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The CGS and CIGS being promising materials for large scale photovoltaic applications, the effect of
temperature on the electrical parameters of a CGS/CIGS tandem solar cell has been investigated in this
work. The copper gallium diselenide (CGS) and copper indium gallium diselenide (CIGS) structures as top-
cell and bottom-cell respectively, were numerically simulated under AM1.5G spectral illumination using
the two-dimensional device simulator Silvaco-Atlas. The temperature dependency of the solar cell’s charac-
teristics was investigated in the temperature range from 300 to 400 K at intervals of 20 K. The simulation
results show the density current (Js) slightly increases whereas the open-circuit voltage (Vi) and fill factor
(FF), conversion efficiency (7) decreases with the increase in temperature. The tandem cell operating tem-
perature efficiency was found to be (- 0.34 %/K), which is slightly higher than that of CGS solar cell
(= 0.29 %/K), but markedly better than that of CIGS solar cell (- 0.41 %/K).
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1. INTRODUCTION

Due to their many unique properties such as low-
cost of fabrication, large bandgap, high transparency,
excellent conductivity, thin film solar cells have been,
widely, used in many photovoltaic and optoelectronic
applications [1-11].

The concept of tandem solar cells are the devices
with two or more absorber layers with different
bandgaps to absorb the maximum wavelength of the
solar spectrum [12]. Tandem solar cells are combined
with a narrow-bandgap bottom cell to absorb long-
wavelength photons and awide-bandgap top cell to ab-
sorb the short-wavelength photons of solar spectrum
energy [13-15].Because of the series connection, the
efficiency of the tandem solar cell is limited by the solar
cell that issues the lower current. An equal current
criterion, among the cells building the tandem, must be
achieved; all the cells must have the same photocurrent
(current matching) [3, 4, 7, 14].

The temperature of tandem cells increases when
they are used in systems under concentration or in
space applications. Their electrical properties are sig-
nificantly impacted by this phenomenon, which also
disrupts their operation.

The temperature affects the solar cells in different
ways.Its well-known that the physics governing solar
cells operations extremely temperature dependent. The
materials parameters like the energy gap (Eg), mobili-
ties (¢ and 1), and carriers densities (Ne and Ny) are
also temperature dependent. Furthermore, the Solar
cell is an optoelectronic device that is not converted the
absorbed energy to electricity is converted to heat and
thus increases the temperature inside the cells non-
uniformly much beyond the ambient temperature [16].

The performance of a solar cell is influenced by
temperature since its performance parameters, viz.
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short circuit current density (Jsc), open circuit voltage
(Voo), fill factor (FF), and efficiency (77) are temperature
dependent [17]. The temperature variation affects
these parameters and, hence, the performance of solar
cells [16, 18]. The diode parameters of solar cells, i.e.,
reverse saturation current density(J,) and ideality fac-
tor (n) along with series resistance (Rs) and shunt re-
sistance (Rsxn) control the effect of temperature on Vi,
FF and 7 of the cell [17].

The temperature dependence of performance on solar
cells based on different materials. which showed with
increasing temperature, short circuit current density
(Jse) increases, and therefore, open circuit voltage (Vo)
decreases which decreases the fill factor and hence the
efficiency of the solar cell gave by [19] has been studied
in the temperature range of 300-400 K, and in the tem-
perature range of 273-523 K [20], 273-373 K [21]. Under
the current matching condition slightly affects the tem-
perature coefficient of the tandem cell, the top limited
cell has a lower temperature coefficient than the bottom-
limited and current-matched cells [22, 23].

In this work, a numerical study using the two-
dimensional device simulator Silvaco-Atlas [24-27], to
investigate the temperature behavior of optimal struc-
ture CGS/CIGS tandem cells is presented. In this pa-
per, we aim to study the temperature effect on the elec-
trical parameters of the tandem solar cells (open-circuit
voltage Vo, short-circuit current density /s, fill factor
FF and conversion efficiency 7).

2. CGS/CIGS TANDEM SOLAR CELL STRUC-
TURE AND NUMERICAL SIMULATION

Higher efficiencies could be obtained by stacking to-
gether different absorbers with different band gaps to max-
imize the light absorption. The basic structure optimale of
the CGS/CIGS tandem solar cell is shown in Fig. 1.
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Front contact ZnO (0.2 pm)
cGs Buffer layer n-CdS 10 cm3 {0.05 pm)
top cell —

Absorber layer p-CGS 2% 10%cm=3 {0.19 pm)

Transparent interconnect ZnO (0.05 pm)

cIGs Buffer layer n-CdS 2 x 108em—3 (0.05 pm)

bottom cell

Absorber layer p-CIGS. 8 % 1016 cn~3 (3-5 pm)

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

It consisted of two solar cells where the CGS wide
band-gap 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 (E;=1.16 eV) close to
the optimal values of best cells [28]. This design is in-
tended to convert a wider range of photons incident on
the solar cell therefore a maximum power output. The
tandem cell consisted of a top n-CdS/p-CGS heterojunc-
tion 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 -2 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 2 x 10 cm~-3 [29], and we
chosed 2 x 10'6/8 x 1016 ecm -3 for CGS/CIGS in this
study. The doping concentrations of donors and accep-
tors and thicknesses of the layers used in the simula-
tion are indicated in Fig. 1.

3. SIMULATION PARAMETERS

The 2D Silvaco Atlas simulator requires input of the
device parameters related to each layer and material in
the cell structure. The semiconductor properties of
ZnO0, CdS, CGS (CIGS) layers used as the input param-
eters for the simulations and physical models are found
in [30, 14, 7].

The band gap energy of a semi-conductor plays an
important role in the development and design of solar
cells; it defines the absorption range of the cell, the
amount of absorbed photons and the maximum achieva-
ble Voe and Jse [23]. When a solar cell is illuminated, only
the photons having energy higher than the bandgap en-
ergy (Eg) of the semiconductor are absorbed and create
electron hole pairs [16]. For the solar cells, the absorp-
tion range of solar spectrum is defined by [20]:
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A= 1.24
E,(eV)

@

The temperature dependence of bandgap in semi-
conductors is described in literature [31, 32]. Using

Varshni relation temperature dependence of the
bandgap in semiconductors can be described as [33]:
E —aT?
E (eV)=—5 @
p+T

where, Eg(T) is the band gap of the semiconductor at
some temperature 7, which may be direct or indirect,
E4(0) its value at T~ 0 0K and « and g are constants.
The values of « and g for the semiconductor material
CIGS in Table 1 [34], and Eg for CGS and CIGSare
1.73 eV, 1.21 eV respectively.

The variation of band gap of CGS top-cell and CIGS
bottom-cell for different temperatures ranging from
300-400 K is shown in the Fig. 2. From this figure, we
notice that the gap energy decreases with increasing
temperature for both materials.

The temperature affects the solar cells in different
ways. It is well known that the physics governing solar
cells operation is extremely temperature dependent.
The materials parameters like the energy gap (Eg), mo-
bilities (u» and ), and carriers densities (INe and Nv)
are also temperature dependent. Furthermore, the ab-
sorbed energy that is not converted to electricity,is con-
verted to heat and thus increases the temperature in-
side,the cells non-uniformly much beyond the ambient
temperature.The used temperature dependenceformu-
las and the parameters for some semiconductor materi-
als(CGS,CIGS) properties in the Table 1 [24, 35].

4. RESULTS AND DISCUSSIONS
4.1 Tandem Solar Cell Characteristics at 300 K

The performance of a CGS/CIGS tandem cell at the
ambient temperature 300 K and for standard spectrum
AM1.5G (100 mW/cm?) was simulated and the cell was
optimized [14]. The short-circuit current density match-
ing between the top and the bottom cells, is obtained
for an optimized value of 0.19 pm of the top CGS base
layer [14]. The obtained results are given in Table 2.

04—t
18-
16 -
144
12 -
10

Current density (mAfcm?)

Tandem| |
0 cell

0.0 02 04 06 08 1.0 1.2 1.4 16 1.8
Voltage (V)

Fig. 2 — J-V characteristics for the CGS top-cell, CIGS bottom-
cell and CGS/CIGS tandem cell under short-circuit current
densities matching
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4.2 Effect of Temperature on the Optimized
(CGS/CIGS) Tandem Solar Cell

After optimized of the CGS/CIGS tandem solar cell, the
effect of temperature on the CGS/CIGS tandem solar
cell is investigate bed with two components: Top cell
(CGS) and Bottom cell (CIGS). The operating tempera-
ture of the cells was varied from 300 to 400 K at inter-
vals of 20 K. The simulation results are shown in
Fig. 3. From these simulation results, we can see a
small increase of the short current density with the
operating temperature increases in both Fig. 3(a) Bot-
tom (18.06-18.136 (mA/cm?) and Fig. 3(b) Top
(18.06-18.129 (mA/cm?) and Fig. 3(c) tandem
(18.06-18.133 (mA/cm?)) cells.

The variation is more important in the Bottom
cell, because the Top cell is considered as a filter
for the Bottom cell. This is due to the diminution of
the energy gap Eg of the semiconductor. As shown
the Fig. 2 (the absorption range of the bottom CIGS

Table 1 - Dependence of material parameters on temperature
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cell widens with the diminution of the gap of the
CGS material constituting the top cell).

T T T T T T
] \\. ]
1.6 1 E
1.5 E
—=a— Bottom cell
%: 144 —e— Top cell 4
o
W3 .
1.2 1 E
1.1 ] .\.\.\.\. ]
T T T T T T
300 320 340 360 380 400

Temperature (K)

Fig. 3 - Variation of band gap of CGS top-cell and CIGS
bottom-cell versus temperature

Parametres Equation CIGS/CGS
E, T 3.6E —4T"* 3.6E — 4T
_ 80 1.21-———/1.718—————
Band gap Eg (eV) E (eV)= BT 350+ T 350+ T
. . % 15 %
Valence bancheffectlve density of N, (T)- T NV300 3.46x10"(T)
states Ny (cm~3) v 300
3
Conduction band effective density of AR 4.24x10"(T )A
s Ne(T)=|——| NC300
states N (cm —3) 300
Electron mobility un (cm2/V-s) (T -3 1oos T -3
Mo = 300 My HMpo = 300
Hole mobility g (cm?2/V-s) T -% T -3
ﬂo(T): ann H ,UO(T):25>< ann
p 300 P P 300

Table 2 — Optimized photovoltaic parameters of top, bottom
and tandem solar cells under short-circuit current densities
matching

Jsc(mA/0m2) Voc (V) FF (%) n (%)
CGS Top- | 14 og 1.08 | 8288 | 1626
cell
CIGS Bot- | ;g g 0.7 79.46 | 9.93
tom-cell
CGS/CIGS
Tandem 18.06 1.78 82.88 26.21
cell

This is also due to the increase of the material con-
ductivity because of the variation of the electron hole
pairs mobility [23], as shown in expressions (3) and (4):

o=d (D (Tn(T). @
J=o0¢. 4)

Where o is the material conductivity, ni is intrinsic
concentration, u» and gp are electrons and holes mobili-
ty, ¢ is the elementary charge ¢ is electrical field inten-
sity and ¢/ is the current density. These two phenomena

accompanying the temperature increase allow the ex-
ploitation of more photons in the tandem cell. The in-
crease in the short circuit current with temperature is
about 0.005 mA/cm?/K.

The current density-voltage (J-V) characteristics of
p-n junction solar cells under steady state illumination
can most simply be described using single exponential
model as, where, Jpn represents the photogenerated
current density, V is the terminal voltage, voltage de-
veloped across the junction, % is the Boltzmann con-
stant and n is the ideality factor [20].

J ==+ (VT 1) (5)

Due to the augmentation of the darkness current
density Jo (reverse saturation current density) of the
cell, the opencircuit voltage decreases linearly with the
increase of temperature. This is true for the top cell,
bottom cell and the monolithic tandem cell.

The open-circuit voltage is the maximum voltage
available from a solar cell. Eq. (5) at J =0 yields the
expression for Vo as:
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Where k is the Boltzmann’s constant, T is the tem-
perature, q is the charge of an electron and Jo is the
reverse saturation current density.

Where, J,=dJ,, Vo is related to Jsc and <Jo

and hence to Eg. For a high Vi, a low Jo is abso-
lutely necessary.

While, the open circuit voltage decreases almost lin-
early with the increase of temperature in both Top
(1.08-0.82 V) and Bottom (0.69-0.47 V) and tandem
(1.78-1.3 V) cells.

It means that Ve decreases almost linearly with in-
creasing temperature. In (1), the reverse saturation
current density Jo is given by [36]

D
J,=¢q D, +—2|n? (7
LN, L,N,

Where Jo increases linearly with »n? and
n(T) = NN exp — % (®
L c v kT

In the foregoing equations, Dn, Dp, Ln, Ly are
the electron and hole diffusion coefficients, diffu-
sion lengths, respectively; Na, Np are the acceptor
and the electron concentrations, respectively; and
n? and Eg are the intrinsic carrier concentration

and band gap. Where, N¢, Ny are effective density
of states in conduction band, valance band respec-
tively.

Combining Egs. (7) and (8), the expression for Jo
can be written terms of temperature and bandgap en-
ergy [37,38] as:

J,(T)=CT? exp[_k%j ©)

In the above equation, doping and the material pa-
rameters of solar cells are combined in this one con-
stant C [38]. The important solar cell parameters for
the model calculations are the temperature and
bandgap. The higher the bandgap, lower will be the
saturation current density.

According to (6), (7), and (8), it is seen that Vo, de-
creases with increasing 7T, due to the increase in n; and
the reduction of diffusion length (i.e., the increase in
recombination).

Thedecrease in V,c with increasing temperature

arises mainly from ni(Joooniz). Moreover, larger Eg will

result in smaller n;; thus, Vo is more stable.

Fig. 4(a-d) show simulated photovoltaic pa-
rameters of the CGS, CIGS single solar cells and
CGS/CIGS tandem solar cell as function of the
temperature at 300 K to 400 K.
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Fig. 4 - (J-V) characteristics for the (a) CIGS bottom-cell, CGS
top-cell (b) and (c) CGS/CIGS tandem cell as function of the
temperature

The short-circuit current density Js in Fig. 4(a)
shows an increases with the increase in temperature in
both cases. The variation in short circuit current densi-
ty with temperature is primarily due to the change in
bandgap with temperature [16] Generally, for most
semiconductors, as the temperature increases, the
bandgap decreases [16]. Consequently, the solar cell
responds to longer wavelength regions in the solar
spectrum and Jsc increases. Thus, Js 1s roughly propor-
tional to the incident spectral intensity at wavelengths
near the band edge [20].

The CGS, CIGS single solar cells and CGS/CIGS
tandem solar cell as function of the temperature is
shown in Fig. 4(b). It can be clearly observed that the
open-circuit voltage (Voc) decreases with the increase in
temperature, whereas it increases with increasing
bandgap, at 300 K Vi value is (1.086, 0.692,1.78 V) and
decreases further to (0.826, 0.47, 1.3 V) at 400 K for
CGS, CIGS single solar cells and CGS/CIGS tandem
solar cell respectively. The decrease in bandgap with
increasing temperature results in lower V.

In Fig. 4(c), is shown the variation of the tandem
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cell FF with varying of the temperature.

Fill factor is determined with the decreases with in-
creasing temperature, materials. The decrease in FF is
mainly controlled by decrease in Vo whereas increase in
Jsc with temperature does not contribute much to FF [17].

In Fig. 4(d), is shown the change in efficiency with
temperature for he CGS, CIGS single solar cells and
CGS/CIGS tandem solar cell. The efficiency decreases
further with increasingtemperature. The decrease in 7
with temperature is mainly controlled by the decrease
of Voe and FF with temperature.

In the Table 3 shows the temperature dependences
of the CGS, CIGS single solar cells and CGS/CIGS tan-
dem solar. Here, we use the relative temperature

JJ. NANO- ELECTRON. PHYS. 15, 01020 (2023)

coefficient (TC) of cell parameters (Voe, Js, FF, 1) to
compare the temperature dependences of different
kinds of solar cell which is defined as [22]:

1 d(parameter)
X
dT

TC =
parameter (T = SOOK)

x100% (9)

The tandem cell operating temperature efficiency
was found to be (— 0.34 %/K), we can see that our simu-
lated results are in good agreement with simulation
result in literature [39] which is slightly higher than
that of CGS solar cell (- 0.29 %/K), but markedly better
than that of CIGS solar cell (- 0.41 %/K). The single
junction cell a base CIGS

i T T T T T T T T T T T T
18.14 1.8 —=— Bottom cell -
] —e— Top cell
18.12 4 1.64 —a— Tandem cell
18.10- 1.4 ]
< ] ]
S 18.08 < 1.2+ B
< o ]
£ 18.06 S 1.04 i
k=3 >
Ky —s— Bottom cell 1
18.04 —e— Top cell 0.8 1 7
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18.02 A 0.6 4
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300 320 340

Fig. 4 — Simulated photovoltaic parameters of the CGS, CIGS single solar cells and CGS/CIGS tandem solar cell as function of the

temperature

Table 3 — Calculated temperature dependences of CGS/CIGS tandem cell PV parameters compared with those of single-junction

CGS and CIGS cells (T'C = temperature coefficient)

Parameters / Type of cell CGS CIGS CGS/CIGS
17 (%) 16.26 9.93 26.21
nat 300 K dnldT (%K) —0.0477 —0.0414 —0.092
TC (%/K) —0.29 -0.41 -0.34

5. CONCLUSION

The temperature dependence of performance pa-
rameters (short-circuit current density /s, open-circuit
voltage Vo, fill factor FF and conversion efficiency 7) of
solar cells based on CIGS material has been investigat-
ed in the temperature range from 300 to 400 K. The

maximum achievable, Js, Voo, FF and 7 of solar cells,
calculated for AM1.5G, are nearly the same as in the
literature. With increasing temperature, the short-
circuit current density of the CGS top-cell, the CIGS
bottom-cell and the whole CGS/CIGS tandem cell in-
creases. But, the open-circuit voltage, the fill factor and
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