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Abstract

Numerical simulation of single junction and tandem solar cells-based copper indium gallium
diselenide Cu(In,Ga)Se, and silicon (c-Si) electrical characteristics have been accomplished
by Solar Cell Capacitance Simulator (SCAPS 1-D) tool. The layered structure consisting of
CIGS as top cell with a buffer layer of zinc-based oxysulfide Zn(O,S) and the bottom cell of
c-Si junction has been investigated. The top and bottom single cells have demonstrated the
conversion efficiency as 11.63 and 13.16%, respectively. The tandem designs exhibited a
conversion efficiency of 25.68% resulted from the enhanced open-circuit voltage (Voc) as
0.90 V and short-circuit current density (Jsc) as 36.99 mA/cm?. The cells were illuminated via
AM 15 to investigate the current densities and external quantum efficiency (EQE). The
simulations were optimized by adjusting the CIGS concentration and the thickness of
semiconducting layers. Moreover, the effect of variation in temperature on the device

performance has been investigated.

Keywords: Tandem, SCAPS-1D, Buffer layer, Cu(In,Ga)Se, material, c-Si.

1. Introduction

The development of high-performance solar cells
offers the viability of promising and large-scale
terrestrial photovoltaic applications with high
power per unit cost. GaAs, Si, CIGSe, CdTe, and
perovskite based single-junction solar cells
developed with reasonable efficiency [1].
However, single-junction solar cells can attain
AML1.5 efficiency up to 30— 32% [2]. The state-of-
the-art of single junction solar cells are
approaching the Shockley—Queisser limit and the
developments in solar cells in context of their
efficiency need to consider multi-junctions (MJ)
with a variety of band gaps that are capable to cater
large solar spectrum [3-5]. The MJ approach would
help to reduce thermalization and below-band-gap
losses due to the utilization of photons having wide
range of frequencies [6]. The photon with higher
energies would be absorbed by small band gap
materials and resulted in thermalization loss
however; photons with smaller energies would be

used to excite electrons in high band gap materials
and resulted in below-band-gap loss.

In the near future, Si-based tandem solar cells [7]
such as HI-V/Si [8,9], H-VI/Si [10],
chalcopyrite/Si [11], CZTS/Si [12], and
perovskite/Si [13] are expected to play a vital role.
Furthermore, MJ solar cells approach like
perovskite/perovskite [14], 111-V/CIGSe [15], and
perovskite/CIGSe [16] has strong potential to make
MJ solar cells as promising and potential
candidates for  optoelectronic  applic-ations
especially, photovoltaic energy conversion [17].
The Si (bottom cell) based tandem solar cells are
essential, because they are the direct way to go
beyond the single-junction efficiency limit [18]. In
addition, solar cells involving crystalline silicon
are the dominant technology on the commercial
market of photovoltaic with 66% of total demand
in 2020 [19]. The CIGS as top cell absorber
becomes an exciting candidate since it offers high
efficiency, long-term stability in addition to the
low-cost production [20]. CIGS is a very suitable
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material with high optical absorption coefficient in
the visible region, which is excellent as compared
to silicon [20, 21]. Moreover, the CIGS solar cells
exhibit tunable band-gap with exceptional outdoor
stability and radiation hardness. The CIGS solar
cells offer power up to 919 W/Kg, which is high
amongst all kinds of solar cells. Most recently, the
Centre of Solar Energy and Hydrogen Research
(ZSW) [21] and National Renewable Energy
Laboratory (NREL) [22] reported the efficiency of
CIGS thin film solar cell with an active area of 0.5
cm? as 20.3 and 19.9%, respectively. It has also
been reported that CIGS thin films have
demonstrated the tunable band-gap energy from
1.04 to 1.68 eV with varying Ga content from x = 0
to 1 [23]. A theoretical study of tandem cell
CIGS/CIS has been reported by Kim et al. with an
efficiency of 26.7% [24]. Nacer et al. reported the
optimized investigations on current matching
double junction InGaN /Si solar cells with an
efficiency of 38.3% [25]. Novel designs of
CZTS/Si and chalcopyrite/Si tandem cells have
recently been reported with efficiencies as 22.9 and
19.8%, respectively by L. Aimin [26] and Kim et
al. [11].

In the current work, potential efficiencies of
CIGS/Si tandem cells are addressed using the
SCAPS-1D simulation tool. Firstly, simulations for
external quantum efficiency (EQE) and J(V)
characteristics has been carried out in independent
conditions as well as with the effect of different
thicknesses for absorber and buffer layers in CIGS
and Si based single-junction cells. Secondly, in
accordance with the obtained results, the
investigations were expanded for CIGS solar cell
structure in order to simulate the J(V)
characteristics as a function of concentration Xx.
Furthermore, for tandem structure of cell, CIGS/Si
tandem solar cell was simulated and improvements
in the solar cell performance have been observed in
comparison to the CIGS and Si single-junction
solar cells. Finally, the influence of working
temperature on the efficiency and other parameters
of tandem solar cell has also been studied.

2. Structure and parameters of solar cell

The designed structure of CIGS/c-Si tandem cell is
shown in Fig. 1. CIGS having large band-gap of

1.69 eV was used as top cell and c-Si with low
band-gap of 1.16 eV was used bottom cell. The
thickness of top cell was kept smaller as compared
to that for bottom cell [21]. The photovoltaic
device with top and bottom complementary
absorbing sub-cells of different band gap was used
to absorb the incident photons of higher energy.
Mostly, the selection criteria for these cells would
be as; the bottom cell may generate high currents
with low open circuit voltage as compared to the
top cell [27].

(6]
n-Zn(0,S)
Top cell

p-CIGS
-
m Tunnel junction
n**-Si
4 n-Si
Bottom cell
p-Si

Fig.1. Schematic of proposed two-terminal CIGS/Si tandem
solar cell with tunnel junction.

The tandem chalcopyrite-on-silicon cell composed
of top ZnO/n-Zn(0,S)/p-CIGS and bottom n-Si/p-
Si hetero-junction utilizing monolithically integra-
ted two terminals (2-T).

In a tandem cell with two terminals, there must be
an ohmic contact between two consecutive cells.
Internal ohmic contacts (I0OCs) exhibit some novel
properties like higher conductivities and optical
transparency, although, high pick current density is
one of the most significant property of 10Cs. The
I0Cs can be prepared by two methods, one method
is tunnel junctions (or tunnel diode or
recombination layers) and the other one is metal
interconnects. However, the later method may be
avoided owing to its complex processing and poor
device efficiency [28]. As mentioned earlier that c-
Si cell (bottom cell) and CIGS (top cell) are
connected by a tunnel junction delimited by two
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regions P and N, with high doping concentrations
[P™-CIGS/n™ -Si].

The investigations on the performance of this
tandem solar cell have been carried out through
Solar Cell Capacitance Simulator (SCAPS-1D,
version 3.3.06) tool under AM1.5 illumination.
SCAPS-1D was developed at the Department of
Electronics and Information Systems, University of
Gent, Belgium and offers seven input semi-
conductor layers to be studied via one-dimensional
simulation [29]. Moreover, this tool is capable to
measure the light bias, lighting from either the n-
side or p-side, quantum and power conversion
efficiency, frequency response, band structure, fill
factor, open-circuit voltage and capacitance-
voltage characteristics, short-current  density,
temperature profile, generation and recombination
profile, electric field distribution and spectral
performance [30]. In the current study, the
operating temperature of solar cells was set to be
300 K. The input parameters used for simulation
are given in Table.1.

Table 1. Input parameters used for the SCAPS-1D

simulations
CIGS solar cell i n-Zn(0O,S)
Parameters and CFGS n-7n0 | n-zns Z,0
unit
Thickness (um) 2 0.03 0.03 0.01
Band-Gap (eV) 1.69 3.3 2.26 3.3
Electron Affinity,
E, (eV) 4.8 4.45 35 4.45
Relative dielectric 136 9 9.67 9
permittivity (g,) ' '
Hole mobility,p,
(cm® Vish 25 25 80 25
Electron
mobility,u, (cm? | 100 100 330 100
Vst
Donor density, Np i 2x10% | 2x10% | 1x10%°
(cm)
Acceptor density, 15
Na (cm™) 1x10 i i i
References [53] [51] [51] [51]

Silicon solar cell
Parametersand | p-Si | n-Si
unit
Thickness (um) 450 1
Band-Gap (eV) 1.12 1.12
Electron Affinity,
E, (eV) 4.05 4.05
Relatlye .dl.electrlc 11.9 11.9
permittivity (g;)
Hole mobility,u,
(cm® Vs 450 450
Electron
mobility,u, (cm® | 1500 | 1500
vish
Donor density, Np ) 1x10%
(cm?)
Acceptor density, 15
Na (cm™) 110 i
References [54] [54]

3. Results and discussion

Optimization of photovoltaic parameters for a
tandem CIGS/c-Si solar cell has been performed in
context to improve the stability and efficiency of
already available commercial devices. The
optimization of designed cells was done through
variations in thickness and concentration x of the
respective layers. Firstly, CIGS and Si single
junction cell was designed and optimized followed
by the study of two single junction cells
incorporated with n**-Si / p™-CIGS tunnel
junction. Finally, the proposed tandem cell was
optimized with respect to layer thickness and band-

gap.
3.1. Simulations of single cell junction

3.1.1. Variation in J(V) and EQE curves

The effect of variation in thickness of absorber and
buffer layers for both i.e., top and bottom cells
have been investigated and J(V) characteristics and
the external quantum efficiency (EQE) curves for
top and bottom cells are shown in Fig. 2 and 3,
respectively. The EQE for a photovoltaic cell is the
ratio of short-circuit current Jsc (A) and the incident
photon flux @,(2) at a particular energy multiplied
by the charge q of electrons [33]:
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Jsc (A
EQE(D) =28 (1)

Fig. 2.a and 3.a illustrate that for both the cells,
current densities J(V) observed to decrease as a
function of absorption layer thickness. However,
current densities for the buffer layer observed to
increase with the increment in thickness as shown
in Fig. 2.b and 3.b. The effect of increment in
absorption layer thickness resulted in higher EQE
for both cells as shown in Fig. 2.c and 3.c. This
increment in EQE is observed to be significant at
higher wavelength.

However, when the thickness of buffer layer
enhanced, there is a relative decrease in EQE as
represented in Fig. 2.d and 3.d.

The significant increment in J(V) and EQE
observed to saturate at the higher values of
thickness for longer wavelengths since the incident
photons with low wavelengths are absorbed near
the surface [34].

3.1.2. Effects of layer thickness on top cell

The absorber layer thickness of p-CIGS was varied
from 0.2 to 4.5 pum and the effect of thickness
increase on the efficiency is depicted in Fig. 4.a.
This significant increase in efficiency resulted from
the creation of maximum electron-hole pairs due to
photon absorption in the layer with large thickness.
Moreover, it has been observed that fill factor, Jsc
and Voc also increase with increasing thickness of
absorber layer.
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Fig.2. Variation of J(V) and EQE curves to the varying thickness of the top
cell: (a) variation J-V of the absorber p-CIGS, (b) variation J-V of the buffer
layer n-Zn (O, S), (c) variation EQE of the absorber p-CIGS and (d)
variation EQE of the buffer layer n-zZn (O, S).
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Fig. 4.b shows the decrease in fill factor as the
thickness of buffer layer n-Z, (O, S) varied from
0.01 to 0.3um. The Voc observed to remain
constant as the buffer layer thickness increases,
although, the efficiency and Jsc with the highest
value (11.63%, 36.01 mA /cm? respectively) at
0.03 pum thickness starts decreasing for further
increase in thickness of the buffer layer.

3.1.3. Effect of layer thickness on bottom cell

The thickness of absorber layer p-Si was varied
from 50 to 500 um and improvement in efficiency
and Jsc has been observed as function of thickness
while the Fill factor and Voc remains unchanged as
shown in Fig. 5.a. The thickness of absorber layer
n-Si was varied from 0.1 to 3 um and decrement in
efficiency and Jsc has been observed as a function
of layer thickness while, fill factor and Voc are
observed to increase. It is important to mention
here that, an absorber layer with suitable thickness
IS required to capture maximum number of incident
photons with a direct consequence as a significant
increase in the efficiency while reducing the fill
factor.

3.1.4. Effect thickness of CIGS with different
composition x

The ultimate aim of the study was to attain an
optimum fraction x in composition of the Culn;.x
Ga,Se, cell in addition to the optimized band gap
and affinity to advance the overall cell
performance. In a CIGS solar cell, fraction x
determines the density of Gallium in the structure
that can be defined as per following equation [35,
36]:
Ga
X = Guthn )
Earlier published experimental data for CIGS solar
cells revealed that variation in affinity and band
gap versus fraction x can be formulated as per
following equations [37]:
E; = 1.04 + 0.391x + 0.262 x? (3)

x = 461+ 1.162x + 0.034 x? 4)

Fig. 6 shows that in accordance with the
semiconductor physics theory, the affinity of the

cell structure decreases as the band gap increases

with variation in fraction x [38].

In a solar cell, the two important figures of merits

are fill factor (FF) and efficiency (n) of the device.
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Fig.3. Variation of J(V) and EQE curves to the varying thickness of the
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The mn demonstrated the power conversion 18,4 e
efficiency of the device while FF represented the
measure of queerness in J(V) characteristics of the
device and usually, it has a value less than one. The
equations below express these factors as;

138 - .

92| 4
46+ 4

v 1 748 ' ' ' ' ' ' ' R

FF = Zmp “mP (5) I
Voc Jsc 680 | i
61,2 |- g

— FF Voc Jsc (6) I
Pin 54,4 - _

Where Inp and Vpp represent the current and ] e —

voltage to attain the maximum power of device and
Pin represents the power of incident photons as
decided by the input wavelength spectrum.

341 - §
310 F -

27,9 | .

g (MA/em?®)  Fill Factor (%)  Efficiency (%)

Fig. 7 depicts the illuminated J(V) characteristics 052 ]
of top cell CIGS with various concentration of x S o9l ]
l.e., 0.24, 0.33, 0.49, and 0.6 eV with respect to the S o2 / ]
thickness of absorber layer. Firstly, Voc observed > ol 1
to increase as a function of increasing thickness e 10 15 20 25 30 35 40 45
and at x > 0.49, the Voc increases until the Thickness p-CIGS (um)
thickness of absorber layer is 0.7 um and decreases (b)

afterwards as depicted in Fig. 7.a in consequence
of the direct relation between Voc and band gap as
Voc = 1/q x Eg, where q represents the elemental
charge [39]. Additionally, the simulations revealed
that Jsc increases as a function of absorber layer
thickness however, the growth as a function of
fraction x is slightly slow as shown in Fig. 7.b. The
fill factor observed to increase with increasing
thickness of absorber layer and decreases for x <
0.6 as shown in Fig. 7.c. Fig. 7.d shows the
efficiencies of the CIGS solar cell increases up to
thickness of 1 um , beyond this point the
efficiencies clearly begin to decrease with
increasing fraction x.
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3.2. Chalcopyrite/Silicon tandem solar cell
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The structural design of proposed dual junction 0430 . . . . . .
CIGS/c-Si solar cell is given in Fig. 1. Fig. 8 1000 005 010 015 020 025 030

shows the J(V) characteristics in CIGS (top cell), Thickness n-Zn(0,S) (um)

c-Si (bottom cell) and CIGS/Si (tandem cell). The  Eig.4. 3v) curve of top cell variation with the thickness of:
experimental results of the conversion efficiencies (a) absorber layer and (b) buffer layer.

of the considered solar cells fabricated by various

deposition techniques are given in Table 2. From

literature [40-43], we confirm that the revealed

results of p-CIGS /n-Zn(0,S) and p-Si/n-Si based

solar cell works successfully at improved

efficiency.
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Table 2. The experimental results of efficiencies of CIGS

and Si solar cells.

Absorber/ Efficiency

Buffer layer Method (%) Ref.
Chemical bath
p-CIGS /n- deposition 64 [40]
Zn(0,S) Co-Sputtering 9.05 [41]
Sputtering 13.0 [42]
p-Si/n-Si thermal and

chemical 130 [43]

138
13,2
12,6
12,0
11,4
108
79,2

77,4
75,6

738
37,5
36,0
34,5
33,0
315
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of: (a) absorber and (b) buffer layer.

Two-terminal tandem solar cell electrically
operated exactly in a same manner as two diodes
operate when connected in series. The short circuit
current density of tandem cell i.e., 36.99 mA/cm? is
close to that for bottom cell (Si) and top cell
(CIGS) i.e., 36.85 mA/cm? and 36.01 mA/cm?,
respectively. The open circuit voltage of tandem
design i.e., 0.90 V is exactly equal to the sum of
open circuit voltage for Si and CIGS cells i.e., 0.46
V and 0.44 V, respectively. From these
observations, one can conclude that operation of
the tandem cell is likewise the operation of Si and
CIGS cells connected in series. However, the FF
for the tandem cell i.e., 76.93% is slightly higher
than that for Si and CIGS single junction cells i.e.,
76.54 and 73.15%, respectively. Enhanced Voc and
FF resulted in improved conversation efficiency in
case of tandem cells i.e., 25.68%, that is
significantly  higher than the conversation
efficiencies of Si and CIGS single junction solar
cellsi.e., 13.16 and 11.63%, respectively).

Table. 3 summarize the simulated results of
different parameters of Silicon (Si), chalcopyrite
(CIGS) and CIGS /Si tandem solar cells.
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Fig.6. Affinity percentage, versus x composition fraction for
the solar cell.
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(b) Jsc, (c) fill factor, and (d) Efficiency.
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Fig. 8. J(V) characteristics for the CIGS top cell, Si bottom
cell and CIGS/Si tandem cell.

3.2.1. Temperature dependence of CIGS/Si
tandem cell parameters

Since the overall cell operation can be effected by
the temperature, the effect of temperature on
various parameters of the proposed tandem cell is
shown in Fig. 9. The effect of temperature on the
parameters like Voc, Jsc, m and FF has been
investigated.

The significant reduction in Voc as a function of
temperature is due to enhanced reverse saturation
current density as there is an exponential
dependence of intrinsic carrier concentration on
temperature as shown by the relation [25]:

E
ni21,2 = N¢y2, Ny 2 €xp(— %) (7)
where K is the Boltzmann constant, N. and N, are
the effective densities of states for the sub-cells

given as:

_ mp, T
Ney (em™) = 2,5.10% (=9 G (8)
my , are the carrier effective masses.
The band gap is inversely related to the
temperature as; [34]:
aT?
Eg (T) = Eg (O) - m (9)

where Eg (T) is the band gap of the material at a
particular temperature T, and a and 8 are the cons-
tants.

Fig. 10 shows the J(V) curve for tandem solar cell
at temperature range from 300 to 500 K. In
conclusion, one can judiciously speculate that with

increasing temperature of the device, the efficiency
of the cell may be compromised.
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Our results for the three proposed structures of
CIGS, c¢-Si and CIGS/Si tandem cell based solar
cells are given in Table 3 and the optimized
efficiency compared with published data [12, 24-
27,32, 34,44-48] for double junction solar cell is
summarized in Table 4.

Table 3. Summary of performance results of Si, CIGS single
cell and CIGS /Si tandem solar cell.

Voo Jec == )
Parameters V| maemd) | () n(%)
SiBottom 5 /o 36.85 | 7654 | 13.16
Cell
CIGSTop | 4y 36.01 | 73.15 | 11.63
Cell
CIGS /Si
oo ey | 090 | 3699 | 76.93 | 25.68

Table 4. Comparison between the proposed structures with
other works.

Conversion
Structure efficiency References
(%)
. 25.68 This work
CIGS/Si
26.7 [12]
CIGS/CIS 19.8 [24]
InGaN/Si 38.3 [25]
CZTS/Si 22.9 [26]
Cu,O/Si 31.23 [27]
GalnP/Si 31.11 [32]
_ 28.45 [44]
CdTe/Si
26.71 [45]
28.71 [46]
Perovskite/Si 24.4 [34]
33.67 [48]
Perovskite/perovskite 24.86 [47]

4. Conclusion

In summary, a theoretical framework on two
terminals CIGS/Si tandem cell with [p™*- CIGS/n
™ -Si] tunnel junction was designed followed by
optimized simulations with the SCAPS 1-D tool to
suggest optimum parameters for CIGS/Si based

solar cell. Simulations revealed that the proposed
solar cell could offer 25.68% efficiency with Voc
of 0.90 V, Jsc of 36.99 mA/cm? and fill factor of
76.93%. The total thickness of the proposed
tandem cell was of the order of 453 pum. The
optimum thickness for the chalcopyrite and Si
absorber layer is 2 and 450 um, respectively and
the optimized band gap for CIGS and Si material
are 1.69 and 1.12 eV, respectively. The numerical
simulation revealed that temperature of the device
might be selected carefully since it has great
impact on the overall performance of the solar cell.
This work gives theoretical guidance towards the
efficient realization of chalcopyrite/silicon based
tandem solar cells by optimizing different cell
parameters.

Future scope

In this work, the proposed tandem cell design may
provide a pathway in the field of renewable energy
since increasing demand of energy require
potential research focus.
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