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Abstract

In this work, numerical simulations of single and double junction solar cells based copper gallium diselenide (CGS) and copper
indium gallium diselenide (CIGS) electrical characteristics are performed using a physically based two-dimensional device
simulator Silvaco-Atlas. The J-V characteristics and the external quantum efficiency EQE are simulated under AMI1.5
illumination. In this study, where the single CGS solar cell used as the top cell and the single CIGS solar cell used as the bottom
cell in the tandem configuration show conversion efficiencies of 18.92% and 20.32%, respectively. Our simulation results of the
CIGS solar cell are in good agreement with the experimental high record efficiency. The simulated photovoltaic parameters of
the CGS/CIGS tandem cell are: the short-circuit current density J,. of 16.35 mA/cm?, the open circuit voltage V,, of 1.8 V and
the fill factor FF of 85.09 % and the conversion efficiency n of 25.11%. In the CGS/CIGS tandem solar cell, an improvement in
the conversion efficiency to 25.11% was found. The overall investigation on copper indium gallium diselenide solar cells gives
potential suggestions that may lead to the fabrication of the high efficiency CGS/CIGS single and tandem solar cells.
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1. Introduction

Thin film solar cells have the potential for low-cost and large-scale terrestrial photovoltaic applications. A number
of semiconductor materials including polycrystalline CdTe, CIGS and amorphous silicon (a-Si) materials have been
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developed for thin-film photovoltaic solar cells. The polycrystalline Copper-indium-gallium-diselenide (CIGS) thin
film is a member of the I-III-VI2 group of chalcopyrite semiconductors, and achieve the highest conversion
efficiency compared to other Cu-chalcopyrite thin film solar cells as well as CdTe and amorphous Si thin film solar
cells. The CIGS material is a suitable energy band gap semiconductor with a high optical absorption coefficient in
the visible spectrum of incident sunlight, the absorption coefficient of CIGS films in the visible spectrum is 100
times larger than silicon material. Furthermore, the CIGS thin film solar cell exhibits a tunable band-gap, an
excellent outdoor stability, radiation hardness and it offers a specific power up to 919 W/Kg, the highest for any
solar cell. Recently, CIGS thin film solar cell with an active area of 0.5 cm® exhibits the highest efficiency of 20.3%
in the Centre of Solar Energy and Hydrogen Research (ZSW) [1] and 19.9% in National Renewable Energy
Laboratory (NREL) [2]. The band-gap energy of the Cu(In(;.y),Gay)Se, (CIGS) films varies in the range from 1.04 to
1.68 eV with the corresponding Ga content in the CIGS films from x = 0 to 1[3]. An increase in efficiency is
expected mainly using denominated tandem, triple, and multi-junction solar cells, consisting of layers with different
band-gap energies in order to utilize different energy regions of the solar spectrum. In this context, several
researchers are trying to fabricate reliable cells with wide band gaps in order to use them as top cells. Tandem solar
cell consists of the top high-bandgap cell, which absorbs the short-wavelength (high-energy) part of the spectrum,
and the bottom low-bandgap cell absorbing the rest. Synthesis and physical properties of CIGS nanoparticles and
CuGaSe, (CGS) thin films for tandem cell PV applications show that the optical band-gap of the nanoparticles is
increased when they grow at high temperature. Furthermore, modeling and simulation of a CGS/CIGS tandem solar
cell have shown efficiency of 25% [4] and for a CdZnTe/CIGS cell, 26% [5]. Modeling of a low-cost organic—
inorganic hybrid tandem PV cell to achieve efficiencies exceeding 20% have also been proposed [6]. The
development of mechanically stacked and monolithically integrated tandem cells, using a bottom CIGS cell and a
top dye-sensitizer solar cell (DSC), as well different methods to increase the transmittivity of the top cell, have also
been studied [7]. The tandem cell of DSC and CIGS was first made by Gratzel with conversion efficiency greater
than 15% [8], and 12.35% [9] and 10.46% [10]. Moreover, the fabrication of mechanical stacked tandem device
with an Ag(In,Ga)Se, (AIGS) top cell and a CIGS bottom cell show an open circuit voltage of 1.5 V [11], and As to
CIGS, the band-gap of CuGaSe, (1.68 eV) ideally satisfies the requirements for the top cell. Series-connected
CuGaSe,/CulnGaSe, tandem cell was reported to achieve a high open-circuit voltage of 1.18V with the conversion
efficiency of 7.4% [12].

In this work, we have used the Silvaco-Atlas software [13] on the design and the study of single and double
junction solar cells based copper indium gallium diselenide (CIGS). Firstly, we will report the modeling and
simulation results of CGS/CIGS single junction solar cells, in comparison with the previously reported experimental
results. Secondly, we will show the simulation results of a CGS/CIGS tandem solar cell which exhibits an
improvement in the photovoltaic performance compared to the CGS/CIGS single solar cells. This work will also
contribute to obtain a better understanding and insight in CGS/CIGS single and tandem solar cells.

2. CGS/CIGS tandem solar cell structure and numerical simulation

Higher efficiencies could be obtained by stacking together different absorbers with different bandgaps to
maximize the light absorption. The basic structure of the CGS/CIGS tandem solar cell is shown in Fig. 1.

It consisted of two solar cells where the CGS wide bandgap top cell had a small thickness and a large band gap
(Eg=1.69 eV) in contrast to the CIGS low band-gap bottom cell, which had a usual thickness for a CIGS cell and a
band- gap value (£,=1.16 V) close to the optimal values of best cells [1]. This design is intended to convert a wider
range of photons incident on the solar cell and generate therefore a maximum power output. The tandem cell
consisted of a top n-CdS/p-CGS heterojunction and a bottom n-CdS/p-CIGS heterojunction. The top CGS and the
bottom CIGS cells are optically and electrically connected with a transparent conducting oxide layer (TCO) of ZnO.
The tandem solar cell was considered illuminated under AM 1.5 solar spectrum with 100 mW.cm™ incident power
density which was assumed to be normally incident on the top ZnO layer used as the cathode contact to the bottom
metallic Molybdenum (Mo) forming the back anode contact of the tandem solar cell. The acceptor concentration in
CIGS is generally around 2x10'® cm™ [14], and we chosed 2x10'%/8x10'® cm™ for CGS/CIGS in this study. The
doping concentrations of donors and acceptors and thicknesses of the layers used in the simulation are indicated in
Fig. 1.
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Front contact ZnO 0.2 ym
to(|:chseII { | Buffer layer n-CdS 10" cm™ 0.05 um
Absorbeur layer p-CGS 2x10'® cm™ 0.26 pm
\
Transparent interconnect ZnO 0.05 pm
Buffer layer n-CdS 2x10'®cm™ 0.05 ym
CIGS
bottom cell Absorbeur layer p-CIGS 8x1 0"°cm™ 3.5 um

Fig. 1 Tandem solar cell with CGS/CIGS subcells connected by transparent interconnect ZnO, the relative doping concentrations and the
thicknesses are listed for each layer.

The software Silvaco Atlas-2D requires the input of the device parameters which are those of material parameters
of each layer in the cell structure. The semiconductor properties of CdS, CGS (CIGS) layers used as the input
parameters for the simulations were given in Tablel.

An approximate expression of the band gaps of the semiconductors Cu(In(;.,Gay)Se, alloys was used [15].

E,(x)=1.011+0.664x—0.249(1— x) (1)

Where E, ranging from 1.011 eV to 1.68 eV for x=0 (CIS) and x=1 (CGS), respectively.

The electron mobility u, and hole mobility u, of each layer were set according to [16] and [14]. The electron
affinity y, of CulnGaSe, was reported to be in the range of 4.10-4.90 ¢V [3] and 4.8 eV was chosen for the
simulation. The effective density of states of the conduction band N, and of the valence band N,, respectively, of
each layer were set according to [17].

All the layers are polycrystalline and therefore contain a large number of different defects [18]. According to [14],
we considered two Gaussian deep donor defect distributions for the (CGS/CIGS) layers and a Gaussian deep
acceptor defect distribution for the CdS layer [13, 19].

E, -EY

g (E)=Ng, exp{—( W, J J ()
E-E,\

gop (E)=Ngp exp[—( W, J J (3)

Where E is the defect energy, the subscripts (G, 4, D) stand for Gaussian acceptor and donor defect states,
respectively. The density of states is described by its effective density of states (Ng4 and Ngp), its standard energy
deviation (Wg, and Wgp), and its peak energy position (Eg4 and Egp).

The position of the recombinative defect states is in a narrow distribution close to the middle of the band gap [18,
20]. Shockley-Read-Hall (SRH) recombination model for the defects implemented in Silvaco for device simulation
is used to calculate carrier recombination rates which depend on the density of states present within the band-gap,
the defect energy level and electron and hole capture cross sections. The electron/hole capture cross section (o,/0;,)
can range between 107" and 10™"° ¢cm’ [14], and were chosen for the simulation of CGS/CIGS (2x10™°/3x10™"%) and
CdS (107%/10"). Defect recombination at the semiconductor heterointerfaces (e.g. CdS/CGS, CdS/CIGS) and at the
front and back contacts are modeled by the inclusion of surface recombination velocities of both electrons (S,) and
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holes (S;,) and chosen equal to 10° cm/s. The optical parameters of the real and the imaginary parts of the refractive
index n(4) and extinction coefficient k(1) of the CGS/CIGS materials are obtained from [21] and for ZnO and CdS
layers, they can be found in [22, 23]. For metal contact layer (Mo), optical constants available in the SOPRA
database of the Silvaco-Atlas software were used in the simulation. Reflection loss from the surface of the tandem

solar cell has also been integrated into the model. In this study, the solar cells operating temperature was set at
300 K.

Tablel Material parameters used in the simulation. In the table (A) and (D) denote acceptor and donor
defects.

Layer Properties Cds CGS/CIGS
Layer band gap E, (eV) 2.4 1.69/1.16
Electron affinity - (eV) 4.5 4.8
Relative permittivity ¢, (F.cm™) 10 13.6
Electron mobility , (cm*/V.s) 100 100

Hole mobility u,(cm?/V.s) 25 25
Conduction band effective density of states N, (cm™) 2.2x10'8 2.2x10"
Valence band effective density of states N, (cm™) 1.8x10" 1.8x10"
Gaussian defect states

Gaussian defect density Ng,, Ngp (cm™) 107(A) 10(D)
Peak energy position Eg4, Egp (eV) 1.2 (A) 0.84/0.58(D)
Standard energy deviation We4, Wep (€V) 0.1(A) 0.1(D)
Electron capture cross section o, (cm?) 107" 2x107°
Hole capture cross section g, (cm?) 1077 3x107™"
Surface recombination velocity for electrons (holes) (cm.s™)

at CdS/CIGS interface 10° 10°

at CdS/CGS interface 10° 10°

at front contact 10° 10°

at back contact 10° 10°

3. Results and discussions

The CIGS and CGS single solar cells are first simulated individually. The simulation parameters are shown in
Table 1.

3.1. Modeling of a CIGS single bottom cell

(a) 40 . . ) ) ; A )

35 (b)
30-

Front contact ZnO 0.05 um

Buffer layer n-CdS 2x10'"® cm™ 0.05 ym

25
20
Absorbeur layer p-CIGS 8x10" cm™ 3.5 ym 15

10

B
0

00 01 02 03 04 05 06 07 08
Voltage(V)

Current density (mA/cm?)

Fig. 2 (a) CIGS single bottom cell structure, (b) J-V characteristic for the CIGS single bottom cell.
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The simulated CIGS single bottom solar cell structure is shown in Fig. 2 (a). It is formed by a p-type CIGS
absorber and an n-type CdS (buffer), a transparent contact of ZnO layer is deposited on the top of the structure, the
solar cell structure is completed by molybdenium Mo rear metallization contact. The Ga composition is about 0.31,
corresponding to band-gap energy of 1.16 eV. The simulated CIGS solar cell structure is similar to that achieved
experimentally in [1]. The cell setup was described as follows: soda-lime glass (3 mm), sputtered molybdenum
(500-900 nm), CIGS (2.5-3.5 um), chemical bath deposited CdS buffer layer (40—50 nm), sputtered undoped ZnO
(50— 100 nm), sputtered aluminium doped ZnO (150-200 nm) and nickel/aluminium-grid. CIGS solar cells with an
efficiency of 20.3% were produced with varying composition (Ga / (Ga +In)) from 0.30 to 0.35 [1].

After the adjustment of the doping concentrations of the CdS and CIGS layers as indicated in fig.2 (a), J-V
characteristic is presented in Fig. 2 (b) and our simulation results are compared to the simulation and experimental
results [24, 1] in Table 2. From these results, we can see that our simulated results are in good agreement with
simulation and experimental results in [24, 1], thus validating our model and the parameters used in the simulation.

Table 2 Simulation and experiment parameters of a CIGS single bottom solar cell.

Jo(mA/cm?) Vee (V) FF (%) n (%)
CIGS single bottom cell simulation 35.44 0.709 80.69 20.32
CIGS solar cell simulation [24] 41.1 0.64 77.33 20.34
Experiment [1] 35.4 0.74 717.5 20.3
3.2. Modeling of a CGS single top cell
20 )
a &
(a) =
3 16
Front contact ZnO 0.2 ym I
Buffer layern-Cds 107 cm®  0.05 um 2 18
c
16 -3 %
Absorbeur layer p-CGS 2x10 "cm™ 0.26 pym - 8+
c
£
_ 3 4 ]
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Fig. 3 (a) CGS single top solar cell structure, (b) J-V characteristic for the CGS single top solar cell.

Our simulated solar cell structure is formed by a p-type CGS absorber and an n-type CdS buffer, a transparent
contact of ZnO layer is deposited on the top of the structure and the solar cell structure is completed by
molybdenium Mo as a back contact. In Fig. 3 (a) is shown the CGS single junction solar cell structure. The Ga
composition is about 1, corresponding to band-gap energy of 1.69 eV. The structure was optimized to improve the
conversion efficiency. J-V characteristic is presented in Fig. 3 (b) and the simulated photovoltaic parameters are
summarized in Table 3.

Table 3 Simulated photovoltaic parameters of a CGS single top solar cell.

J(mA/cm?) Vee (V) FF (%) M (%)
CGS single top cell 21.13 1.11 80.42 18.92
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3.3. Modeling of a CGS/CIGS tandem cell

The CGS/CIGS tandem solar cell structure simulated is shown in Fig. 1. Fig. 4 shows the J-V characteristics of
the top, bottom, and tandem solar cells and their photovoltaic parameters are indicated in Table 4. In order to extract
the J-V curves and the photovoltaic parameters of the top and the bottom cell of the tandem cell, two sets of anodes
and cathodes were used. The anode and the cathode of the top cell were placed at the bottom of the CGS layer and
the front contact ZnO, respectively. For the bottom cell, the anode and the cathode were set at the back contact Mo
and the transparent interconnect ZnO, respectively.

22 1 1 1

20]
18_3
16

14
124
104
8
6
4
2]
0 T T

0.0 0.5 1.0 1.5 2.0

Voltage(V)

Current density (mA/cm?)

Fig. 4 J-V characteristics for the CGS top cell, CIGS bottom cell and CGS/CIGS tandem cell.

The CGS/CIGS tandem solar cell works successfully. The Jg. of the tandem cell is limited by the low current of
the CIGS bottom cell, the tandem short circuit current density of 16.35 mA/cm?” approaches the short circuit current
density of the bottom cell (J=16.17 mA/cm?) and the open circuit voltage of 1.8 V is the summation of the open
circuit voltages of the CGS and CIGS cells (1.11V and 0.69 V). From these results, we can see the correct operation
of the series connected CGS and CIGS cells forming the tandem cell. In addition, the fill factor of the tandem cell
(85.09%) is higher than the CGS and CIGS cells fill factors (80.94% and 79.05%). Increased open circuit voltage
and fill factor enhance the conversation efficiency of the tandem cell to 25.11% which is higher than those of the
single CIGS and CGS cells (20.3% and 18.92%). Compared to previous simulation studies by employing AMPS-1D
software, tandem cells based on CIGS and CGS cells achieve optimum conversion efficiencies of 25% [4] and 24%
[15] using Silvaco-Atlas software, our simulated GGS/CIGS tandem cell conversion efficiency of 25.11% is close to
those in [4, 15].

Table 4 Photovoltaic parameters of the top, bottom and tandem solar cells.

J(mA/cm?) Ve (V) FF (%) N (%)
CGS top cell 20.26 1.11 80.94 18.22
CIGS bottom cell 16.17 0.69 79.05 8.83
CGS/CIGS tandem cell 16.35 1.8 85.09 25.11

By comparing the photovoltaic parameters of the CIGS single bottom cell and the CIGS bottom cell, we observe
that the photovoltaic parameters of the CIGS bottom cell have degraded due to the top layers absorbing some of the
incident light. The same for the photovoltaic parameters of the CGS single top cell and the CGS top cell, a small
decrease of the photovoltaic parameters of the CGS top cell due to the small bottom layers absorption of the incident
light.
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The curves of the external quantum efficiency (EQE) versus wavelength for both the top and bottom cells of the

tandem solar cell are shown in Fig. 5. We have simulated EQE under short-circuit mode. The top cell shows a
maximum in the EQE around 0.38 pm, while the bottom cell shows a maximum in EQE at 0.83 pm. The short
wavelength region below 0.7 pm is mostly absorbed in the top cell while the wavelength range between 0.78 and
1.1um is absorbed in the bottom cell.

1.0

0.8 -

0.6 -

0.4

—— Top cell
Bottom cell

0.2+

External quantum efficiency

0.0 -

02 04 06 08 10 1.2
Wavelength (um)

Fig. 5 EQE of the CGS/CIGS tandem solar cell as function of wavelength

4. Conclusion

Based on the Silvaco-Atlas software, we presented numerical simulations of single junction CIGS and CGS solar

cells as well as two terminal CGS/CIGS tandem solar cell, under AM1.5. J-V characteristics and external quantum
efficiency were presented. We first simulated and determined the optimized CIGS bottom solar cell with conversion
efficiency around 20.3% in agreement with the high record conversion efficiency found experimentally in the CIGS
solar cell. In the second step, we simulated the CGS top cell and the tandem cell. In the case of the tandem
CGS/CIGS solar cell, an improvement in the conversion efficiency to 25.11% was found. In this study, we have
investigated by simulation the photovoltaic performance that might be achieved by single junction CGS and CIGS
solar cells and CGS/CIGS tandem solar cell, numerical simulations performed in this work would contribute to
designing and fabricating high efficiency CGS/CIGS single and tandem solar cells.
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