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The solar spectrum can be divided by tandem solar cells into several subcells that have different
bandgaps which convert, more effectively, the light into electricity than the single cells. In this study, the
simulation of the photovoltaic (PV) characteristics of a CZTS/CZTSe tandem solar cell, based on structures
of copper zinc tin sulfide (CZTS) as a top cell and copper zinc tin selenide (CZTSe) as a bottom cell, was ac-
complished by using SCAPS-1D simulator under AM1.5 illumination. Initially, the simulation of single
CZTS and CZTSe solar cells was performed to give efficiency of 14.37 % and 17.87 %, respectively, which
are in good agreement with the literature results. Before feeding with filtered spectrum, the simulated PV
parameters of the CZTS/CZTSe tandem solar cell are the conversion efficiency (7) of 20.68 % and the short-
circuit current density (Jsc) of 20.205 mA/cm? of the top and bottom cells with arbitrary normal thickness-
es. Furthermore, and in order to reach the matching current, both top and bottom cells have been investi-
gated at different thicknesses for tandem configuration after validation, where the performance of the top
and bottom cells is at thicknesses ranged from 0.05-0.5 um and 0.1-1 um, respectively. The performance of
the tandem solar cell is determined after filtered spectrum feeding and current matching. The Jsc of
CZTS/CZTSe tandem solar cell is 20.33 mA/cm? for 0.255 pum thick of the top, CZTS, cell and 0.8 um of the
bottom, CZTSe, cell. The maximum 7 of 22.98 % is reached for tandem structure design with open circuit
voltage (Voc) enhancing of 1.48 V.
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1. INTRODUCTION

Photovoltaic (PV) thin film solar cells have attract-
ed great deal of attention for several decades of re-
search because of their ability to produce low cost and
high efficiency with large-area thin-film solar cells [1].
The two main reasons for choosing a material as an
absorber layer, based on the mechanism of the solar
cell, are (1) the highlight absorption capability to excite
electrons to higher states of energy and (2) the ability
to move these excited electrons from the solar cell to an
external circuit. Besides, as an important point, choos-
ing non-toxic, environmentally friendly, and air-stable
materials plays a crucial role in manufacturing thin
film solar cells [2].

Thin film solar cells have large-scale PV applications
due to their low cost of fabrication. Several semiconduc-
tor materials, such as zinc oxide (ZnO), indium tin oxide
(ITO), cadmium oxide (CdO), zinc sulfide (ZnS), cadmi-
um sulfide(CdS), polycrystalline cadmium telluride
(CdTe), copper indium gallium diselenide CulnGaSe:
(CIGS), copper zinc tin sulfide CugZnSnSs (CZTS), cop-
per zinc tin selenide Cu2ZnSnSes (CZTSe) and copper
zinc tin sulfur selenide Cu2ZnSnSes (CZTSSe) have been
widely used in many optoelectronic applications such as
photodiodes and solar cells [3-11].

The most widely used Si-based solar cell exhibits
high conversion efficiency (up to 24.5 % at the Univer-
sity of New South Wales). However, it suffers from low
throughput and high cost, therefore, cannot affect the
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world’s energy market [12,13]. On the other hand,
CIGS and CdTe offer high efficiencies (around 23.35 %
and 21 %, respectively), for which they attracted the
researchers for the last few years [14]. The PV technol-
ogies of thin films which include CdTe and CIGS rely
on elements that are toxic, such as cadmium (Cd) and
rare earth such as tellurium (Te), indium (In) and gal-
lium (Ga), which makes their production limited [15,
16]. Quaternary semiconductors, CZTS, CZTSe and
CZTSSe, as alternative absorber materials, have got
attention with better advantages over CdTe and CIGS
[17, 18]. They have different crystal structures, stan-
nite and kesterite, where the last one shows more sta-
bility than the first one [13]. In addition, kesterites are
used as a p-type absorber layer in solar cells [19], high
absorption coefficients exceed 10*cm~—1! [20]. One im-
portant advantage of CZTS is that it consists of earth
abundant materials which are non-toxic [13]. CZTS,
CZTSe and CZTSSe can be fabricated using different
processes such as sputtering, evaporation, spray pyrol-
ysis, electrodeposition, sol-gel technique, etc. [16, 21].
Recently, many studies have been performed to im-
prove the efficiency of the solar cell based on CZTS
absorber layer [22]. The best kesterite cell efficiency
reported till date is 12.6 % for sulfoselenide (CZTSSe)
based absorber with single CdS as a double buffer layer
and 12.7 % with double CdS/In2Ss as an n-type buffer
layer, respectively [23-25]. As for pure selenide, CZTSe,
and pure sulfide, CZTS, the maximum efficiency is
about 11.6 % and 11.01 %, respectively [26]. Using a
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solar cell capacitance simulator (SCAPS), a compara-
tive study of thin film solar cells was accomplished,
where we used ZnO as a window layer, CdS as a buffer
layer and CZTS, CZTSe and CZTSSe as absorber layers
[1]. The limitation of light absorption by the absorber
layer bandgap (E,) is one of the main problems with
single junction solar cells, i.e., photons that have ener-
gies less than E; are not absorbed, while the excess
energy of photons with energies higher than E; is wast-
ed as thermalization losses. In both cases, photons do
not contribute to the useful output of the device [27].
Multijunction and tandem solar cells are effective solu-
tions to this problem [28]. The CZTSSe bandgap can be
changed from 1.0eV (pure CZTSe) to 1.5eV (pure
CZTS) by altering the ratio of selenium and sulfur
S/(S + Se) [17, 18, 29]. CZTSSe is, therefore, a prime
candidate for application in multijunction solar cells.
Because multijunction solar cells have layers with dif-
ferent bandgap energies which exploit different energy
regions of the solar spectrum, an increase in the effi-
ciency is expected [7]. The tandem solar cell structures
utilize stacking of different band gap p-n junction solar
cells in a specific configuration, where the short wave-
length (high energy) part of the solar spectrum should
be absorbed by the top cell; meanwhile, the bottom cell
with low bandgap absorbs the rest [7].

A theoretical study of tandem CZTSSe junction solar
cells has been reported with maximum efficiency of
21.7 % [8]. Also, a CZTGS/CZTS tandem cell structure
has been developed and an efficiency of 17.51 % has
been exhibited, which is an improvement compared to
that of CZTS single cell structure [30]. In 2017, a
CZTS/CZTSe tandem structure was proposed where
ITO is considered as a tunnel junction between the two
subcells. In order to study the tandem structure design,
both top and bottom cells have been studied numerically
many times and then the principles of series circuit
have been used for both cell parameters. The achieved
efficiency of their design was 19.87 % [28]. Furthermore,
a research study of other CZTS/CZTSe tandem struc-
ture has been done and an efficiency of 21.7 % has been
achieved for matched current at 211.33 nm thick CZTS
top cell in conjunction with 2000 nm bottom cell [8].

In this work, we have considered a tandem struc-
ture using CZTS/CZTSe based absorber materials. The
1D electrical solar cell simulation program SCAPS-1D
was used to simulate the device performances [31, 32].
Parameters of materials required for simulation stud-
ies are rationally suggested, cited or borrowed from the
literature for better performance comprehending under
realistic situations. In the first step, we will report the
modeling and simulation results of single CZTS and
CZTSe solar cells and compare them with related and
previously reported simulation. In the second step, the
study will be expanded for tandem solar cell structures
to achieve improved photoconversion efficiencies, where
we will show the simulation results of the tandem
CZTS/ICZTSe solar cell with CZTS as top cell absorber
and CZTSe as bottom cell absorber. The matching cur-
rent is the prerequisite condition in the tandem struc-
ture design for optimization the performance of the
CZTS/CZTSe tandem solar cell at maximum efficiency,
the same current (current matching) has been achieved
with variation in the absorber layer thickness of the top
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and bottom cells with filtered spectrum to enable them
to have the same current density (Jsc). The current
matching role in the improvement of the performance
of the CZTS/CZTSe tandem solar cell was simulated
and analyzed.

2. PRINCIPLE OF THE TANDEM SOLAR CELL

The principle of the tandem cell is shown in Fig. 1.
In a tandem solar cell, top and bottom cells are electri-
cally in series. We use the following notations.

Jsc tandem, Voc tandem: short circuit current den-
sity and open circuit voltage of the tandem solar cell.

Jsc top, Voc top: short circuit current density and
open circuit voltage of the top cell.

Jsc bottom, Voc bottom: short circuit current densi-
ty and open circuit voltage of the bottom cell.

TR,

Top cell

Top transparent
contact (TCO)

Middle
transparent
contact (TCO)

pl

Bottom cell

Bottom contact
and reflector 2
(Metal) 4 B

Fig. 1 - The principle of a tandem solar cell

There is a difference between Jsc top and Jsc bot-
tom, the short circuit current density of the tandem
solar cell will be given by the smaller value of the two
short circuit current densities of the top and bottom
cells [27, 33, 34]:

Jsc tandem ~ Min{ Jsc top, Jsc bottom}. (1)

The open circuit voltage of the tandem solar cell is
equal to the sum of the open circuit voltages of the two
top and bottom cells [27, 34]:

Voc tandem ~ Voc top + Voc bottom. 2)

In the case of the condition of equal currents for op-
timal performance we have:

Voc tandem = Voc top = Voc bottom. 3)

In the case of equal currents, the fill factor (FF) of
the tandem solar cell can be considered between the FF
of the top and bottom cells. However, in the case of
unequal currents, the FF of the tandem solar cell is
very often higher [7].

The construction of the J(V) diagram of the solar
cell is shown in Fig. 2.

3. THE SOLAR CELL STRUCTURE DETAILS
AND NUMERICAL SIMULATION

Single junction solar cell performance is limited by the
photon absorption for the respective band gap of the
absorber layer of the cell. By stacking single junction
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solar cells which contain absorber layers with different
bandgap energies, the performance can be improved.
Photons with higher and lower energies are absorbed in
the top and bottom cells, respectively, that contributes
to the minimization of thermalization effects [35]. In
CZTS/CZTSe tandem solar cell, as shown in Fig. 3b,
where the top cell has CZTS as an absorber layer with
bandgap, E; = 1.5 eV, and the bottom cell has CZTSe as
an absorber layer with bandgap less than that in the
top cell, Eg=1.1¢eV.

ViV,

Voc tandem

A 5

V

Fig. 2 — The construction of the J(V) diagram characterization
of a tandem solar cell [32]
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Fig. 3 — Diagram of the structure of the apparatus and illumi-
nated spectrum of (a) CZTS(Se) based solar cell with 1.1 eV
band gap, 1.5 eV in autonomous condition with AM1.5 solar
spectrum, (b) tandem configuration of CZTS/CZTSe

This design is intended to convert a wide range of
incident photons on the solar cell and generate maxi-
mum output power. In details, this tandem solar cell
consists of a top n-CdS/p-CZTS heterojunction solar cell
and a bottom n-CdS/p-CZTSe heterojunction solar cell,
that are optically and electrically connected through a
layer of aluminum doped zinc oxide (Al:ZnO) serving as
a transparent conductive oxide (T'CO). The tandem cell
was considered to be illuminated under an AM1.5 solar
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spectrum, where the incident power density is
1000 W/m?2. It has been assumed that solar radiation is
normally incident on the Al:ZnO layer which represents
the front cathode contact, the rear anode contact is
represented by a layer of molybdenum sulfide selenide
(MoSSe). The doping concentrations and the different
thicknesses used in the simulation are summarized in
the Tables (1, 2).

For the numerical simulation of solar cells, we used
the optoelectrical device simulator SCAPS (a solar cell
capacitance simulator)-1D, developed at the Depart-
ment of Electronics and Information Systems (ELILS) of
the University of Ghent (Belgium) [31]. SCAPS is de-
signed to simulate the electrical characteristics as well
as the spectral response of thin film heterojunction
solar cells [37, 38]. It solves a set of fundamental equa-
tions including the Poisson’s equation, the continuity
equations, and the charge transport equations. Pois-
son’s equation links together the electrostatic potential
and the local charge densities. Meanwhile, the continu-
ity and transport equations describe the way that the
electron and hole densities evolve as a result of genera-
tion, recombination and transport processes [31, 32, 36]
and are listed in Table 3.

A detailed description of the filtered spectrum and
current matching technique is discussed in the results
section. The optimized parameters of material proper-
ties used to simulate the PV response of the considered
single and tandem solar cells are taken from the litera-
ture [4, 20, 38, 39] and listed in Table 1 and Table 2,
whereas the optical absorption spectra for CZTS and
CZTSe are taken from literature [40] and for CdS and
ZnO the absorption spectrum files [8], as provided in
SCAPS and shown in Fig. 4. These absorption data are
used to mimic the practical absorbing properties.

CZTSSe solar cells are very interesting because
their parameters can be modified by changing the com-
position of the absorber material [20, 41]. The electron
mobility (1), hole mobility (1), the effective density of
states of the conduction band (Nc), and the effective
density of states of the valence band (Nv) have been
defined for each layer [19]. In our simulation, we have
chosen a value of 4.2 eV for the electron affinity of the
CZTSSe material and the operating temperature was
set at 300 K.

1.4x10" —CzTS
—CdS

1.2x10" —2Zn0

1.0x10"

8.0x10°

6.0x10°

4.0x10° -

Absorption coefficient (m'1)

2.0x10°

0.0

T T T T T T

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 4 — The absorption coefficients of different materials used
in the present work
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Table 1 — Parameters set for the simulation of the CZTS, CZTSe based solar cells, A and D denote acceptor and donor defects

Layer properties Zn0: Al Zn0 CdS CZTSe CZTS MoSSe
Thickness (nm) 300 50 50 variable variable 350
Electron affinity y.(eV) 4.40 4.40 4.20 1.1 1.5 4.140
Layer band gap E4(eV) 3.30 3.30 2.40 4.2 4.2 1.10
Relative permittivity &, (F-cm—1) 9 9 10 10 10 13.60
Z(ifor(lélr?lc_t;;)n band effective density of states 1018 1018 1018 9.9 % 1018 | 2.910 x 1028 | 2.20 x 1018
Xal(ir;f? 3])t;and effective density of states 1019 1019 1019 18x101| 1.8x10 |1.80x 1019
Electron mobility u, (cm?2/V-s) 102 102 102 102 102 102
Hole mobilityu, (cm?/V-s) 25 25 25 25 25 25
Donor concentration Np (cm—3) 1018 1017 1018 0 0 0
Acceptor concentration Na (cm —3) 0 0 0 3.0 x 1017 1017 1016
Absorption coefficient (cm ~ 'Ev (2) SCAPS SCAPS SCAPS | Data file | Data file Data file
Table 2 — Simulation parameters of defect states densities and electron (hole) capture cross-sections
Parameters and units Zn0: Al Zn0 CdS CZTSe CZTS MoSSe
Defect type Single Donor | Single Donor | Single Acceptor Single Donor
0/+) (0/+) (-/0) (A)(D) (A)/D) (0/4)
Capture cross section 13 _15 13 14, -15 14, -15 _13
electrons (cm?) 5.0 x 10 5.0 x 10 10 3x10 /10 3x10 /10 10
Capture cross section 15 13 _15 - 14 ~16|_ 14 -16 _15
holes (cm?) 10 10 10 10 /9x10 |10 /9x 10 10-1
Energetic distribution Single Single Single Single Single Single
Reference for defect ener- Above Ev Above Ev Above Ev Above Ev Above Ev Above Ev
gy level E¢
Peak energy position Eaa,| 4 g5 1.650 1.20 0.2,0.7 0.2,0.85 0.8
Ecp (Ev)
Deep defect density (cm-3) 16 1 17 9.80%x10+15 9.80 x 1015 14
1.8 x 10 5.0x 10 6.0 x 10 3. 0X10+16 8.0 x 1016 4.0 x 10

Table 3 — The fundamental equations were used during the SCAPS 1D, simulation transmitted spectrum and computing
efficiency [29, 30, 39, 46]

Gaussian Defect

Range,
W W
[E¢- > Ec; E + 7EC]
E — Ep\?
E(E) = Npeas X exp[— (——) |
c

Ntot (Npeak) = EC Epeak

where E: is the energy level of the trap, E.is the characteristic energy, Ws is the width of the Gaussian energy
distribution (default 6.0 is used), N; I is the defect density in cm-3/eV, Npear is the energy density at the peak
of the distribution in cm -3/eV, and Nuw:(Npear) is the total integrated defect density on all energies cm 3.
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where, Npro (4, x) is the photon flux at each position of the layer, Npnowo (1) is the incident photon flux, Tjron(A)
is the front contact transmission, a(4) is the coefficient d ‘absorption, R is the internal reflection at the front
contact (the default value O is used), Rpacr (1) is the reflection at the rear contact (the default value 0 is used),
d is the thickness of the layer, x is the position in the shell, and G(x) is the rate of generation of electron-hole
pairs. This model only includes two contact reflections / transmissions and absorption in the semiconductor
layer. It does not integrate scattering, interference and intermediate reflections.
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_ Hn aEFn
Jn=——
q Ox
_ MaEFp
Pp=+ q Ox

where ¢ is the electronic charge, W is the electrostatic potential, p, n, p:, n: are respectively the free hole, the
free electron, the trapped hole and the trapped electron. Np*, Na- is respectively the doping concentration of
ionized donor type and the doping concentration of ionized acceptor type. E is the permittivity and go is the
permittivity of free space, J, is the current density of electrons, </, is the current density of holes, U, is the
rate of recombination of electrons, U, is the rate of recombination of holes, G is the generation rate, n is the
electron mobility, z4 is the mobility of the hole, Er, is the quasi-Fermi level of electrons, and EFr, is the quasi-

Fermi hole.

Spectrum transmit-
ted by top cell

3
S(A) = SO (A) exp(z - (amaten’ali(/_{)' dmateriali))

=1
S = So(D)- (exp (—@zno(D)-dzno) - exp (—acas(A)- deas)- €xp (—@zno (D). dzno)- exp (—czrs(A)-dezrs)
here, So(2) is the incident spectrum AM1.5G, are the absorption coefficient, and d represents the thickness of
the respective layer. Losses by interfacial reflection are ignored. In addition, materiall, material2 and mate-
rial3 refer to ZnO, CdS, CZTS, respectively.

FF = Vmax X Imax
Voe X Isc

~ Vo X IgcXFFX100
Pin

FF  andefficiency-
ofsolar cell

’

The optimal point between V=0 and V= Vi is Vinax, whereas Imax relates with Viax

4. RESULTS AND DISCUSSION

4.1 Modeling of CZTSe and CZTS Single Solar
Cells

The single junction solar cell structures are shown
in Fig. 3a: Al:ZnO/ZnO/n-CdS/p-absorber layer/MoSSe,
where the p-absorber layer is whether CZTS or CZTSe
materials, n-CdS is a wide band gap buffer layer, ZnO
is a window layer, as well as a passivation layer,
Al:ZnO is a TCO layer and MoSSe is a back contact
layer. The material properties are summarized in Ta-
ble 1 and Table 2, used to simulate the PV response for
the proposed single and tandem device structures.

4.2 Impact of the Absorber Layer, CZTS or
CZTSe, Thickness on Single Junction PV
Performance

In order to summarize the performance of both de-
vices with different thicknesses, the PV parameters are
quantified and plotted in Fig. 5a-h. Voc, Jsc, FF and
the efficiency () for the top cell are reported in Fig. 5a-
d, whereas for the bottom cell, the same parameters are
depicted in Fig. 5e-h. The results show that FF of the
CZTS solar cell decreases with increasing CZTS layer
thickness from 0.05 to 0.25 um and saturates with
further increase. Meanwhile, the FF of the CZTSe solar
cell increases with increasing CZTSe layer thickness
from 0.1 to 0.4 um and saturates with further increase.
Higher thickness increases the series resistance and
recombination rate, both these factors are responsible
for lowering the FF [42]. Jsc of the CZTS solar cell
shows a significant increase with increasing the CZTS
layer thickness from 0.05 to 0.25 um and saturates
with further increase, while, in the CZTSe solar cell,
Jsc shows a small increase with increasing the CZTSe
layer thickness from 0.1 to 0.4 um and saturates with
further increase. We found that the CZTS solar cell
exhibits relatively large Voc, Fig. 5c, as compared to
that of the CZTSe solar cell Fig. 5g. Although, a slight
increase in Voc for the CZTS solar cell with increasing
CZTS thickness is noticed, approaching the optimal
Voc, there is no significant effect of the thickness of
both solar cell absorbers. The high Voc of the CZTS

solar cell is mainly due to its larger bandgap compared
to the CZTSSe solar cell [27]. By increasing the CZTS
layer thickness from 0.05 to 0.255 pm for the CZTS cell
and the CZTSe layer thickness from 0.1 to 0.4 um for
the CZTSe cell, the conversion efficiency of the CZTS
and CZTSe solar cells is augmented from 5.8 to 14.37 %
and from 15.71 to 17.87 %, respectively, showing the
saturation after a critical thickness. Clearly, the thick-
ness of 0.25 pm and 0.4 um is sufficient to achieve the
maximum PV response for CZTS and CZTSe solar cells,
respectively.

The simulation results of J(V) characteristics for
single CZTS and CZTSe solar cells are shown in Fig. 6,
and their PV parameters extracted from the corre-
sponding J(V) curves are given in Table 4. Clearly, our
results of simulation are in good agreement with the
results in [8], thus the parameters and model used in
the simulation are suitable and validate.
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Table 4 — Comparison of the photovoltaic parameter of single
CZTS and CZTSe solar cell with other single structures from
the literature

Structure |Jsc Voe V) |FF (%) |n (%) |Refs
(mA/cm?2)
CZTS sin-|20.205 |9.165 77.62 |14.37 |Present
gle cell (255 work
nm)
CZTS sin-|20.98 0.852 81.95 (14.67 |[8]
gle cell
(211nm)
CZTSe 40.02 5.924 75.37 |17.87 |Present
single cell work
(400 nm)
CZTSe 20.98 0.852 81.95 [14.67 |[8]
single cell
(2000 nm)
0 T T T T
NE 104
$
£
> -20
g
%
13 =304
-40 4 ——CZTSe single cell
——CZTS single cell
0.0 02 04 06 08 10
Voltage (V)

Fig. 6 — J(V) characteristics of single CZTSe and CZTS solar
cells

4.3 Modeling the Tandem Solar Cell in
CZTS/CZTSe

The structure of the CZTS/CZTSe tandem solar cell
is shown in Fig. 3b and the simulation parameters are
indicated in Table 1 and Table 2. The top CZTS and
bottom CZTSe cells are optically and electrically con-
nected with a transparent conductive oxide layer of
Al:ZnO. To model the transparent ZnO interconnect
layer in the tandem cell, one approach is used and is to
add an electrode that exactly covers the transparent
ZnO interconnect layer and attach a localized re-
sistance to it using the statement in SCAPS-1D [31].
By doing this, we are forcing the current to flow from
the anode to the cathode and preventing any current
from flowing through the extra electrode. Physically,
this can be justified by the fact that the interconnect
layer acts as a resistor allowing current to flow without
significant limitation. The resistance value can be used
to adjust the amount of current to flow through the
additional electrode, which helps control the resistance
of the intermediate layer [6, 42].

The electrical characteristic J(V) of the CZTS/CZTSe
tandem solar cell before optimization, under illumina-
tion by the 1.5 AM solar spectrum with a power density
of 100 mW/cm? is shown in Fig. 7.

To obtain the J(V) curves of the top and bottom
cells, the anode and cathode contacts of the top, CZTS,
cell were placed at the interconnect Al:ZnO layer and
the top Al:ZnO layer, respectively, while the anode and
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cathode contacts of the bottom, CZTSSe, cell were
placed at the back MoSSe layer and the interconnect
Al:ZnO layer, respectively. It is observed from Fig. 7
that the Jsc of the tandem solar cell is limited by the
lower Jsc of the top, CZTS, cell because the top and
bottom cells were current mismatched [30]. The tan-
dem Jsc value of 20.205 mA/cm? is approximately equal
to the top cell Jsct value of 20.21 mA/cm?2, while the Voc
value of the tandem cell, Voc=1.51V, is equal to the
sum of the top cell, Voct =0.92 V, and that of the bot-
tom cell, Vocb =0.59 V. From these results, the proper
functioning of the CZTS and CZTSe cells connected in
series forming the tandem solar cell is demonstrated.
Moreover, the FF of the tandem cell, 67.36 %, is rela-
tively lower than that of the top cell, 77.62 %, and that
of the bottom cell, 75.37 %. Although there is a de-
crease in the FF, the increase in the Voc of the tandem
cell led to an improvement in its efficiency, 1= 20.68 %,
compared to that of CZTS (top) cell, n=14.37 %, and
CZTSe (bottom) cell, n=17.87 %.

0

T

-20

—— Bottom cell
Top cell
Tandem cell

-304

current density (mAIcmz)

-40 1

T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Voltage (V)

Fig. 7 - J(V) characteristics of the CZTS top cell, CZTSe bot-
tom cell and CZTS/CZTSe tandem cell before fed with filtered
spectrum

4.4 Filtered Spectrum and Matching Current
the Tandem Solar Cell

This section is dedicated to the comprehensive
study of the CZTS/CZTSe tandem solar cell by employ-
ing the top and bottom cells discussed in previous sec-
tions. The AM1.5 spectrum, as shown in Fig. 3a, is
illuminated to the top cell and the transmitted spec-
trum, S(1), by the top cell is calculated with the help of
the absorption coefficient and thickness of all the layers
used in the top cell as stated in Table 3. Whereas the
bottom cell is exposed to the filtered spectra calculated
by using the transfer matrix method at various absorb-
er layer thicknesses in the top cell [44]. Initially, the
top cell is simulated by varying the absorber layer
thickness from 50 to 500 nm (to get eleven filtered
spectra), while doing so, the thickness of the rest layers
is kept constant. The filtered transmitted spectrum by
the top cell with various absorber layer thicknesses is
illustrated in Fig. 8.

Increasing the thickness of the top cell reduces the
transmission and corresponding filtered spectrum power
for the wavelengths below the cutoff wavelength of both
top cells, as shown in Fig. 3. This is attributed to higher
absorption in the top cell with an increase in thickness,
and it is worth noting that the absorber layer thickness
of only 50 nm reduces the power level of standard AM1.5
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spectrum from 1000 to 818.59 W-m-2 as shown in
Fig. 8a. It is evident from the plots that by varying the
thickness of the top cell for both solar cells from 50 to
500 nm, the number of photons transmitted by the top
cell to the bottom cell decreases. Consequently, it de-
creases the integrated transmitted power from 818.59 to
443.89 W/m? by the top cell, as shown in Fig. 8b. Hence,
we have augmented the thicknesses of both top and
bottom cells to match the maximum deliverable Jsc,
which is constrained by the limiting cell, i.e., top cell. To
achieve the same Jsc, the filtered power spectrum for
eleven different thicknesses of the top cell is used to
conceive the presence of the top cell with different ab-
sorber layer thicknesses from 50 to 500 nm, as shown in
Fig. 8a. These spectrum files are fed to the bottom cell to
measure its performance. Concurrently, the thickness
from 0.05 to 1 pm 1is to calculate all the possible thick-
ness value points where matching current is possible.
This effort resulted in the formation of the matching
current, Jsc, curve, as shown in Fig. 9a, at various
thicknesses of the top and bottom cells. Eleven intersect-
ing points are observed for the top cell thickness ranging
from 50 to 500 nm and bottom cell thickness ranging
from 100 to 1000 nm. After identifying the corresponding
top and bottom cell thicknesses to get matched JJsc from
the tandem solar cell, the top cells are re-simulated with
the current matched thicknesses under standard AM1.5
spectrum, and another set of filtered spectrums are con-
structed with considered thicknesses.

0, M 156 AM15G
Hd "

L VR
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Top cell lhickness
) 50 A o 500 A

e ey L AL e o e ey 0
01000 100 2000 2600 300 00 4000 500 1000 1500 2000 2500 3000 3500 4000
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Fig. 8 - (a) Filtered spectrum by the top cell with different
absorber layer (CZTS) thickness from 50 to 500 nm. The spec-
trum data of AM1.5 is also produced for the comparison.
(b) Integrated filtered spectrum power transmitted by the top
cell with different absorber layer (CZTS) thickness from 50 to
500 nm. The spectrum data of AM1.5 is also produced for the
comparison

Because the absorption coefficient a(hv) for solar
cell materials is not infinite, a solar cell of finite thick-
ness will not absorb all the incident light of photon
energy above the bandgap. Some light will be transmit-
ted (especially at photon energies near the band gap
where a is small) [45]. Electrically, the tandem solar
cell acts as two diodes connected in series and due to
this configuration, all the time equal current must pass
through each cell [42, 46]. Therefore, in tandem solar
cells, the thickness of both top and bottom cells is opti-
mized to have the same Jsc value [42]. Under the con-
dition of “current matching”, where the top, bottom and
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tandem cells have the same Jsc, corresponding to max-
imum conversion efficiency of the tandem cell [7, 45].

This has been done using computed filtered spec-
trum with different absorber layer thicknesses of the
top cell, as shown in Fig. 8a. To account for different
top cell thickness, eleven filtered spectra, as shown in
Fig. 8a, are illuminated on the bottom cell, and PV
parameters of the bottom cell are evaluated. Further,
for each filtered spectrum, the bottom cell thickness
also varies from 50 to 500 nm in 10 equal steps. The
Jsc values of the bottom cell under filtered spectrum
are used to determine the current matching condition
for the tandem solar cell, as shown in Fig. 9a. The cur-
rent matched conditions for the tandem structure are
obtained at the point of intersection of the top and bot-
tom cell current densities. The best obtained matching
current with the top cell thickness of 255 nm and bot-
tom cell thickness of 800 nm, which exhibits Jsc values
of 20.33 mA/ecm -2 and 20.26 mA/cm - 2, respectively, as
shown in Fig. 9a.

The Voc of the top, CZTS, and bottom, CZTSe, solar
cells as a function of the top, CZTS, layer thickness in a
CZTS/CZTSe tandem solar cell is shown in Fig. 9b. The
Voc of the top cell increases with CZTS layer thickness.
This is mainly because that the thicker CZTS absorber
layer will absorb more photons with longer wavelength,
which will, in turn, make a contribution to the genera-
tion of electron hole pairs [7]. However, the Voc of the
bottom cell at different thickness is nearly independent
of the variation of the CZTS layer thickness.
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Fig. 9 - (a) Variation of the current density of the CZTS top
and CZTSe bottom cells at different thicknesses and (b) open-
circuit voltages of the top CZTS and bottom CZTSe solar cells
as a function of the top CZTS layer thickness in a
CZTS/CZTSe tandem solar cell

The matched Jsc values are summarized in Fig. 10a
for absorber thickness of the top and bottom cells. We
observed that the thickness of the top, CZTS, cell for
matched tandem solar cell structure varies significant-
ly for different bottom, CZTSe, cell thickness. This
variation suggests that the current matching condition
can be achieved at the relatively lower top, CZTS, cell
thickness as compared to that of the bottom, CZTSe,
cell thickness.

Under current matching conditions at the optimal
CZTS layer thickness of 0.255 ym and CZTSe layer
thickness of 0.8 pm, the J(V) characteristics of the top,
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bottom and tandem cells are plotted in Fig. 10b. The
PV parameters at the current matching point are
summarized in Table 5. The Jsc of the top, bottom and
tandem cells are all equal to the maximum
Jsc =20.33 mA/cm2. The Voc of the tandem cell, 1.48 V,
is equal to the sum of the Voc of the top cell, 0.917V,
and the bottom cell, 0.567 V. The 7 of the tandem solar
cell, working at current matching condition and after
fed with filtered spectrum, is improved to 22.91 % com-
pared to the conversion efficiency 20.68 % obtained for
the CZTS/CZTSe tandem cell working at mismatched
Jsc and before fed with filtered spectrum. Compared to
previous simulation studies, Table 6, by SCAPS-1D
software, our simulated CZTS/CZTSe tandem solar cell
n of 22.91 % is in good agreement with simulation re-
sults found in the literature [18, 27, 8, 47].
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Fig. 10 — (a) Thickness of the top CZTS cell versus different
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dem cell under short-circuit current densities matching and
after fed with filtered spectrum

Table 5 — Optimized photovoltaic parameters of top, bottom and tandem solar cells under short-circuit current densities matching

and after fed with filtered spectrum

Structure Jsc (mA/cm?) V. V) FF (%) 1 (%)
CZTS single cell (255 nm) 20.33 0.917 77.56 14.46
CZTSe single cell (800 nm) 40.55 0.594 75.48 18.17
CZTS top cell in tandem structure (255 nm) 20.33 0.917 77.56 14.46
CZTSe bottom cell (800 nm) under filtered spectrum by 20.26 0.567 73.65 8.48
top (255 nm)

Tandem cell with top (255 nm) and bottom (800 nm) 20.33 1.484 75.94 22.91

Table 6 — Comparison of PV parameters of present work with
other tandem structures from the literature

Structure (m P]jémZ) K‘}C) (Fo/f; n(%)| Refs
CZTSICZTSe 19.17 1.43(72.60(19.86|[44]
(0.2 um/0.85 pm)

CZTS/CTS 24.85 1.41 (62.04(21.77|[39]
(0.7 um/0.8 pum)

CZTSICZTSe 20.98 1.32(78.20|21. 7 |[8]
(0.211 pm/2 pm)

CZTS/CZTSe 20.4 1.1 |81.30(19.25|[25]
(0.147 pm/3 pm)

CZTS/CZTSe 20.33 1.48175.94|22.91 |Present
(0.255 pm/0.8 pm) work

5. CONCLUSIONS

Based on the SCAPS-1D simulator, we presented a
numerical simulation to analyze the performance of
single CZTS and CZTSe solar cells and a tandem,
CZTS/CZTSe, solar cell under the AM1.5 light spec-
trum. The J(V) characteristics and associated PV pa-
rameters were determined. We first simulated sepa-
rately optimized single CZTSe and CZTS solar cells and
found conversion efficiencies of about 7= 14.37 % and
n=17.87 %, respectively, which is in good agreement
with simulation results. Then we studied the perfor-
mance of the CZTS/CZTSe tandem solar cell with CZTS
as the top cell and CZTSe as the bottom cell. An en-
hancement in the conversion efficiency of 20.68 % was

achieved for the CZTS/CZTSe tandem solar cell struc-
ture with arbitrary normal thicknesses of the top and
bottom cells. Lower Jsc limitation and Voc superimpo-
sition characteristics of the series connection of the top
and bottom cells were demonstrated. Finally, the top
cell was illuminated with standard AM1.5 spectrum,
whereas the bottom cell was analyzed under the fil-
tered spectrum by the top cell. For realistic tandem
operation, the current matching conditions were exam-
ined by varying the absorber layer thickness in both
top and bottom cells. The best 7 of the CZTS/CZTSe
tandem solar cell at 22.91 % was achieved at an opti-
mal thickness of the CZTS layer of the top cell,
0.255 um, and of the CZTSe layer of the bottom cell,
0.8 um, where the bottom cell was fed with the filtered
spectrum by the top cell. The condition of matching
current, where the top, bottom, and tandem cells have
the same short-circuit current density of 20.33 mA/cm?2,
which is also the maximum of the tandem cell Jsc at an
optimal thickness of the top and bottom cells, must be
satisfied for the maximum 7. The present study showed
that a CZTS/CZTSe tandem solar cell design improved
the performance of these single CZTS and CZTSe cells
due to the absorption of more solar photons.
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MopnesroBanua raugeMHoro couaaHoro ejiemenry CZTS/CZTSe 3a normomororo
nporpamMmuoro 3adeaneuenua SCAPS-1D

Leila Ghalmil, Souhila Bensmaine!, Mourad Elbar2, Slimane Chala23, Hayat Merzouk!

1 Materials and Renewable Energy Research Unit, Faculty of Sciences, Abou Bekr Belkaid University,
13000 Tlemcen, Algeria
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3 Institute of Electrical and Electronic Engineering, M’ Hamed Bougara University, 35000 Boumerdes, Algeria

CoHSIYHMIT CIIEKTD MOKe OyTH PO3[IJIeHUN TAHIEeMHUMU COHSYHUMU €JIEMEeHTaMU Ha KLJIbKa cybesieMe-
HTIB, SIKI MAIOTh Pi3HI IMUPUHKA 3a00POHEHOI 30HU 1 epeKTUBHIIIE IePEeTBOPIIOTEH CBITJIO B €JICKTPUKY, HIK
OoKpeMi esreMeHTH. Y poboTi MomeoBauHsa doroenexrpuynux (PV) xapakTeprucTUK TAHAEMHOIO COHSYHOIO
enementy CZTS/CZTSe ua ocHOBI cTpYKTYp cyabdiny mMimi-nuuKy-0s10Ba (CZTS) sk BepXHBOr0 €JIeMeHTY Ta
cesieHiny Mimi-imHKY-0s10Ba (CZTSe) K HMKHBOrO ejleMeHTy OyJI0 BUKOHAHO 34 JOIOMOIOI0 CHMYJIATOPA
SCAPS-1D npu ocsitsensi AM1.5. Cnouarky 0yJI0 BAUKOHAHO MOJEIIOBAHHS OKPEMUX COHSYHUX €JIeMEHTIB
CZTS i CZTSe i orpumano ederTuBHicTh Bimmosiaao 14,37 % 1 17,87 %, 110 100pe y3romKyeThes 3 HASABHHU-
Mu pesyiabratamu. Jlo momadvl BindinbTpoBaHOro crekTpy 3mogesaboBaHl PV mapamerpu TaHIeMHOIO COHSTY-
noro esnementy CZTS/CZTSe marors ederruBHicTs neperBoperHs (7) 20,68 % 1 rycTuHy CTpyMy KOPOTKOTO
samukanssa (Jsc) 20,205 MA/cM2 1718 BEpXHBOTO TA HUKHBOIO €JIEMEHTIB 3 IOBIILHOI HOPMAJIBHOK TOBIIM-
Howo. Kpim Toro, mo6 qocarty y3rogskeHHsT CTPYMY, K BEPXHIM, TaK 1 HUKHINA eJIeMeHTH OyJIn JOCIIII/KeHL
IpY pis3HIN TOBIIMHI TaHJeMHOI KOH(Iryparrii, KoJIu TOBIIWHI BEPXHBOTO Ta HUKHBOTO eJIEMEeHTIB Oy Bif-
moBigHo B manasonax 0,05-0,5 mxm 1 0,1-1 mem. [IpoayKRTuUBHICTS TAHIEMHOTO COHSAYIHOTO €JIEMEHTY BU3HA-
yaJacs IicJIst oadl BiadiabTpOBAHOIO CIEKTPY Ta Y3TOAKEeHHS CTPYMY. SHAUYEHHS JSC TAHIEMHOTO COHSIY-
Horo enementy CZTS/CZTSe cranosuts 20,33 MA/cm? mutst ToBuuam 0,255 MM BepxuabOTo, CZTS, etementy
ta rtopmwmHu 0,8 MmeMm Hum:kHBOrO, CZTSe, entementy. Makcumanbuuii 7, piBuuit 22,98 %, mocsraerbes IJIst
KOHCTPYKIII TaAHAEeMHOI CTPYKTYPH 3 IMIABUIIEHHAM Hanpyru xosocroro xoay (Voc) Ha 1,48 B.

Karouosi cnosa: Monemoanausa, SCAPS-1D, Taunemuuii conaunnii exement CZTS/CZTSe, Varomxenus
cTpymy, BindiasTpoBaHuil CIIeKTp.
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