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Organo-halide perovskites in planar heterojunction architecture have shown considerable promise as efficient light
harvesters in solar cells. We carry out a numerical modeling of a planar lead based perovskite solar cell (PSC) with
Cu2ZnSnS4 (CZTS) as the hole transporting material (HTM) using the one-dimensional solar cell capacitance simulator
(SCAPS-1D). The effects of numerous parameters such as defect density, thickness, and doping density of the absorber layer
on the device performance are investigated. The doping densities and electron affinities of the electron transporting material
(ETM) and the HTM are also varied to optimize the PSC performance. It has been observed that a thinner absorber layer of
∼220 nm with a defect density of 1014 cm−3 compared to the reference structure improves the device performance. When
doping density of the absorber layer increases beyond 2×1016 cm−3, the power conversion efficiency (PCE) reduces due
to enhanced recombination rate. The defect density at the absorber/ETM interface reduces the PCE as well. Considering a
series resistance of 5 Ω·cm2 and all the optimum parameters of absorber, ETM and HTM layers simultaneously, the overall
PCE of the device increases significantly. In comparison with the reference structure, the PCE of the optimized device has
been increased from 12.76% to 22.7%, and hence the optimized CZTS based PSC is highly efficient.

Keywords: CH3NH3PbI3, Cu2ZnSnS4 (CZTS), SCAPS-1D, absorption coefficient

PACS: 88.40.H–, 88.40.hj, 88.40.fc DOI: 10.1088/1674-1056/ab520f

1. Introduction
The rate of energy consumption increases to cope with

economic development. However the source of nonrenewable
energy decreases gradually. Among other renewable energy
sources, solar cells have drawn a great deal of attention from
researchers. Over the past decade, many studies have been car-
ried out on organo-halide perovskite solar cells (PSCs).[1–4] In
comparison with traditional solar cells, they have simpler pro-
cessing techniques, higher power conversion efficiency (PCE),
and lower cost.[5] In 2009, Miyasaka et al. first introduced the
PSCs using MAPbI3 (MA = CH3NH3) and MAPbBr3 as light
harvesters although their PCEs are low (3%–4%).[6] Recently,
the PCEs of lead based PSCs have reached ∼22.1%.[1,7] The
PCEs have reached above 25% when PSC is used in sili-
con based tandem solar cells.[8] The absorption coefficient of
MAPbX3 is very high (103–104 cm−1) along with high charge
carrier mobility (2–66 cm2·V−1·s−1).[7] The tunable band gap
(1.55–2.50 eV) property of this material can be utilized to
make colorful solar designs.[9] In addition, MAPbX3 based
thin films have charge carrier life time of ∼270 ns and carrier
diffusion length of 100–1900 nm.[7]

The planar PSC structure, where a thin perovskite layer
is sandwiched between layers of a hole transporting material
(HTM) and an electron-transporting material (ETM), is pre-
ferred due to simple fabrication technique.[10] According to
the order of preparation, the planar PSC structure can be either
n–i–p or p–i–n. Organic compounds, such as spiro-MeOTAD,

PEDOT:PSS, PTAA and P3HT are the commonly used HTMs
in the case of high-efficient PSCs.[2,11–13] However, most of
the organic based HTMs are unstable and costly. The reduc-
tion in PCE of spiro-MeOTAD based PSC is more than 50%
after 15 days under moisture and heat.[14] The complex and
time consuming synthetic process make the spiro-MeOTAD
based PSCs costly as well.[2] PEDOT:PSS is chemically unsta-
ble due to its acidic and hygroscopic nature.[15] The contrac-
tion of PEDOT conductive grains leads to the thermal instabil-
ity of PEDOT:PSS films.[15] The PCE of PEDOT:PSS based
PSC reduces by 40% within 10 days.[16] The highest PCE
achieved by PTAA based PSC is 21.2% and the PCE degrada-
tion is ∼5% in 20 days.[11,17] The PCE of pristine P3HT based
PSC is only 14.3% and degraded by 20% within 29 days.[18]

Inorganic HTMs are preferable as they are cheaper, more
stable, and simple to synthesize. Recently, Cu based HTMs
such as CuI, CuSCN, Cu2O, CuInGaSSe, and Cu2ZnSnS4

(CZTS) draw attention of researchers.[19–23] The reported PCE
of CuI based PSC is 17.6% and the PCE decreases by 8%
within 90 days.[22] Although its stability is comparable to
PTAA based PSC, the PCE is lower than the organic coun-
terpart. Its mesoporous structure increases the process com-
plexity and hence industrially less preferable.[24] The PCE of
CuSCN based inverted planar PSC is 15.6% and degraded by
20% within 2 days.[19] A PCE of 13.35% is achieved by Cu2O
based inverted planar PSC and sustained above 90% of initial
value for 70 days.[20] Another mesostructured PSC with CuIn-
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GaSSe as HTM achieves a PCE of 9.15% and sustained 90%
of initial value for 5 days. Kesterite materials, e.g., CZTS,
are an efficient light harvester for thin film solar cells due to
their high absorption coefficient (∼104 cm−1), optimal band
gap (1.4–1.5 eV) for solar energy conversion, high hole mobil-
ity (6–35 cm2·V−1·s−1), and earth abundant constituents.[25]

However, the highest PCE of CZTSSe based thin film so-
lar cell is 12.6%.[21] Wu et al. have shown that Cu2ZnSnS4

(CZTS) can be used as a nontoxic and low cost HTM in pla-
nar lead based PSC.[25] It increases the light absorbance of the
device and hence increases the short circuit current density of
the PSC. Surface recombination can also be reduced by using
CZTS layer as an HTM in PSCs.[25] Zuo et al. have employed
CZTS nanoparticle as an HTM in lead based planar PSC and
achieved a PCE of 13.41%.[26] They have also demonstrated
an improved crystallinity of the perovskite film. In another
work it has been exhibited that CZTS based PSC sustains more
than 98% of its initial PCE for 3 days.[21] For ETM, TiO2 is the
most widely used materials both in planar and mesostructured
PSC.[27] Currently the PCE of planar PSCs is lower than the
mesostructured devices.[28] Apart from experimental works,
a theoretical investigation is necessary to improve the perfor-
mance of the planar PSC. Many researchers have used one
dimensional solar cell capacitance simulator (SCAPS-1D) to
simulate the PSC and other thin film solar cells.[29]

Recently, Kabir et al. have analyzed the MAPbI3 based
PSC with CZTS as the HTM, and optimized a few parameters
such as absorber layer thickness and doping density of differ-
ent layers to improve the PCE of the device.[30] In this paper,
the defect density, doping concentration, and thickness of the
absorber layer are varied to optimize the device performance.
The effects of doping concentration and the electron affinity of
the HTM and the ETM on the device performance have been
investigated. The hole mobility of the HTM and the defect
density at the ETM/absorber and absorber/HTM interfaces are
also varied to improve the PCE of the device. This work will
be very helpful to design a highly efficient lead based planar
PSC with CZTS as the HTM.

2. Simulation Method and Device Model
Many researchers used the SCAPS-1D solar cell simula-

tor to analyze the device performances such as quantum effi-
ciency (QE), energy band diagram, J–V curve, fill factor (FF),
power conversion efficiency (PCE), short circuit current den-
sity Jsc and open circuit voltage Voc. Figure 1 shows the refer-
ence n–i–p planar PSC structure where the intrinsic absorber
layer (MAPbI3) is placed between the p-type HTM (CZTS)
and the n-type ETM (TiO2). The back metal contact is gold
(Au) and the fluorine doped tin oxide (FTO) is a transpar-
ent conducting oxide. The values of shunt and series resis-
tances of the reference PSC are 920.8 Ω·cm2 and 9.8 Ω·cm2,

respectively.[25] For simulation, two nano-scale (∼ 10 nm) hy-
pothetical interface layers (IL1 and IL2) are added between
the absorber and the ETM/HTM to consider the charge carrier
recombination.[31]

back contact (Au)

hole transport material (CZTS)

interface layer 2 (IL2)

absorber (CH3NH3PbI3)

interface layer 1 (IL1)

electron transport material (TiO2)

transparent conducting oxide (FTO)

glass substrate

Fig. 1. Structure of an n–i–p planar PSC.

Table 1 shows the various material parameters of differ-
ent layers considered in the simulation. The effective density
states of valance band and conduction band are considered
to be 1.8× 1019 cm−3 and 2.2× 1018 cm−3, respectively.[32]

At the back contact, the surface recombination velocities are
considered to be 1× 105 cm/s for electrons and 1× 107 cm/s
for holes.[32] At the front contact, the surface recombination
velocities are assumed to be 1× 107 cm/s for electrons and
1× 105 cm/s for holes. The defect type is neutral with gaus-
sian distribution and the characteristic energy is assumed to be
0.1 eV.[32] The value of capture cross section for both holes
and electrons is taken as 1× 10−15 cm2. The work functions
of front and back contacts are considered to be 4.41 eV and
5.10 eV, respectively.[32] The values of acceptor density, donor
density and defect density of various layers are considered to
validate the theoretical results with the experimental data.[25]

All the simulations are performed under 1000 W/m2 illumina-
tion, 1.5 G air mass and 300 K operating temperature.

Figure 2 shows the absorption coefficients (α) of different
materials which are taken from Website.[38] These values are
taken to avoid the empirical α calculated by the simulator. It
is evident from Fig. 2 that MAPbI3 has high α at wavelengths
from 325 nm to 750 nm and hence absorbs most of the incident
light at the visible spectrum. The peak value of α is at wave-
length of 380 nm. Figure 2 also shows that CZTS has high
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α at wavelengths from 325 nm to 1250 nm. The absorption
coefficient of CZTS is nearly constant at wavelengths from
325 nm to 1000 nm and then falls sharply at wavelengths from
1000 nm to 1320 nm. It is evident from Fig. 2 that MAPbI3

has higher α than CZTS up to 600 nm. Therefore CZTS con-

tributes to the light absorption of the PSC from 600 nm to
1100 nm, which increases Jsc of the device. It is also evident
from Fig. 2 that α of FTO decreases in the wavelength range
from 325 nm to 560 nm since the extinction coefficient of FTO
decreases up to wavelength 560 nm.[39]

Table 1. The material parameters of different layers considered in the simulation.

Parameters CZTS (HTM) IL2 CH3NH3PbI3 IL1 TiO2 (ETM) FTO
Thickness/nm 200 10 265 10 35 350

Relative permittivity εr 7[36] 6.5 6.5[32] 6.5 100[32] 9
Electron affinity χ/eV 4.1[37] 3.91 3.91[9] 3.91 4[32] 4

Band gap Eg/eV 1.49[25] 1.56 1.56[33] 1.56 3.26[35] 3.5
Hole mobility µp/cm2·V−1·s−1 20[37] 2 2[34] 2 0.006[32] 10

Electron mobility µn/cm2·V−1·s−1 25[37] 3 3[34] 3 0.006[32] 20
Acceptor density NA/cm−3 1.7×1018 – – – – –

Donor density ND/cm−3 – 5.6×1015 5.6×1015 5.6×1015 4.4×1017 9.1×1017

Defect density Nt/cm−3 5.1×1015 9.1×1021 1.4×1015 8.4×1020 1014 1.78×1018
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Fig. 2. Absorption coefficients of different materials.

3. Results and discussion
3.1. Model validation

Figure 3 shows the energy band diagram of the reference
PSC at equilibrium. It is evident from Fig. 3 that both the
CZTS and MAPbI3 act as absorber layers due to their apposite
band gaps. It is also evident from Fig. 3 that the band offsets
are suitable for the movement of charge carriers to the metal
contact escaping recombination. Considering the parameters
mentioned in Table 1, the device performance is obtained as
Voc of 1.06 V, Jsc of 20.49 mA·cm−2, FF of 58.73% and PCE
of 12.76%. It has been found that the simulated results are
very close to the experimental data of CZTS based PSC.[25]

3.2. Effect of the defect density of the absorber on the PSC
performance

The defect density of the absorber layer has a signifi-
cant impact on the device performance. Absorber with larger
grain size has lower defect density, longer diffusion length,
and higher charge carrier mobility.[40] Figure 4 shows the ef-
fect of defect density on the device performance. The other

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Distance from back contact/mm 

-2.5

-2.0

-1.5

-1.0

-0.5

0

0.5

1.0

1.5

2.0

2.5

E
n
e
rg

y
/
e
V

EFp

EFn

CZTS
FTO

CB

3.5 eV

3.26 eV
1.56 eV

1.49 eV

VB

CH3NH3PbI3 TiO2

Fig. 3. Simulated energy band diagram of the device.
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mance.
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device parameters are the same as those listed in Table 1. It is
evident from Fig. 4 that Voc, FF, Jsc and PCE do not change sig-
nificantly up to defect density 1015 cm−3 and then decreases
gradually. Low absorber defect density leads to longer diffu-
sion length, which reduces the carrier loss due to recombina-
tion and hence the performance of the device improves. On the
contrary, higher defect density causes shorter diffusion length
and hence charge carrier recombination increases.[40,41] As a

result, the device performance degrades significantly. Table 2
shows the relationship between the defect density and the dif-
fusion length of the absorber layer. It is evident from Table 2
that the diffusion length of the charge carrier increases with the
decrease in the defect density of the absorber layer. However,
the electron diffusion length does not increase significantly by
reducing defect density below 1014 cm−3. The results will be
useful for assessing perovskite film quality of lead based PSC.

Table 2. Variations of the charge carrier diffusion length with the defect density of absorber layer.

Defect density Nt/cm−3 3.1×1017 8.0×1016 8.0×1015 1.5×1015 3.0×1014 2.0×1014 1014

Diffusion length ln/µm 0.05 0.1 0.3 0.7 1.6 2 2.8

3.3. Effect of the thickness of the absorber layer

The thickness of the absorber layer affects the device per-
formance. Optimum absorber thickness ensures an efficient
charge collection by balancing both absorption and recombi-
nation altogether in the device.[42] Figure 5 shows the device
performance for various thicknesses of the absorber layer.
The other device parameters are the same as those listed in
Table 1. As the thickness of the absorber layer increases, Voc

increases up to 380 nm, and then decreases marginally. The
generation rate of the charge carrier increases due to higher
absorption of light. For thinner absorber, when the generation
rate is higher than the recombination rate, the Voc increases.
Again for thicker absorber, when the recombination rate is
higher than the generation rate, the Voc decreases. Figure 5
shows that Jsc also increases with the absorber layer thick-
ness up to 350 nm and then decreases. More excess carrier
generates with the increase in thickness due to enhanced light
absorption, and hence Jsc increases. The Jsc decreases when
the absorber thickness greater than the charge carrier diffu-
sion length due to enhanced recombination. Figure 5 also
shows that the FF decreases continuously with the absorber
thickness. It is evident from Fig. 5 that the PCE is maximal
at ∼ 220 nm thickness. As the absorber thickness increases,
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Fig. 5. Effect of the thickness of absorber layer on the device perfor-
mance.

more photon absorbs and hence, the PCE increases due to en-
hanced charge carrier generation rate. However for thicker
absorber, the carrier transport is limited by the enhanced re-
combination which reduces the overall PCE. This happens
when the thickness of the absorber layer is beyond the opti-
mal value.[42,43]

3.4. Effect of electron affinities of ETM and HTM

The band offset of the PSC structure plays an impor-
tant role in determining charge carrier recombination at the
interfaces.[44] It also quantifies the Voc of the PSC. The band
offsets can be tailored by changing the electron affinities of
ETM and HTM. Figure 6 shows the effect of varying the elec-
tron affinity of the ETM on the device performance. The other
device parameters are the same as those listed in Table 1. It
is evident from Fig. 6 that Voc, Jsc, FF, and PCE increase with
the electron affinity of the ETM and then decrease gradually.
The PCE decreases as the electron affinity decreases below
3.80 eV. The PCE also decreases as the electron affinity in-
creases beyond 3.90 eV. The PCE is optimized at 3.85 eV elec-
tron affinity of the ETM.
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Fig. 6. Effect of electron affinity of ETM on the device performance.

Figure 7 shows the device performance by varying elec-
tron affinity of the HTM. The other device parameters are the
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same as those in Table 1. It is noticeable from Fig. 7 that the
Voc decreases as the electron affinity decreases below 4 eV.
The Voc also decreases as the electron affinity of the HTM in-
creases beyond 4.10 eV. However, Jsc decreases significantly
as electron affinity increases beyond 3.90 eV. The device per-
formance is optimized at 3.90 eV electron affinity of the HTM.
Considering the optimized electron affinities for both the HTM
and the ETM, the device performance is found as Voc of 1.05 V,
Jsc of 24.11 mA·cm−2, FF of 61.28% and PCE of 15.57%.
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Fig. 7. Effect of electron affinity of the HTM on the device perfor-
mance.

3.5. Effect of the defect density at the interface

The interface quality at the heterojunction affects the de-
vice performance. Specially, interface defect density at the
absorber/ETM and absorber/HTM has a significant effect on
the device performance.[31,32] Figure 8 shows the J–V charac-
teristics of the PSC by varying defect density at the interface
layer IL2. The other device parameters are the same as those in
Table 1. It is evident from Fig. 8 that the defect density at IL2
does not affect the device performance significantly. Similar
results have been demonstrated by another work.[32] Figure 9
shows the J–V characteristics of the PSC by varying defect
density at the interface layer IL1. The other device parameters
are the same as those in Table 1. It is noticeable from Fig. 9
that the J–V curve shifts downwards with the increase in defect
density at IL1. As the defect density increases, more carriers
are trapped at the interface and are not available for conduc-
tion. As a result, the device performance deteriorates.[32] The
interface layer IL1 is closer to FTO than IL2 and hence, most
of the charge carriers are generated near IL1. The presence
of higher excess carrier near IL1 causes significant carrier loss
due to trapping. As a result, defects at IL1 have more effects
on the device performance than that at IL2. The similar ef-
fects for planar PSC structure have been observed by other

researchers.[32] Therefore, a high quality absorber/ETM inter-
face is essential for highly efficient lead based PSCs.
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3.6. Effect of doping densities of absorber, ETM, and
HTM

Doping plays a vital role to improve the performance of
the halide based PSC. As doping density increases, charge car-
rier concentrations also increases. However, ionized impurity
introduces scattering centers in the crystal structure which re-
duces the charge carrier mobility. Moreover, deep traps are
generated due to high doping density.[45] Figure 10 shows the
PCE of the PSC for various doping densities of the absorber,
ETM, and HTM. Different ranges of doping density for three
layers have been considered to show the significant effects.
The other device parameters are the same as those in Table 1.
Figure 10 manifests that the PCE of the PSC increases up
to 2.0× 1016 cm−3 doping density of the absorber layer and
then decreases sharply. With the increase in doping density
built in electric field enhances. As a result, the PCE of the
device increases.[46] It is evident from Fig. 10 that the PCE
increases for heavily doped ETM and HTM. The charge den-
sity increases with the increase in doping density, which in-
creases the conductivity of the ETM/HTM and hence the PCE
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of the device increases. It has been found that the PCE is op-
timum considering a doping density of 2.0× 1018 cm−3 and
1019 cm−3 for the ETM and the HTM, respectively.
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3.7. Determination of the optimized PSC structure

Table 3 shows the optimum parameters of the device. The
comparison of the device performance considering the various
optimum parameters and the reference structure parameters
are shown in Table 4. The series resistance has a significant

effect on the device performance. Considering all the opti-
mum parameters and a series resistance Rs of 9.8 Ω·cm2, the
device performance is as Voc of 1.15 V, Jsc of 26.29 mA·cm−2,
FF of 65.73%, and PCE of 19.83%. It has been reported that
a lower Rs of ∼ 5 Ω·cm2 can be achieved in the planar lead
based PSC.[43] For high performance thin film solar cells, Rs

is less than 1 Ω·cm.[43] Considering all the optimum parame-
ters and Rs of 5 Ω·cm2, the final optimum device performance
is as Voc of 1.15 V, Jsc of 26.45 mA·cm−2, FF of 74.61%, and
PCE of 22.7%. The simulated optimum device performance
is similar to the experimental data of mesostructured double-
layered halide architecture with costly organic HTM.[47] Fig-
ure 11 shows the J–V characteristic curves of the PSC con-
sidering the optimum parameters and the reference structure
parameters. The performance of the PSC can be improved fur-
ther by fabricating a highly uniform perovskite layer with large
grain size and long carrier diffusion length.[43]

Table 3. Optimum parameters of the device.

Parameters HTM IL2 Absorber IL1 ETM
Thickness/ nm – – 220 – –

Defect density Nt/cm−3 – 1016 1014 1016 –
Doping density/cm−3 1019 2×1016 2×1016 2×1016 2×1018

Electron affinity χ/eV 3.90 – – – 3.85

Table 4. Comparison of the performance between the reference structure parameters and the optimum parameters.

Parameters Reference Optimum defect density Optimum electron affinities Optimum defect Optimum doping Final
structure[25] and thickness of absorber of the HTM and ETM density of IL1 density of absorber optimization

Jsc/mA·cm2 20.49 19.71 24.11 20.83 24.71 26.45
Voc/V 1.06 1.06 1.05 1.09 1.05 1.15
FF/% 58.73 62.23 61.28 65.48 60.72 74.61

PCE/% 12.76 13.03 15.57 14.9 15.69 22.70
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Fig. 11. J–V characteristics of the PSC. The dotted line and the solid
line represent the simulated results considering the reference parameters
and the optimum parameters, respectively.

As mentioned above, CZTS has also been used as an ac-
tive layer in thin film solar cells. The best reported PCE of
CZTS based thin film solar cell is 11%.[48] Various synthesis
techniques have been used to improve the PCE of CZTS based
photovoltaic devices. The complex synthesis process forms

secondary phases which degrades the CZTS film quality and
hence limits the solar cell efficiency.[49]

4. Conclusion
A lead based PSC with CZTS as inorganic HTM has been

analyzed by SCAPS-1D device simulator. Consistent material
parameters are taken from the literature. The relative permit-
tivity, electron affinity, band gap, and charge carrier mobility
of the absorber layer are the same as those in the reference
structure. For the ETM and the HTM, the thickness, relative
permittivity, band gap, and defect density are also the same
as those in the reference structure. The simulated result illus-
trates that the performance of the reference PSC can be im-
proved taking an optimum absorber layer defect density of
∼ 5× 1014 cm−3. The optimum thickness of absorber layer
(∼ 220 nm) has been found, which increases the PCE. The
doping in the absorber layer has also been optimized to in-
crease the PCE from 12.76% to 15.69%. It has been observed
that a doping density beyond 2× 1016 cm−3 in the absorber

128801-6



Chin. Phys. B Vol. 28, No. 12 (2019) 128801

layer reduces the PCE of the device due to enhanced recom-
bination rate. Electron affinities of 3.9 eV and 3.85 eV for
the HTM and the ETM, respectively are found to increase the
PCE of the reference PSC from 12.76% to 15.57%. It has
also been found that the defect density at the absorber/HTM
interface has negligible effect on the device performance. The
defect density at the absorber/ETM interface has significant
effect on the device performance as most of the carrier gener-
ated near this interface. The overall PCE of the reference PSC
increases from 12.76% to 22.7% by considering a series resis-
tance of 5 Ω·cm2, and the optimum parameters of absorber,
ETM and HTM layers simultaneously. The PCE of the opti-
mized PSC has been increased significantly compared to the
reference structure. Hence, the optimized PSC structure with
CZTS as the HTM is highly efficient.
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