band alignment with the absorber layer CIGS and the undoped
ZnO layer. Buffer layers affect the band offsets and also the electric field in the junction,
and thus the current transport (Pudov 2005).

5. And it has a beneficial interface defect chemistry. It has been reported that the positive
charge Cd may form a stable donor defect on the copper deficient chalcopyrite surface,
which can produce a suitable charge density and a clear Fermi level position (Wada
1998).

CdS is often used as a buffer layer in CIGS cells. The main drawback of CdS is the rela-
tively narrow band gap, which often leads to the current loss due to parasitic absorption.
In addition, the toxicity of Cd is also a serious problem. Therefore, the extensive research
on alternative buffer layers is in progress, such as wide-band materials (Zinc oxides, sul-
phides, and selenides). Among them, ZnSe is one of the most promising materials that can
replace CdS at present. ZnSe material is n-type semiconductor so that it can form a p-n
junction with the absorber layer. In addition, the bandgap of ZnSe is greater than that of
CdS, which make more photons enter into the absorber. However, wide-band gap material
will also cause some interface electrical issues.

In this paper, SCAPS software is used to simulate the device performance of CIGS solar
cell with CdS, ZnSe and double buffer layers (CdS/ZnSe). Under the standard conditions
(AM1.5 G, 100 mW/cm?, 300 K), the photovoltaic parameters open circuit voltage Voc,
short circuit current Jsc, filling factor FF, efficiency 1 of different buffer layers under varied
thicknesses are measured. In order to optimize the interface electricity and light absorp-
tion, we put forward the double buffer layer for further enhancement.

2 Device structure, simulation method and material parameters
2.1 Cell structure

The basic structure of the CIGS cell used in this simulation is shown in Fig. 1. A layer of
Mo is used as the back electrode on the substrate by sputtering. The buffer layer materials
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Fig. 1 Schematic structure of a
CIGS solar cell
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are CdS and ZnSe respectively and i-ZnO/n*-ZnO are used as the window layer. The film
layer setting and light entering direction of the simulated cell are as shown in Fig. 2.

2.2 Simulation fitting method

SCAPS is a one dimensional solar cell simulation program developed at the department of
Electronics and Information Systems (ELIS) of the University of Gent, Belgium. The soft-
ware have the ability in solving the basic semiconductor equations, the Poisson equation
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Fig.2 Simulated cell layer setting and light entering direction
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and the continuity equations for electrons and holes (Mostefaoui et al. 2015; Movla 2014),
Its operating principle is to find solutions to these equations.
The equations are as follows:

d? e
ﬁu/(x) =

(P(x)_n(x)+ND_NA+PP_PN) ()

€0&,

where y is electrostatic potential, ¢, and ¢, are relative and the vacuum permittivity, e is
electrical charge, p and n are hole and electron concentrations, N, and N, are charged
impurities of donor and acceptor type, p, and p, are holes and electrons distribution,
respectively.

dJ
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where J,, and J,, are electron and hole current densities, G is the generation rate. And R is
the recombination rate.

Together with appropriate boundary conditions at the interfaces and contacts, this
results in a system of coupled differential equations. SCAPS numerically calculates a
steady state and a small signal solution of this system. Hereto, the structure is first dis-
cretized (creating a mesh). A steady state workingpoint situation is calculated and when
required a small signal analysis is performed.

The meshing algorithm of SCAPS provides:

Coarse meshing in the middle of a layer.

Finer meshing near the interfaces and contacts.

Two discretization points (with identical spatial coordinate) for each interface.
The mesh can be optimized during calculation.

i o e

The first step in every calculation is to discretize the structure. The basic algorithm is
designed to provide a lot of points in regions where properties experience large variations
(close to interfaces/contacts) and fewer points where the properties are expected to remain
fairly constant (in the bulk). Meanwhile, when performing simulations with strong grad-
ings, with multivalent defects or with the IPV-effect, it is possible to optimize the mesh at
every iteration step.

2.3 Material parameters

In order to run numerical simulation calculations, the baseline parameters of the solar cell
have to be defined to be used as inputs for SCAPS software. The Table 1 shows the basic
parameters used for this simulation (Mostefaoui et al. 2015; Oyedele and Aka 2017). The
thickness of CIGS is 3 um, at the same time, we varied the thickness of the varied buffer
layers from 0.02 to 0.1 um and then we simulated the CdS/ZnSe double buffer layer to
further enhance cell efficiency. When performing simulations under illumination, SCAPS
can specify the illumination conditions. The basis settings are: dark or light, choice of the
illuminated side, choice of the spectrum. If users have an optical simulator at their disposal
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Table 1 The basic parameters used for this simulation

Parameter CIGS CdS ZnSe i-ZnO n*-ZnO
Thickness, w (um) 3 Varied Varied 0.05 0.4
Band gap, Eg (eV) 1.2 24 2.9 3.3 3.2
Electron affinity, y (eV) 4.0 4.2 4.2 4.4 4.4
Dielectric constant, e/g, 13.6 10 10 9 9

Density of states at conduction band, N¢ (em™) 2x 107  2x10"®  2x10"®  3.1x10"® 3.1x10"
Density of states at valance band, Ny, (cm™) 1.5x10"” 1.8x10" 1.8x10" 1.8x10"” 1.7x10"

Electron thermal velocity, 8, (cm/s) 1x107  1x10"  1x107  1x10"  1x10’
Hole thermal velocity, 8, (cm/s) I1x107  1x10"  1x107  1x10"  1x10’
Donor density, Ny (cm™) 0 1x107  55x107 1x10"®  1x10Y
Acceptor density, N, (cm™) 2x10'% 0 0 0 0
Electron mobility, p, (cm?/Vs) 100 70 70 100 100
Hole mobility, p, (cm?/Vs) 25 3 3 31 31
Gaussian defect density, N, (cm™) 1x10% 1x10" 1x10"8 I1x10™ I1x10

they can immediately load a generation profile as well in stead of using a spectrum. There-
fore, the structure has been studied under the standard conditions (AM1.5 G, 100 mW/cm?,
300 K), as shown in Fig. 3.

3 Simulation results and discussion
3.1 Modeling of various thickness of different buffer layers

The CIGS based solar cells with different buffer layers under AM 1.5 standard condition were
simulated. We varied thickness of buffer layers from 0.02 to 0.1 um while keeping the other

—Working point——— Series resistance

Temperature 3 300. 00 yes
— no
Voltage :q 0. 0000 =
Frequency 1. 000E+6 S10. 00E+0 | Rs  Ghm.cm 2

5 ‘ 8/ cn'2 Gsh ﬂv 0. 00E+0

Illuminatio Dark .:DLighSpecify illumination spectrum, then calculate G(x) D
nafytical model for spectrunm |l || Spectrun from filel - -

N Incident (or bias)
Spectrun file illuninated from left [ ||illuninated from rightight power (W/n2)

Select
AN1_5G 1 sun.spe sun or 1000. 00
pectrum fil l el _§ T (6 £
Spectrum cut off ?  [F 77 - - after
- z yavel. ﬁ 4000. 0
Neutral $f0. 0000 Transmission %100. 000 ‘ after ND 1000. 00

Shunt resi;tance

Nunber of

©

Fig. 3 Lighting conditions and temperature settings
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parameters unchanged to check the effect of thickness on the performance of the CIGS solar
cells.

3.1.1 Effect of various thickness of CdS buffer layers

Figure 4 shows the effect of varied thickness (from 0.02 to 0.1 um) of CdS buffer layer on
the main photovoltaic parameters Voc, Jsc, FF and n of CIGS solar cell. With the increase of
the thickness of the CdS buffer layer, the Voc of the cell gradually decreases, from 0.7469 to
0.7431 eV, a total decrease of 0.51%. Jsc first increases and then decreases with the increase
of thickness. And the difference between the maximum and the minimum is 16%. FF is grow-
ing. And the overall growth is 6%. At last 1 increases to 18.76% and then decreases to 18.23%,
thus reducing 3%. The appropriate buffer layer means the higher electron concentration,which
can expand the depleted region of CIGS, then enhance Jsc. However, the decrease of the Voc
and Jsc is due to the parasitic absorption caused by increased thickness of CdS buffer layer,
which reduce the generation of photogenerated carriers and the shift of Fermi level of the
CIGS absorption layer (Zhang et al. 2018).

From the definition formula of filling factor (4) and efficiency (5), we can see the increase
of filling factor and decrease of efficiency are mainly due to the obvious decrease of Jsc and
Voc when the thickness of CdS reaches 0.04 pm.

FF = ‘Ime/‘]scvoc (4)
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n= Jme/AtPin (5)
J,, and V,, are currents and voltages at maximum output power respectively. The total area
of solar cells and the power of incident light per unit area are A, and P,,, respectively.
In general, for CdS, a thin buffer layer should be used to make the cell achieve the best
overall results.

3.1.2 Effect of various thickness of ZnSe buffer layers

Figure 5 exhibits the effect of different thickness of ZnSe buffer layer on the main photo-
voltaic parameters Voc, Jsc, FF and n of CIGS solar cell. The thickness of the ZnSe layer
varies from 0.02 to 0.1 um. The change of Voc is similar to that of CdS. Voc decreases with
the increase of buffer layer thickness, but the value changes little, only decreases by 0.15%.
Because ZnSe has a larger band gap and lower carrier concentration,which has little effect
on the depletion region. And Jsc decreases with the increase of buffer layer thickness. From
34.66 to 33.07 mA/cm?, the Jsc declines by 5%. FF increases from 68.08 to 72.58% and
increases by 7%. As the thickness of the buffer layer increases from 0.02 to 0.1 um, n also
increases gradually, from 17.64 to 17.92%, which increases 2% overall.

3.1.3 Effect of various thickness of buffer layers on QE curve

The thickness of buffer layer will directly affect the absorption of photons. Therefore, QE
of the CIGS solar cell with different buffer layers were presented in Fig. 6. The response
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intensity of short wave band decreases with the increase of CdS buffer layer thickness, as
shown in Fig. 6a. Figure 6b depicts the QE curve of solar cell with ZnSe buffer layer. It can
be obtained that the long band response of the cell is significantly affected by the variation
of ZnSe buffer thickness. The thinner buffer layer the better the long band response.

3.1.4 Effect of various thickness of buffer layers on recombination curve

Figure 7 shows the total recombination curves of CIGS cells with the 20 nm and 40 nm
CdS buffer layers. When the thickness of CdS layer is 40 nm, the solar cell has the highest
efficiency. When the thickness of CdS layer is 20 nm, the efficiency of the cell is the low-
est. In fact, there is little difference in the recombination rate between them in the whole
absorption layer (See Fig. 7a). However, it can be seen that the carrier recombination rate
of cell with 40 nm CdS layer is the lower than that with 20 nm at buffer layer, as shown in
Fig. 7b. The reduction of the recombination can improve the FF.
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Figure 8 shows the recombination curves of CIGS cells with 20 nm (the lowest 1)
and 80 nm (the highest 1) ZnSe buffer layers. Interestingly, the carrier recombination
rate intensifies as the thickness of the ZnSe layer increases, where is located within the
CIGS layer and closer to the interface of the ZnSe layer (see Fig. 8a). The increase of
recombination rate in absorption layer can be attributed to increase of conduction band
edge, which block the electron separation. But from Fig. 8b), in the ZnSe layer, the
recombination rate of the device with 80 nm buffer layer is much lower than that of the
cell with 20 nm buffer layer. And the improved 1 is mainly attributed to the increase of
FF.

It can be seen from the previous studies that when CdS and ZnSe are selected as buffer
layers of solar cells, their effects on Voc, Jsc, FF and 1 are different. When ZnSe is used as
buffer layer, the blue correspond of the cell can be improved, thus the short circuit current
of the cell can be increased. At the same time, it will also increase of the recombination
rate of the absorption layer. But CdS has the appropriate band alignment. Therefore, in
order to further improve the performance of solar cells, we intend to obtain the advantages
of two buffer layers by simulating a double buffer layer.
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Fig.8 The recombination curve (a)
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3.2 Modeling of double buffer layers

Figure 9 shows the photovoltaic parameters for the CIGS with CdS, ZnSe and CdS/ZnSe
buffer layers. All the thickness of buffer layers are the same (80 nm), and CdS/ZnSe buffer
layer consists of 30 nm CdS and 50 nm ZnSe. The conversion efficiency (CdS and ZnSe)
of the simulated CIGS cell is close to the experimental result obtained from the real device
[21.7% (Jackson et al. 2015), 14.4% (Varshni 1967)]. The higher Voc of the cell with ZnSe
buffer layer can be attributed to the enlarged band gap. It can be observed that Jsc and FF
with ZnSe/CdS double buffer layer are better than the CIGS solar cell with only ZnSe layer
and the same as that of the CIGS solar cell with conventional CdS layer. Meanwhile, the
Voc of the device with double buffer layer is better than that with CdS buffer layer, which
makes the efficiency of conventional device increases from 18.47 to 19.01%.

Figure 10 shows QE of the CIGS solar cell with CdS, ZnSe and CdS/ZnSe buffer layers.
As can be seen from the Figure, the response intensity of the solar cell with ZnSe and CdS/
ZnSe double buffer layer are stronger than that with CdS in the short wave band from 300
to 380 nm, which makes their Jsc higher than that with CdS. In the wave band from 450 to
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80 OZnSe
.‘ oCdS
60 o
O CdS/ZnSe
40 -
20 1 CdS/ZnSe
0 - CdS
ZnSe
X & )
& & S
Sé\ Q*Ao
S
 Materials ~ Voe(V)  Jse(mA/em?)  FF(%) (%)
CdS 0.7435 32.960779 75.37 18.47
ZnSe 0.7467 33.426073 71.78 17.92
CdS/ZnSe 0.7446 33.941587 75.2 19.01

Fig.9 Photo—current (J-V) characteristics simulated for CdS, ZnSe and CdS/ZnSe buffer layers. The Vc
values are multiplied by 100

520 nm, the solar cell with CdS/ZnSe double buffer layers have higher response intensity
than the other two. In the long wave band, the response of the solar cell with CdS buffer
layer is more obvious than that of other solar cells.

Figure 11 shows the energy band of CIGS device with the CdS/ZnSe double buffer
layer. The double buffer layer structure has the better performance than ZnSe structure due
to the favorable band alignment of the ZnSe/CdS/CIGS interface. In addition, optimization
of the thickness of the buffer layer could adjust the depletion region width to realize the
better carrier separation.

In order to improve the performance of the CIGS solar cell, the thickness of two differ-
ent layers of double buffer layer were optimized. The thickness of CdS layer and ZnSe layer
increased from 0.01 to 0.05 pm respectively. The simulation results are shown in Fig. 12.

Fig. 10 The QE curve of CIGS 100 F
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ZnSe buffer layers
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Fig. 11 Energy band diagrammatic sketch of CdS/ZnSe

When both the CdS layer and ZnSe layer are thinner, the Voc and Jsc of the solar cell are
higher. But thicker CdS and ZnSe layers are not beneficial for FF, as shown in Fig. 12c. For
the efficient solar cell, not only high Voc and Jsc, but also good FF are required. There-
fore, the highest efficiency occurs when the thickness of both layers is close to the middle
region, as shown in Fig. 12d. When the thicknesses of CdS and ZnSe layers are 0.03 pm
and 0.05 pm, Voc is 0.7446 V, Jsc is 33.94 mA/cm?, FF is 75.2%, n is 19.01%. The cell
efficiency is improved by 9.33% after thickness optimization (Fig. 12d).

4 Conclusions

In this simulation, we used SCAPS software to simulate the performances of CIGS solar
cells with different buffer layers (CdS and ZnSe). The results show that the thickness of the
buffer layer has a great influence on the main photovoltaic parameters of the solar cell. The
thicker buffer layer is beneficial for the Voc and Jsc. With increase of thickness of buffer
layer, Voc and Jsc decrease, but FF increase. For ZnSe buffer layer, the device has better
response intensity in short wave band than that with CdS buffer layer, but FF is worse. To
further improve the efficiency of the solar cell, we proposed the concept of CdS/ZnSe dou-
ble buffer layer and found that the optimized double buffer layer has the advantages of CdS
and ZnSe materials. The numerical simulations in this paper may be helpful for experimen-
tal studies of buffer layers and the improvement of cell performance.
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Fig. 12 Effect of buffer thickness of different materials in double buffer layer on cell performance [Voc (a),
Jsc (b), FF (¢), n (d)]
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