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We propose a dual junction Cu,ZnSnS4/Cu,ZnSnSe, (kesterite/kesterite) based tandem configuration and
analyze its prospect and viability as a solar cell. Cu,ZnSnS, and Cu,ZnSnSe,, both having the kesterite crystal
structure, are used as the main absorbers for the top and bottom of cells, respectively. We optimize the
thickness of the absorbers using optoelectronic simulations and investigate the effect of absorber thickness
on short circuit current density and open circuit voltage. The optimized thicknesses for peak efficiency are
found to be 200 nm and 850 nm for Cu,ZnSnS, and Cu,ZnSnSey, respectively. The maximum efficiency of
the tandem cell is estimated to be 19.87% including recombination effects such as Shockley—Read—Hall
(SRH) and radiative recombination mechanisms. We also investigate the effect of band gap on the
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Accepted 2nd January 2017
band gaps. Finally, we report that efficiency could be further enhanced by replacing the CdS buffer layer

DOI 10.1039/c6ra25704f with eco-friendly ZnS buffer layer and optimizing the tandem structure. The proposition and computational
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Introduction

In order to avoid negative irreversible effects of traditional energy
resources (such as fossil fuels or nuclear power plants etc.),
energy harvesting through solar photovoltaics is on the leading
edge among other renewable energy resources. Although silicon
based solar cells currently share about 85% of the total photo-
voltaic market,* chalcogenide-based thin film solar cells (such as
CIGS, CdTe, CZTS etc.) are being explored extensively among
other promising structures and may form the foundation of next
generation photovoltaics technology because of their high power
conversion efficiency (PCE), low material usage, direct and
tunable band gap and low deposition cost on a large area.'”
Despite the fact that Culn; _,Ga,Se, (CIGS) based solar cells hold
the world record efficiency value (21.7%)°® among all thin film
technologies, the usage of earth rarer costly metals (e.g. indium
(In), gallium (Ga)) makes their production limited. Kesterite
photovoltaics, utilizing Cu,ZnSnS, (CZTS), Cu,ZnSnSe, (CZTSe)
and Cu,ZnSn(S; _,Se,), (CZTSSe) absorbers, are emerging as one
of the most promising replacement for the chalcopyrite solar
cells through the substitution of the rarer metals In and Ga of the
CIGS absorber with comparatively earth-abundant and lower cost
zinc (Zn) and tin (Sn).*® In addition, kesterite absorbers exhibit
high absorption coefficient (>10* cm™*) and direct tunable band
gap in the range of 1.0-1.56 eV which allow effective absorption
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analysis presented in this work may help in achieving higher efficiency kesterite solar cells.

of incident photons in few microns' thickness of absorbers.'***
Moreover, their properties are closely related to CIGS absorbers
because of the similarity in crystal structure and isovalency."”*3**
All these facts make kesterite an interesting field of research.
However, kesterite solar cell currently suffers from open circuit
voltage deficit and poor efficiency. The highest efficiency re-
ported by single junction kesterite solar cell is 12.6% employing
CZTSSe absorber with an open circuit of 510 mV.*" The limiting
factors behind poor performance are bulk defects, secondary
phase formation, grain boundaries, kesterite/buffer layer and
kesterite/back contact interfaces.'®>'® Therefore, in order to
compete with existing solar cell technologies, significant research
and effort are needed.

Recently, Hsieh et al reported efficiency enhancement
through K-doping and optimization of n-type window layer."”
However, rear surface recombination and poor minority carrier
life time in kesterite absorbers significantly reduce the fill factor
of their reported cell. Another attempt was made by Neuschitzer
et al. by manipulating grain growth with Ge doping."® However,
shallow defects were identified in the cell for optimal and high Ge
doping which act as electron-hole recombination centers and
limit the photovoltaic efficiency significantly. Kim et al. enhanced
carrier life time by controlling the thickness of ZnS precursor
layer which increased the PCE of single junction kesterite solar
cell up to 9.1% with CZTSSe absorber." It was also reported that
the performance can be further improved with Al,O; rear surface
passivation layer with nanosized point openings by reducing rear
surface recombination and the impact of secondary phase
segregation.”® Further, interfacial microstructure and chemistry

This journal is © The Royal Society of Chemistry 2017
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of CdS/CZTS heterojunction were studied by Liu et al** They
improved the minority carrier life time by eliminating interfacial
defects with chemical bath deposition (CBD) process. However,
the disposal and waste recycling process in CBD could be
a matter of concern for industry.* Different types of hybrid buffer
layer were also used to increase open circuit voltage and effi-
ciency of kesterite solar cell.**?** Although noteworthy increases in
PCE of kesterite solar cell have been achieved in recent years,
further improvements are still required to enhance efficiency up
to the level of CIGS solar cells and to increase the commercial
viability of these types of photovoltaics.

In order to increase the open circuit voltage and enhance the
efficiency, tandem junction topology is an established technique.
Recently, Todorov et al. reported perovskite/CZTSSe solar cell
with an efficiency of 16%.>* The performance of their perovskite/
CZTSSe cell is limited by high resistance and low optical trans-
mission of aluminum (Al) layer. The cell suffers from stability
issues due to perovskite®® and increased fabrication cost due to
high annealing temperature.”” Moreover, other disadvantages of
perovskites such as limited device life time, poor crystallinity,
degradation under environmental influence,”® use of toxic metal
(lead),” uncontrollable surface morphology® etc., the use of
perovskite/CZTSSe need more organized research on perovskites.
Although, kesterite absorbers are suitable for both upper and
lower cells in multi-junction solar cells due to their tunable band
gap property, no kesterite/kesterite tandem cell has yet been re-
ported in literature. Such tandem junction solar cell would be
eco-friendly having low fabrication cost as well as printable with
existing technologies.**** Moreover, this may overcome the
limitations of perovskite/CZTSSe cell with the use of CZTS in
place of perovskite. In this work, we investigate the prospect of
kesterite/kesterite dual-junction tandem solar cells by computa-
tional analysis where CZTS (band gap ~ 1.56 eV)* and CZTSe
(band gap ~ 1.04 eV)* are used as absorber layers for top and
bottom cells, respectively. We optimize the structure to achieve
maximum efficiency out of these structures. We also analyze the
effect of top and bottom cells' band gap and composition of
buffer layer on the efficiency of our proposed tandem cell.

Simulation methodology

Fig. 1 represents the structure of a CZTS/CZTSe tandem junction
solar cell. CZTS and CZTSe are the main absorbing materials of
top and bottom cells, respectively. We have designed the top cell
architecture according to the experimental structure reported by
Shin et al.*” The cell layers are AZO/ZnO/CdS/CZTS. Here, CdS is
utilized as a buffer layer and n-doped transparent ZnO window
layer works as the top surface field layer. Aluminum doped ZnO
(AZO) is used to reduce the series resistance of the overall tandem
cell. The thicknesses of AZO, ZnO and CdS in the top cell are
400 nm, 50 nm and 70 nm, respectively. A 100 nm thick
magnesium fluoride (MgF,) is placed on top as an antireflection
coating layer. On the other hand, we have followed the experi-
mental design proposed by Wang et al.* to model the bottom cell
structure. The bottom cell consists of ZnO/CdS/CZTSe. The roles
of CdS and ZnO are similar to that of the top cell. The thicknesses
of ZnO, CdS and Mo in the bottom cell are 50 nm, 150 nm and
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Fig. 1 The structure of Cu,ZnSnS4/Cu,ZnSnSe, tandem cell.

500 nm, respectively. As shown in Fig. 1. Molybdenum (Mo) is
used as the back contact whereas Al contact with 10% coverage is
used as the front electrode. A tunneling junction made of ITO is
considered between the two cells. Such tunneling junction with
ITO has been experimentally fabricated by Todorov et al.*® Also,
CZTS/ITO and ITO/ZnO interfaces have been shown to be
experimentally realizable.**** Therefore, the proposed tandem
structure can be implemented with the existing fabrication
technology.

Study of the structure shown in Fig. 1 was done in two parts:
(a) calculation of absorption and carrier generation through
optical simulation and (b) estimation of PCE from electrical
simulation. In the optical part, we solved Maxwell's curl equa-
tions through finite difference time domain (FDTD) analysis to

—
find out the optical electric field (Eop) distribution inside

different layers. Each material was modeled by its respective
refractive index (n) and extinction coefficient (k) as a function of
wavelength. Then, the absorbed power (P,ps) can be calculated
from optical electric field distribution and imaginary part of
complex dielectric constant as

1 —

P = ) C’)‘Eop ('_}7 w)

3{6(7, w)} : (1)

where o is the angular frequency and ¢(7,w) is the dielectric
constant. The generation rate, G(7) was calculated according to
the following equations:

6(7) = J a(Fw)do )
g = T {'E_op’ col o). ©
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where £ is the Planck's constant. Periodic boundary condition
was used in horizontal (X) direction and perfectly matched layer
(PML) boundary condition was applied for top and bottom faces
(in Y-direction). AM 1.5G standard solar spectrum has been
used as the input radiation source.

The electrical characteristics were calculated in two steps. In
the first step, we simulated top and bottom cells separately and
calculated their characteristics features. In this regard, we

g solved the Poisson's equation, drift-diffusion equations and
T continuity equations (eqn (4)—(8)) self consistently for electrons
pr and holes and find the j-V characteristics, open circuit voltage
g (Voc), short circuit current (J.), fill factor (FF) and efficiency ()
g— of top and bottom cells independently.
o
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Fig. 2 Equivalent circuit for individual cells.
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where ¢4, is the dc dielectric permittivity, V is the electrostatic
potential (electric field, £ = —VV), p is the net charge density (p
=p — n+C, which includes the contribution C from the ionized
impurity density), /) is the electron (hole) current density, g is
the positive electron charge, unp) is the mobility of electron

(hole), Dyp is the diffusivity of electron (hole)

ksT
(Dn(p) = Un(p) BT), n and p are electron and hole densities,

respectively, Ry(p) is the net recombination rate (the difference
between the recombination rate and generation rate), kg is the
Boltzmann constant and T is the temperature (the subscripts n
and p indicate quantities that are specific to the carrier type).
Generation rate calculated from the optical simulation was
given as an input in the continuity equations and the equation
set (eqn (4)—(8)) were solved self-consistently. In this way, we
found the individual characteristics of top and bottom cells. We
have used Lumerical FDTD and Device solvers for the optical
and electrical simulations, respectively. The cells were modeled
by the equivalent circuit shown in Fig. 2. In the circuit, /1, is the
photon generated current density, Ry and Ry, represent series
and shunt resistances, respectively. The current density through
the diode, J4 can be calculated from:

qVa
Jd — JS <endkBT _ 1) ,

where J; is the dark diode reverse-saturation current, Vg is the
bias voltage across the diode and ngq is the ideality factor.
Once we obtained the model parameters of each cell, we
applied the series circuit rules on top and bottom cells’
parameters via Matlab simulink and generated the /-V charac-
teristics of the tandem cell (Fig. 3). The tunneling junction was
modeled as ohmic contact. One of the main advantages of using
this approach is that a comparison can be conveniently made
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Fig. 3
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(b)

(a) Topology of Cu,ZnSnS4/Cu,ZnSnSe, tandem stacks (b) circuit diagram of simulated overall tandem structure.
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with the performance of individual cells as well as their roles in
the tandem configuration could be clearly comprehended.
Using circuit model for computing tandem cell characteristics
is also computationally efficient.

Results and discussion

At first, we benchmarked the J-V characteristics derived from
circuit model with the device simulation results for each cell. To
match these characteristics, we first assumed that equivalent
circuit only comprised of a photon generated current source
(Jon), a diode (J4) and a shunt resistance (Rgp). Then, we simu-
lated the j-V characteristics from device simulation without
considering recombination and compared these characteristics
with the circuit model. In the next step, we calculated J-V
characteristics from device simulation considering recombina-
tion parameters and matched the same with circuit model
considering series resistance (R;) in the model. In order to get
the best possible match, we considered that ideality factor (nq)
is 1.01 and 1.015 for top and bottom cells, respectively. Jpp is
assumed to be equal to Js. and J; is calculated from V.. Series
resistances for both top and bottom cells are low enough to
validate the assumption J,, = Js.. The values of R; and Rgy, are
dynamically changed with absorber thickness to match the j-V
characteristics of device simulation. Typical matching of J-V
and P-V characteristics for 230 nm CZTS and 850 nm CZTSe
absorbers is shown for top and bottom cells in Fig. 4 and 5,
respectively. Also, Table 1 shows a comparison of V., Js., FF and
1 of the circuit model with device simulations.

As can be seen from Table 1, circuit model is capable of
reproducing the behavior of a cell under different conditions

— Device Simulation
2 & 15 [— Circuit Model
£ £
g — Device Simulation é 10
§, 10} — Circuit Model §,
= o °
0 0
V (Volts)
v (YaogS) (b)
NA
“‘E g 10
(8] 10 Device Simulati ;
2 — ?wc.e imulation g 5 /__Device
é — Circuit Model o Simulation
) 0 = Circuit Model
00 05 0 02 04 06 08
V (Volts) V (Volts)

(c) (d)

Fig. 4 Comparison between device simulation and circuit model for
top cell (@) J-V characteristic without recombination (b) P—V char-
acteristic without recombination, (c) J-V characteristic with recom-
bination and (d) P—V characteristic with recombination.
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Fig. 5 Comparison between device simulation and circuit model for
bottom cell (a) J-V characteristic without recombination (b) P-V
characteristic without recombination, (c) J-V characteristic with
recombination and (d) P—V characteristic with recombination.

(with or without considering recombination). Thus, we modeled
the experimental structures to benchmark our used parameters.
Table 2 shows the comparison of our model with experimentally
reported values. In this regard, the optical and basic electrical
parameters as well as recombination parameters were taken
from literature (optical,***>*° electrical********* (listed in Table
3)). We considered SRH recombination mechanism for bulk
defect and radiative recombination mechanisms for the direct
band gap nature of the absorbers. We used much less carrier life
time than that of the reported values in literature to predict the
minimum performance limit of the proposed tandem structure.

Having been convinced by the accuracy of our methodology,
we analyzed and optimized the performance of the proposed
CZTS/CZTSe tandem cell. To start the calculation with reason-
able values of absorber thicknesses, we first examined the
variation of PCE of top and bottom cells separately as a function
of absorber thickness (Fig. 6). As can be seen from the figure,
efficiencies of the top and bottom cells are maximized at
~800 nm and ~1200 nm thicknesses of CZTS and CZTSe,
respectively. Therefore, as a starting point of our analysis, we
chose a 600 nm thick CZTS and 1200 nm thick CZTSe absorbers
keeping in mind the advantages of using thin films (note that
we have later varied both absorber thicknesses within a wider
range to arrive at an optimum combination). This yields an
8.89% efficient tandem cell with V. = 1.124 V, J;. = 11.98 mA
ecm 2 and FF = 0.679. In this configuration, efficiencies of the
top and bottom cells are calculated to be 14.57% and 2.82%,
respectively. Therefore, the tandem cell actually produces

RSC Adv., 2017, 7, 4806-4814 | 4809
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Table 1 Comparison of performance metrics between device simulation and circuit model

Voe (V) Jse (MA cm™?) FF Efficiency (%)
Without recombination Top cell (CZTS) Device simulation 0.990 20.06 0.810 16.09
Circuit model 0.990 20.06 0.811 16.10
Bottom cell (CZTSe) Device simulation 0.569 18.43 0.768 8.05
Circuit model 0.568 18.43 0.767 8.04
With recombination Top cell (CZTS) Device simulation 0.906 19.93 0.731 13.20
Circuit model 0.905 19.79 0.744 13.32
Bottom cell (CZTSe) Device simulation 0.521 17.96 0.687 6.43
Circuit model 0.520 17.85 0.695 6.45
Table 2 Comparison of simulation results with the experimental data 20 14
of individual cells \
18 ~13
Voe (V) Jse(MAcm™?)  FF Efficiency (%) < S
S <
=~ 16 £
Top cell g st2
Experimental®  0.661 19.50 0.658 8.40 ST 3
Simulation 0.648  21.25 0.621  8.54 S 11
124 1
Bottom cell 200 400 600 80 )
Experimental™  0.513 35.20 0.698  12.60 CZTS Thick (nm) 200 400 600 800 1000 1200
Simulation 0533 33.91 0704  12.73 Ickness {nm CZTSe Thickness (nm)

a lower efficiency than that of the top cell. The primary reason
behind such poor performance of the tandem configuration can
be attributed to the mismatch of current densities in top and
bottom cells (Jsc,cop = 23.24 MA cm 2, Jsepottom = 11.05 mA
em 2, Voerop = 0.693 V, Voe bottom = 0.451 V). Furthermore, the
extra amount of current lost due to J;. mismatching (as the
tandem cell follows the cell with lower J ) may cause resistive
heating which could further degrade the performance of
tandem cell by lowering the band gap of the main absorbers."
To avoid these unwanted effects and maximize the efficiency of
tandem cell, current matching between top and bottom cells is
the most crucial factor similar to any tandem configuration.

(@) (b)

Fig. 6 Dependence of efficiencies of the top and bottom cells on the
thickness of CZTS and CZTSe, respectively (a) top cell 9, and (b)
bottom cell npottom-

Therefore, we attempted to match the short current density in
top and bottom cells by varying the thickness of main
absorbers. The results are summarized in Fig. 7.

Fig. 7(a) represents the dependence of tandem cell's 5. on
the thickness of CZTS and CZTSe absorbers. It is known that j.
of the tandem cell is approximately equal to the minimum J,. of
top and bottom cells, and it maximizes when J;. of top and
bottom cells equals to each other. In tandem configuration, top
and bottom cells absorb the shorter and longer wavelength

Table 3 Basic electrical parameters and recombination parameters used in simulations

Features CZTS (p)15,56,57 CZTSe (p)15,36,51 cds (n)58,59 7ZnS (n)52,55,58,59 7Zn0O (n+)53,54,58—60 AZO (n++)58,59,61
DC permittivity 7 7 10 9 9 9
Band gap (V) 1.56 1.04 2.42 3.58 3.37 3.37
Electron affinity (eV) 4.1 4.05 3.75 3.8 4 4
Electron effective mass (m./m,) 0.18 0.07 0.25 0.22 0.275 0.275
Hole effective mass (mp/m1,) 2 0.2 5 1.76 0.59 0.59
Electron mobility (em* V™'s™) 100 145 160 230 150 50
Hole mobility (cm®> V™' s71) 25 35 15 40 50 5
Acceptor concentration (cm ™) 5 x 10" 5 x 10" 0 0 0 0
Donor concentration (cm™?) 0 0 9 x 10" 9 x 10"° 1.5 x 10" 8 x 10'®

(top) (top)

5 x 10'° 5 x 10

(bottom) (bottom)
SRH (life time in seconds) 2.7 x 107*° 1.5 x 107° 75x 107  55x 107" — —
Radiative recombination 1.04 x 107 1.04 x 107 1.02 x 107 1.5 x 107" — —

(ehp capture rate em® s™")
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Fig. 7 Characteristics of tandem cell with the variation of the thick-
ness of the main absorbers (a) short circuit current density Js., (b) open
circuit voltage, V. (c) efficiency, niandem and (d) J—V characteristics of
optimized tandem cell where the thickness of CZTS and CZTSe are
200 nm and 850 nm, respectively.

photons of the solar spectrum, respectively. To match the Jg. of
both cells, optical power absorption in two cells must be
approximately equal. As the absorption depth of shorter wave-
length photons is lower than that of longer wavelength photons,
top cell absorbs a significant amount of radiation at a relatively
lower thickness of the absorber (~160 to 240 nm) which yielded
a higher J,. than that of the bottom cell as discussed above. To
be equal with the top cell's Js, thickness of bottom cell's
absorber must be increased. Loops in the Fig. 7(a) indicate
higher ji. regions where top and bottom cell's J;. matches
approximately. A maximum J,. of 19.17 mA cm™> was calculated
in the tandem cell with ~200 nm CZTS and ~850 nm CZTSe. If
the thickness of CZTS absorber is increased beyond 240 nm, it
utilizes the solar spectrum in such a way that leaves small power
behind for the bottom cell. In that case, Js. of the bottom cell
increases monotonically with the thickness of CZTSe absorber
and fails to match with the /. of top cell. Since we observe high
Jsc of tandem cell at multiple combinations of absorbers
thickness, it is necessary to analyze the effect absorbers thick-
ness on tandem cell's open circuit voltage, V..

We investigated the dependence of V,. on the absorber
thicknesses and obtained a similar contour plot as shown in
Fig. 7(b). The V,. of tandem cell is approximately equal to the
summation of individual V. of top and bottom cells, as expected.
To maximize V,. of the tandem cell, individual open circuit
voltages need to be maximized. In theory, V,. of a solar cell
increases logarithmically with optical generation rate. However,
recombination of electrons and holes significantly limits the
increment of V,, at higher thicknesses. It can be seen that V,,. of
tandem cell remains high in the region of ~140-260 nm CZTS

This journal is © The Royal Society of Chemistry 2017
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and ~850 nm CZTSe. Beyond that particular region, V,. of
tandem cell falls due to recombination effects and mismatch of
optical power absorption between top and bottom cells.

Finally, we analyzed the variation of tandem efficiency
(Meandem) With top and bottom cells’ absorber thicknesses. We
found that a maximum efficiency of 19.87% can be obtained for
a particular combination of thicknesses (~200 nm CZTS and
~850 nm CZTSe). Fig. 7(d) shows the J-V characteristics of
tandem cell at that particular combination while Fig. 8 shows
the absorption spectrum for the same. We also calculated the
efficiency of optimized tandem cell without recombination
effects. That yields to a 23.94% efficient CZTS/CZTSe tandem
cell with V,. = 1.542 V, Jsc = 19.83 mA cm 2 and FF = 0.785.
Therefore, it can be inferred that low minority carrier life time
significantly limits the efficiency of the CZTS/CZTSe solar cell by
decreasing its open circuit voltage and fill factor significantly. It
can also be noted that the proposed cell could yield 25% more
efficiency (>20% as opposed to 16%) than that of perovskite/
CZTSSe structure reported by Todorova et al.*

The experimentally reported tunable band gaps of CZTS and
CZTSe vary in the range of 1.4-1.56 eV and, 0.9-1.12 eV (ref. 15,
35 and 36) respectively which enabled the proposed tandem
configuration and thus far, we have used 1.56 eV and 1.04 eV as
the band gap of CZTS and CZTSe, in that order. Now, we
examine the dependence of tandem cell's V., Jsc and n on the
band gap of main absorbers (Fig. 9), keeping the absorber
thicknesses fixed at previously optimized values. Due to heter-
ojunction characteristics, built-in potential of top and bottom
cells increases with the band gap of absorbers.®> This increment
results in overall increase in the built-in potential of the tandem
cell. As a result, V. of tandem cell is enhanced and a maximum
value of 1.544 V was estimated (Fig. 9(a)). Moreover, the
collection probability of electrons and holes in a solar cell
increases with built-in potential which consequently increases
its Js.- As can be seen from Fig. 9(b), /. of tandem cell slightly
increases with the band gap of CZTS and CZTSe. However, the
increase in J, is relatively very small compared to the increase

x10°
Bottom cell
151 Top Cell
Tandem cell
E
IE 10 L
=3
2
n-(ﬁ
5 .
400 600 800 1000 1200 1400 1600

A (nm)

Fig. 8 Absorbed power spectrum (P,p,s) of top and bottom cells along
with the absorbed power of the tandem cell at different wavelengths (2).
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of Vo (7.69% (Vo) as opposed to 1.83% (Js)). Finally, Fig. 9(c)
shows the variation of efficiency with the band gap of the
absorbers. A maximum value of 21.74% was estimated when
band gap of CZTS and CZTSe absorbers are both at their
maximum values. It should be mentioned that kesterite being
a fairly new field in the solar cell arena, detail and concrete
material data as well as analysis are still not available for all
compositions (for example, variation of optical constants with
band gaps). Thus, in this band gap dependency analysis, we
have used the same refractive index and extinction coefficient
for all combinations, due to the absence of concrete optical data
in literature for tunable kesterites. The qualitative behavior of
Voo, Jsc and 7 is similar to that of other tandem cells.*

In closing, we studied the effect of buffer layer material on the
performance of our proposed cell. As cadmium (Cd) is toxic and
environment pollutant, from the industrial point of view, use of
CdS should be as less as possible.®*** ZnS, as an alternative buffer
layer, could replace CdS because of its eco-friendly nature and
cheap synthesis process.”” We investigated the performance of
tandem cell with ZnS buffer layer instead of CdS at the optimized
condition. Following the described optimization methodology, we
matched the current densities of top and bottom cells by varying
absorbers thickness (top cell's J;. = 19.47 mA cm™ 2, bottom cell's
Jse = 19.89 mA cm ). It was seen that the optimized thicknesses
of CZTS and CZTSe with ZnS buffer layer had changed to 230 nm
and 1200 nm, respectively. The same parameters listed in the
Table 3 were used in the simulation. ZnS film has a band gap of
~3.58 eV which is much higher than that of CdS (~2.42 eV).?575%
Due to its higher band gap and lower extinction coefficient,* most
photons pass through the buffer layer without absorption, and
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Fig. 9 Characteristics of tandem cell with the variation of bandgap of
the main absorbers (a) open circuit voltage, V. (b) short circuit current
density Jsc and (c) Efficiency of the tandem cell, niangem Where the
thickness of CZTS and CZTSe are 200 nm and 850 nm, respectively.
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Fig. 10 Comparison of absorbed power in the tandem cell with ZnS
and CdS buffer layers. Inset shows the difference in absorbed power
for the two cases [0 = Paps(ZNS) — Paps(CdS)I.

Table 4 Comparison between the optimized performance metrics of
tandem cell with CdS and ZnS buffer layers

Buffer layer Voe (V) Jec (MA cm™?) FF Efficiency (%)
CdS 1.431 19.17 0.726 19.86
ZnS 1.492 19.59 0.734 21.44

able to reach to the main active layers. Thus, an increment in the
thicknesses of main active layers was observed at the optimum
condition compared to the previous case (CdS buffer). It is also
found that the main absorbers utilize the solar spectrum slightly
more efficiently at some wavelengths for ZnS buffer (Fig. 10).
Moreover, the higher minority carrier mobility in ZnS (40 cm® V™"
s~ (CdS: 15 cm® V™' s7 1) facilitates a higher collection efficiency
of minority carriers. All these facts contribute to a higher J;. when
ZnS bulffer layer is used. In addition, V. also increases slightly
due to higher optical absorption at the optimized condition. In
total, 8% efficiency increment (relative) was observed when ZnS is
used as buffer layer. Table 4 gives a comparison between the
optimized performance of tandem cell with CdS and ZnS.

Conclusion

In summary, we analyzed the prospect of Cu,ZnSnS,/Cu,ZnSnSe,
tandem topology where both top and bottom cells have kesterite
structures. CZTS and CZTSe absorbers were used to utilize the
lower and higher wavelengths of solar spectrum, respectively.
Thickness of the absorbers was also optimized for current
matching condition of top and bottom cells and thereby best
performance metrics were estimated. The maximum efficiency
found from the calculation exceeds the previously proposed

This journal is © The Royal Society of Chemistry 2017
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perovskite/kesterite tandem topology. In addition, the band gap
analysis shows further enhancement in tandem efficiency when
higher band gaps are used. Such enhancement is achievable due
to the tunable property of kesterite. Finally, it was shown that
replacing the Cds buffer layer with ZnS buffer layer leads to overall
higher efficiency when the absorber layers are properly optimized.
The proposed structure could make an eco-friendly, cheap all-
kesterite solar cell with 7endem = 20%. The analysis presented
in this regard would help in optimizing such tandem devices.
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