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Abstract In recent years, organic-inorganic hybrid perovskite solar cells (PSCs)
have received more and more attention due to their high photovoltaic (PV) perfor-
mance, potentially high efficiency, simple cost-effective, scalable, and vacuum-free
fabrication techniques. However, the performance of PSCs is unstable when ex-
posed to continuous illumination, humidity, and high temperature, which hinders
the development of commercialization in the long run. The use of inorganic mate-
rials as photogenerated carrier transport layers can enhance the stability of PSC.
In this report, we designed a PSC model with a novel npp+ heterojunction cell
structure of Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/(Cu or Mo) and analyzed the
structure by varying the thickness and carrier concentration of each constituent
layer, working temperature, and back-contact metal work function using SCAPS-
1D solar cell simulator. The simulation addresses, in particular, the role of the
BaSnO3 as electron transport materials (ETM) and Cu2O as hole transport ma-
terials (HTM) for the device performance. Using BaSnO3 and Cu2O as ETM and
HTM, respectively, this article presents the optimization of cell parameters to im-
prove device performance with a predicted power conversion efficiency (PCE) of
32% for the modeled PSC. The proposed novel structure for PSC showed very good
PV performance stability on elevated temperature with the temperature coefficient
of PCE of only - 0.112 %K−1.
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1 Introduction

Solar energy is the fastest growing renewable energy in the world, and the net solar
power generation is growing at a rate of about 8.3% every year [1]. At present,
98% of the global market share is consists of seven commercial photovoltaic (PV)
technologies, of which thin-films PV technology, with a current growth rate higher
than that of crystalline silicon technology, only accounts for 13% of the total [2].
Thin-film PV technologies can reduce manufacturing costs, improve conversion
efficiency, and has excellent stability to harness solar energy under different en-
vironmental conditions, thereby providing more possibilities for integrating solar
cell modules with buildings [3]. Only a few commercial thin-film technologies, such
as CdTe and Cu(In,Ga)(S,Se)2 (CIGS), have achieved PCE of more than 20% [4].
Despite remarkable advances such as considerable PCE, low-cost and fast man-
ufacturing technology, smallest carbon footprint and lowest water use of CdTe
technology, the use of toxic and rare earth materials Cd is a limiting factor for
the industrial scalability of CdTe technology [5]. PCE higher than CdTe solar cells
and use of non-toxic elements are the great success of CIGS technology. So far,
the highest PCE of CIGS solar cells reached in Lab is 23.35% [4]. However, the
manufacturing technology of CIGS solar cells has proven to be more complicated
than Si and CdTe technology, as it contained four different elements, thereby con-
trolling film composition is a big challenge to commercialization of CIGS solar
cells. Moreover, CIGS solar cells are expensive as compared with more economi-
cal Si or CdTe solar cells, as it consists of scarce elements like gallium (Ga) and
indium (In) [6–9]. Solar cells based on the p-type kesterite based semiconductors
with copper, zinc, tin, and sulfur/or selenium (CZTS or CZTSe) as components
stand out from other thin-film solar energy harnessing materials for being com-
posed of low-cost, earth-abundant, and nontoxic elements. It was first identified as
a suitable absorbing material in 1988 [10] and according to literature, the record
efficiency of CZTS/CZTSe based TFSCs has increased from 0.66% in 1997 [11] to
12.6% in 2013 [12,13]. However, 31% theoretical PCE of CZTS-based solar cells
have been achieved by forming favourable band alignment between the buffers and
the absorber layer and reducing non-radiative recombination at the interfaces [14,
15]. The relatively low practical PCE of kesterite-based solar cells is attributed
to the larger potential fluctuations and high defects density in the absorber layer,
which in turn reduces the open-circuit voltage (Voc) drastically.

In recent years, hybrid halide perovskites (CH3NH3PbI3) have attracted ex-
tensive research interest as promising light harvesting materials (LHM) and turn
out to be one of the most important proprietary technologies in the photovoltaic
society because of their suitable optoelectrical properties, high efficiency, and low
fabrication costs. Initially, PSCs showed PCE of 3.81% using methylammonium
lead halide (MAPbI3) perovskites in 2009. In 2011, G. Park et al. synthesized
MAPbI3 quantum dots using iodine-based redox electrolyte and showed PCE of
6.5% [16]. However, the problem of device instability due to the dissolution of per-
ovskite in the polar liquid electrolyte and concerns about the lead content of halide
perovskites still exists [16]. Using solid-state hole transport materials (HTM), J.
Burschka et al. improved the stability of PSCs and demonstrated a stable PCE
of 13% in 2013 [17]. After achieving breakthrough PCE in 2013, a variety of syn-
thesizing technologies have been used in order to achieve a PCE of 20.1% [18–23].
The current record PCE for PSCs is 25.5% in 2020 [24], which is comparable to
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silicon-based cell and attracts more attention. According to the detailed balance
principle [25], it is predicted that the perovskite-based heterojunction solar cell
should achieve a maximum PCE of 37%. With the improvement of stability [26,
27], the effect of defects is reduced to an acceptable level [28,29], and the energy
band offset between LHM and ETM or HTM is still the main factor for hindering
PCE of PSCs [30–34].

PSCs with a conventional planar structure consists of an absorber layer made
of perovskite materials, deposit between an HTM and an ETM. There are various
inorganic and organic materials in hand to scheme the PSC. The overall perfor-
mances of all the devices depend on the careful choice of these components. Two
factors should be carefully considered while selecting materials for electron and
hole transport layers: first, the material’s ability to extract and transport charges,
and second, the alignment of energy levels in the different layers. In almost all
architectures used for PSCs, it is essential to use HTM to extract holes from
the perovskite and transport them to the back-electrode. To date, the most em-
ployed HTM for PSCs is Spiro-OMeTAD, reported by U. Bach et al. more than
two decades ago [35]. However, it was found that the charge mobility was not
optimum in Spiro-OMeTAD and its semiconducting properties can be improved
by using cobalt-based dopants and ionic salt [36]. Moreover, the high cost and
low stability of HTMs like spiro-OMeTAD and PTAA make them unsuitable for
commercialization of high-performance PSCs. In addition, PSCs based on organic
HTM suffer from degradation in moisture and air. The stability issues of organic
HTMs are mostly attributed to the additional dopants and additives, so develop-
ment of dopant-free organic HTM is another pathway to achieve a high stability
and the PCE over 23% based on the dopant-free organic HTM has been delivered
[37]. On the other hand, an HTM-free perovskite solar cell is an alternative option
to achieve air and moisture stability [38].

Inorganic materials have been investigated as HTMs due to their inherently
high stability, high hole mobility, and low fabrication cost. Inorganic HTM for
PSCs such as CuI, CuO, NiO, and copper thiocyanate (CuSCN) have received
a lot of attention [39,40]. The PCE of PSCs using aforesaid inorganic HTMs
was an encouraging value, but not competitive. Therefore, it is necessary to find
highly stable and suitable HTM and ETM for PSCs to show air-stable PCE for
a long time. In DSSC and in OPV devices, p-type nickel oxide (NiO) has been
successfully used as a HTM due to its wide band gap. In this context, Cu2O is
used as the HTM for PSCs in this study, due to its ideal band gap, improved
charge mobility, and stability over Spiro-OMeTAD and other organic HTMs. M.
I. Hossain reported that the device including Cu2O as hole transport material
among the aforementioned HTMs showed the highest PV performance [41].

ETMs such as SnO2, TiO2, ZnO, PCBM, C-60, etc. have been researched due
to its ability to increase the cell performance significantly by collecting electrons
more efficiently and reducing electron-hole recombination at the absorber/ETM
interface [42,43]. The most common metal-oxide ETM for high-performance PSCs
are mesoporous and planar TiO2. However, due to the low carrier transport and
mobility properties of TiO2, it suffers from strong recombination of electrons [44].
As the ETM layer in PSCs, nanorods, zinc oxide (ZnO) and nanoparticles lead
to PCE as high as 15.9% and 11.1%, respectively [45,46]. Baena et al. reported
a highly efficient planar PSC with a PCE of 18 % using SnO2 as an ETM [47].
Uniform deposition of PCBM as ETM on the perovskite layer and maintain high
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electron mobility are critical issues. Chen et al. adopted NiO and doped NiO as
ETM and achieving PCE of 16.2% with device stability was more than 7 days [48].
In this study, we propose to use inorganic barium stannate (BaSnO3) (perovskite
crystal structure) as the ETM of PSC for the first time. The main motivation
for using BaSnO3 as ETM is due to its suitable conduction band offset (CBO)
(+0.03 eV) at the BaSnO3/CH3NH3PbI3 interface, very low optical absorption
in visible range, high electron mobility at room temperature [49], and its ability
to block holes because of its deep valence band (VB) position. Moreover, because
BaSnO3 has the same crystal structure as CH3NH3PbI3, the dislocation and defect
density of the BaSnO3/CH3NH3PbI3 interface will remain low, thereby improv-
ing the interface quality. In addition, the large bandgap of BaSnO3 can reduce
light absorption in the same layer. In this work, we introduce and numerically
assess the novel npp+ heterojunction PSC with the following device configura-
tion (Al/ITO/BaSnO3/ CH3NH3PbI3/Cu2O/Cu or Mo) by SCAPS-1D. Here, Cu
(111) with the metal work function of 4.94 eV [50] or Mo is used as back con-
tact materials, while, Al is used as front contact materials. The PV performance
parameters are studied by tuning the back-contact metal work function, working
temperatures and the thickness, carrier concentration, defect density of different
layers to obtain an optimum cell performance.

2 Numerical modelling and simulation parameters

Simulation can show the physical operation, the feasibility of the proposed physical
model, and is a basic method to understand the operation of the device, and how
the device parameters immediately affect the physical operation and performance
of the solar cell device without spending a lot of money and waiting for a long time.
Planar heterojunction structure was adopted for CH3NH3PbI3 based perovskite
solar cells with the layer configuration of front contact (Al)/ITO/BaSnO3/CH3NH3-
PbI3/Cu2O/back contact (Cu or Mo). In this work, we use the Solar Cell Capac-
itance Simulator (SCAPS-1D) to analyses the photovoltaic (PV) performance of
CH3NH3Pb¬I3 based perovskite solar cells. SCAPS-1D is based on the solution
of three governing transport equations in semiconductor; Poisson’s equation, con-
tinuity equations for free electrons and holes [51]. Under one-dimensional and
steady-state conditions, SCAPS is capable of solving these three coupled differen-
tial equations and then calculates the electrostatic potential and the quasi-Fermi
level for holes and electrons at all point in the solar cell and finally calculate the car-
rier concentrations, electric fields, and other device performance parameters. The
material parameters of various layers, as it is important and ultimately determine
the relative accuracy of simulated results, are selected precisely from authentic
literature. In some cases, input parameters are taken from reasonable assumptions
to reflect the possible results under actual experimental conditions. Table 1 lists
the essential parameters for different layers of the device and their values used to
perform the simulation. A single-level defect with Gaussian energetic distribution
is introduced into the bulk region of each semiconductor layer. Losses due to re-
combination at each interface (CH3NH3PbI3/BaSnO3 and Cu2O/CH3NH3PbI3)
is accounted by introducing reasonable neutral interfacial defects, shown in Ta-
ble 1. The work function, reflectivity, and surface recombination velocity are the
characteristic features of the front and back contact materials. The reflectivity at
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Table 1: Material parameters used for simulating
(Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or Mo) solar cell [41,58–60].

Parameters ITO BaSnO3 CH3NH3PbI3 Cu2O

Layer type Window ETM Absorber HTM
Conductivity type n n p p+

Thickness (nm) 50 50–150 400 – 1150 150
Bandgap Eg (eV) 3.5 3.16 1.55 2.17
Electron affinity, χ (eV) 4.5 3.90 3.93 3.21
Relative permittivity εr 8.9 17 6.5 7.11
Effective conduction band density of states NC (cm−3) 2.2×1018 1.2×1019 2.2×1018 2.02×1017

Effective valance band density of states NV (cm−3) 1.8×1019 1.8×1019 1.0×1018 1.1×1019

Electron thermal velocity (cms−1) 107 107 107 107

Hole thermal velocity (cms−1) 107 107 107 107

Electron mobility, µn (cm2V −1s−1) 10 200 10 200
Hole mobility, µp (cm2V −1s−1) 10 25 10 80
Donor concentration, ND (cm−3) 1021 1017–1022 0.0 0.0
Acceptor concentration, NA (cm−3) 0.0 0.0 1014–1018 1017–1022

Defect type Acceptor Acceptor Donor Donor
Energetic distribution Gaussian Gaussian Gaussian Gaussian
Peak defect density, Nt (eV−1cm−3) 1016 1016 1014–1017 1016

Characteristic energy (eV) 0.1 0.1 0.2 0.1
Reference energy (eV) 0.6 0.6 0.6 0.6
Electron capture cross section for acceptor defect (cm−2) 10−15 10−15 – –
Hole capture cross section for acceptor defect (cm−2) 10−15 10−15 – –
Electron capture cross section for donor defect (cm−2) – – 10−15 10−15

Hole capture cross section for donor defect (cm−2) – – 10−15 10−15

Defect density at Cu2O/CH3NH3PbI3 interface (cm−2) 1.0×1016

Defect density at BaSnO3/CH3NH3PbI3 interface (cm−2) 1.0×1016

Table 2: Front and back contact parameters used in simulation.

Parameters Back contact

electrical prop-

erties

Front contact

electrical prop-

erties

Surface recombi-
nation velocity of
electrons (cms−1)

1.0×105 1.0×107

Surface recombi-
nation velocity of
holes (cms−1)

1.0×107 1.0×105

Work function (eV) 4.94 Cu (111) or
4.95 (Mo)

4.26 (Al)

Working temp. (K) 290 – 400

the front and back contact is assumed to be 10 % and 90 % respectively [52], while
other parameters for the front contact, back contact, and working temperatures
are shown in Table 2. In this simulation, experimental optical absorption coeffi-
cient of the Cu2O, CH3NH3PbI3, BaSnO3, and ITO thin films are taken from
the literature [53–56]. The device was illuminated with a standard AM 1.5G solar
spectrum with the power of 100 mW/cm2 from the window layer (ITO) side [57].
In the simulation process, assuming that the value of the series resistance (Rs) and
the shunt resistance (Rsh) is ideal, and the operating temperature of the device is
300 K.
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3 Results and Discussions

3.1 Device structure and energy band diagram

Planar heterojunction structure has been adopted for CH3- NH3PbI3 based solar
cells with the novel layer configuration of (Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu
or Mo), shown in Fig. 1(a). The planar configuration is considered an evolution
of the device structure. The simplicity of the planar device structure of PSCs has
attracted researchers in the field of thin-film PV cells. In this structure, aluminum
(Al) and copper (Cu)/molybdenum (Mo) are used as front and back contact ma-
terials, while BaSnO3, CH3NH3PbI3, and Cu2O are used as ETM, LHM and
HTM, respectively, forming the main part of the device. Highly transparent ITO
is used as a window layer of the device. As we mentioned earlier that energy level
alignment is an important factor affecting cell performance. Both the short circuit
current and the open-circuit voltage are affected by the energy level mismatch at
the two interfaces. Photo-generated electrons are injected from the perovskite to
ETM, while holes from perovskite to HTM. To effectively extract photoelectrons
at the ETM/perovskite interface, the conduction band minimum of ETM should
be slightly higher in potential than that of the perovskite, while the extraction
of holes at the HTM/perovskite interface requires that valence band maximum
(VBM) energy of HTM should closely match with the valence band of the per-
ovskite [61]. The simulated energy band diagram of the device using Cu2O as
HTM and BaSnO3 as ETM is displayed in Fig. 1(b).

It can be seen from Fig. 1(b) that a small “spike” CBO is formed at the
BaSnO3/CH3NH3PbI3 interface. Therefore, photogenerated electrons in the ab-
sorption layer can easily transport through the BaSnO3 ETM layer into the col-
lection electrode (front contact). At the same time, photogenerated holes cannot
enter and recombine with electrons at the BaSnO3/CH3NH3PbI3 interface, as
the valance band energy of BaSnO3 ETM layer is much lower in potential that
CH3NH3PbI3 absorber layer. It is also worth noting that the conduction band
energy of Cu2O HTM layer is reasonably higher than that of the CH3NH3PbI3
absorber layer, so that photogenerated electrons from the absorber layer cannot
enter into the Cu2O HTM layer, thereby reducing recombination losses at the
CH3NH3PbI3/Cu2O interface. The VBO between the Cu2OHTM and CH3NH3PbI3
absorption layer is very small, which can ensure an easy and efficient trans-
port of photogenerated holes from CH3NH3PbI3 absorber layer to the back elec-
trode through the Cu2O HTM layer. Therefore, Cu2O and BaSnO3 form suit-
able junctions at both sides of the CH3NH3PbI3 absorption layer to facilitate
the transportation of photo-generated carriers to the respective electrodes and
reduce the recombination loss at interfaces. Fig. 2 depicts the J-V characteris-
tics and external quantum efficiency (EQE) spectra of CH3NH3PbI3-based so-
lar cells with (Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or Mo) device structure.
The proposed cell exhibited an open circuit voltage (Voc) of 1.306 V, short cir-
cuit current density (Jsc) of 27.296 mA/cm2, fill factor (FF) of 89.87% and power
conversion efficiency (PCE) of 32.04%.
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Fig. 1: (a) schematic diagram and (b) energy band diagram of the
(Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or Mo) heterojunction solar cell.

3.2 Effect of the thicknesses and carrier concentration of various layer on the cell
performance

The development of PV device optimization is a continuous process. In order
to make efficient solar cells, each layer (mainly three layers: ETM, LHM, and
HTM layer) and the interface between the layers need to be optimized. In this
work, the thickness and carrier concentration of the HTM, LHM, and ETM layers
were optimized to improve the PV performance of the cell. The initial values
of thicknesses and carrier concentration of the LHM (absorber) and ETM layers
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Fig. 2: J-V characteristics and EQE spectra of the CH3NH3PbI3-based solar cells
with the device structure of (Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or Mo).

were set to 1000 nm and 1017 cm−3, 100 nm, and 1020 cm−3, respectively. An
iterative simulation process was initiated to optimize HTM layer thickness and
concentration. Then, using the obtained optimum HTM values, simulation was
performed to calculate the new optimum ETM layer thickness and concentration.
The process was repeated many times and the recorded results showed very good
reproducibility. Finally, the optimized values of HTM and ETM layers were used
to calculate the optimum thickness and acceptor concentration for the absorber
layer.

3.2.1 Effect of Cu2O HTM layer thickness and carrier concentration

To understand the effect of Cu2O HTM layer thickness and carrier concentration
on the device performance, the thickness and concentration are varied from 75 nm
to 175 nm and 1017 to 1021 cm−3, respectively. Single donor-type defects with a
peak defect density of 1016 eV−1cm−3 was introduced in the HTM layer. It is found
that the PV performance of the cell hardly changes within this thickness range
(results not shown here), while the cell PV performance changes with the HTM
layer carrier concentration, as shown in Fig. 3. In Fig. 3, the normalized values of
all the PV performance parameters are plotted as a function of HTM layer carrier
concentration. It can be seen from Fig. 3 that the newly modeled PSC shows almost
constant PV performance up to the HTM layer carrier concentration of 1019 cm−3.
With the further increase of the HTM carrier concentration, the cell performance
gradually increases. Finally, when the HTM layer carrier concentration exceeds
1022 cm−3, the cell exhibits saturation behavior. In particular, Voc increases as the
carrier concentration of HTM rises from 1019 to 1022 cm−3, indicating a reduction
in photo-generated charge carrier recombination within this concentration range.
Moreover, the electric field at the HTM/LHM interface increases with the increase
of HTM layer concentration, thereby improving the collection of photogenerated
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Fig. 3: Normalized values of all the PV performance parameters of PSC as a
function of Cu2O HTM layer carrier concentration.

carriers and enhancing Jsc and thus PCE. FF also increased slightly with the
increase of HTM layer concentration, indicating that the series resistance of the
device decreased. From this study, the enhanced PV performance of the device was
found at the HTM layer carrier concentration of 2.0 × 1022 cm−3 with a thickness
of 150 nm.

3.2.2 Effect of BaSnO3 ETM layer thickness and carrier concentration

The thickness of the BaSnO3 ETM layer should keep as possible as thinner than
the other layers. Because a thinner ETM layer allows more photons to pass into
the LHM layer and get absorbed. The simultaneous effect of ETM layer thickness
and carrier concentration on cell performance was investigated, as it is important
in terms of stability and performance of the device, and presented in Fig. 4. The
carrier concentration and thickness was varied from 1017 to 1022 cm−3 and 50 to
150 nm, respectively. Once again, single acceptor-type defects with a peak defect
density of 1016 eV−1 cm−3 was introduced into the ETM layer. It can be seen from
Fig. 4 that all PV parameters (except Jsc) of the cell exhibit similar behavior; at
carrier concentration below 1019 cm−3, PV parameters decline with increasing
the thickness. This is due to increase of fractional absorption of incident light by
ETM layer, increase of the bulk and surface recombination and increase in series
resistance of the device [62]. However, enhanced PV performance is observed and
one can hardly find any dependency on the PV parameters with the thickness
when the carrier concentration is greater than 1019 cm−3. This improvement of
the PV performance of the device can be ascribed to the decrease of recombination
of the minority charge carrier and series resistance with the increase of ETM layer
carrier concentration. In contrast, the contour area for the highest Jsc extends in
the thicker and highest concentration region (top-right). In this study, a maximum
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Fig. 4: Variation of PV performance parameters of PSC due to BaSnO3 ETM layer
thickness and carrier concentration.

PCE of 31.24% was observed at the ETM layer thickness of 100 nm and carrier
concentration of > 1020 cm−3.

3.2.3 Effect of CH3NH3PbI3 LHM layer thickness and carrier concentration

The spectral response of PV devices firmly relies on the thickness and carrier
concentration of the LHM layer, which plays a significant role in determining the
efficiency of the device. The LHM layer thickness and carrier concentration are
the key choices for structuring the TFSCs, as it is generally influencing the photo-
generated excitons and charge carrier extraction. Therefore, the optimization of
the carrier concentration and thickness of the LHM layer is crucial in achieving op-
timum cell performance. The concurrent effect of the LHM layer carrier concentra-
tion and thickness on the PV performance of the novel (Al/ITO/BaSnO3/CH3NH3

PbI3/Cu2O/Cu or Mo) heterojunction PSC was investigated, as shown in Fig. 5.
In this simulation, single donor-type defects with a peak defect density of 1015

eV−1cm−3 was introduced in the LHM layer and the thickness and acceptor con-
centration of the LHM layer were varied from 400 to 1150 nm and 1015 to 1020

cm−3, respectively. As observed in Fig. 5, the changes in the thickness of the
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Fig. 5: Concurrent effect of thickness and acceptor concentration of CH3NH3PbI3
LHM layer on the performance of PSC.

LHM layer have little impact on Voc. On the other hand, an increase in the accep-
tor concentration of the LHM layer from 1015 to 1020 cm−3 causes a significant
improvement in Voc from 1.08 V to 1.3 V. This is attributed to the decrease in re-
verse saturation current as the carrier concentration increases, thereby increasing
Voc. The increased thickness helps to absorb more photons of longer wavelength,
thereby increasing the current density, as it is seen in Fig. 5. The LHM layer carrier
concentration mainly affects the lifetime of photogenerated electrons and deple-
tion layer width at the interface, which in turn plays a major role in determining
the photocurrent density. As the carrier concentration increases, the lifetime of
photo-generated electrons and the width of the depletion layer are reduced, which
leads to inefficient carrier collections at the interface, and therefore, Jsc is reduced.
It is seen from Fig. 5 that the highest Jsc contour area exists in the area where
the thickness of the LHM layer is the largest and the acceptor concentration is
the lowest (bottom right). At lower acceptor concentration (< 1017 cm−3), the FF
slightly decreased with LHM layer thickness, which is due to the increase of series
resistance of the device. The optimal FF for this kind of cells, which is almost
independent of the thickness of the LHM layer, is found in the range of the accep-
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Fig. 6: Normalized values of all PV performance parameters of the PSC as a
function of acceptor concentration of the LHM layer.

tor carrier concentration of 1017 to 1019 cm−3. According to this study, when the
carrier concentration of the LHM layer is 1018 cm−3 and the thickness is 800 nm,
the maximum PCE is found to be 31.40%.

It should be noted that the PV performance of the cell degraded at higher
LHM layer carrier concentration, as all PV performance parameters of the cell
turn down at the onset of the carrier concentration 1018 cm−3 of the LHM layer
(see in Fig. 5). This effect can even be clearly seen in Fig. 6, where the normalized
values of all PV parameters are plotted as a function of acceptor concentration of
the LHM layer, keeping the constant LHM layer thickness of 800 nm. During this
changeover, the values of all PV parameters show a sharp change from higher to
a much lower value. This can be explained by the ETM and LHM layer doping
levels. According to A. Niemegeers et al. [63], when the acceptor concentration of
the LHM layer remains less than the donor concentration of the ETM layer, the
defect state of the LHM/ETM interface is completely occupied by electrons and
acts as a hole trap. However, when the acceptor density of the LHM layer exceeds
the donor density of the ETM layer, most of the defect states in the LHM/ETM
interface are occupied by holes, which act as electron traps in the interface area.
These electron traps severely reduce the flow of electrons from the junction to the
front electrode through the huge interface recombination, thereby reducing the
overall cell performance. According to the semiconductor theory, as the acceptor
doping concentration in the p-type absorber layer increases, the acceptor energy
levels merge with the valance band, so that the Fermi energy lies within the band,
thereby loosing semiconducting properties and showing metallic behavior like de-
generative semiconductors. Moreover, at higher carrier concentration level, the
dominant impurity scattering also degrade the conductivity of the semiconduc-
tors. The observed transition of the overall cell performance can also be explained
by the Mott transition theory [64]. Therefore, it can be concluded that when the
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Fig. 7: Contour graphs of PSC performance parameters dependency on of
CH3NH3PbI3 LHM layer defect density and thickness.

acceptor concentration of LHM layer does not exceed 1018 cm−3 and the thickness
of the LHM layer is 800 nm, the device can produce the maximum PCE.

3.3 The impact of bulk defect density of CH3NH3PbI3 LHM layer on device
performance

As the photoelectrons generated in the LHM layer recombine in the LHM layer
and at the interface, the density and nature of defects in the LHM layer play a cru-
cial role in determining the performance of the PSCs. According to literature, the
exiting defects energy levels in the perovskite material can suitably be described
by Gaussian distribution [65]. In this work, we used single-donor type bulk defects
with Gaussian energetic distribution in p-type LHM layer. The LHM layer peak
defect density was varied from 1014 to 1017 eV−1cm−3 taking a constant peak
defect density of 1016 eV−1cm−3 for all other layers. Fig. 7 presents the simulta-
neous effect of defects density and thickness of the LHM layer on the solar cell PV
performance.
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Varying peak defect density of the LHM layer from 1014 to 1017 eV−1cm−3, the
PCE of the PSC reduces from 32.05% to 22.45%, therefore, the device performance
depends largely on the defect density of the LHM layer. It is observed from Fig. 7
that the Voc is almost independent on the LHM layer thickness, while it changes
from 1.3 V to 1.22 V as the peak defect density of the LHM layer is varied from 1014

to 1017 eV−1cm−3. In contrast, the Jsc shows the highest value of 27.26 mA/cm2

at thickness and peak defect density of greater than 1000 nm and less than 1015

eV−1cm−3, respectively. The decrease in thickness, as well as the increase of peak
defect density causes a drop in the Jsc value. The highest contour area of the Jsc
is in the upper left corner of the graph, where the thickness of the LHM layer
and the peak defect density are the highest and lowest, respectively. FF depends
on Voc and the recombination processes in the depletion zone [66]. Therefore,
compared with Voc, the trend of FF is similar. The device exhibits FF of 89%
at peak defect density of less than 1015 eV−1cm−3, which is not affected by the
thickness. Conclusively, when the thickness is greater than 800 nm and the peak
defect density is less than 1015 eV−1cm−3, the highest observed PCE is of about
32%. All the above findings suggest that the defect density of the LHM layer has
an adverse effect on the performance of PSCs. However, we found that increasing
the thickness of the LHM layer can weaken this problem.

3.4 Effect of working temperature and back contact metal work function on cell
performance

Usually, in simulation studies and fabrication, the temperature of 300 K is cho-
sen as the operating temperature where it is regarding as room temperature. In
practice, the working temperature varies depending on the latitude, altitude, day
of the year and time of day in a given location. Moreover, the performance of
solar cells is affected by the operating temperature. In this case, we varied the
working temperature from 290K to 400K to achieve the actual behavior of the
proposed PSC, and in this simulation, the optimized values of the variable pa-
rameters of the PSC obtained as before were used. The results of this simulation
are shown in Fig. 8(a). Fig. 8(a) represents the normalized values of all the PV
performance parameters of PSC as a function of working temperature. It can be
seen from Fig. 8(a) that the values of all PV parameters (except Jsc) decrease
monotonically with increasing the operating temperature, accompanied by a very
small increment in Jsc value. At higher temperatures, the carrier concentration of
the material, the mobility of the charge, the resistance, and the band gap of the
material will be greatly affected, which will eventually change the PV parameters.
In particular, the internal carrier recombination rate increases due to the increase
of carrier concentration in semiconductor caused by higher operating temperature.
As a matter of fact, the reverse saturation current increases, and finally the Voc is
reduced. A very small but definite increase in Jsc is attributed to the decrease of
the band gap of semiconductor with increasing temperature. In addition, at high
temperature, the carrier mobility decreases due to the dominant lattice scattering,
which deteriorates the PV performance of the solar cells. Therefore, the PV per-
formance of the solar cells falls systematically as the temperature increases from
290K to 400K. The temperature coefficient CT (%K−1) of PCE can be defined as
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Fig. 8: Normalized values of all the PV performance parameters of the PSC as a
function of (a) working temperature (b) back-contact metal work function.

the formula below under standard test conditions (STC)[15,67]

CT =

(

1

ηSTC

dηT

dT
× 100

)

(1)

where, ηSTC is the cell efficiency at STC (298 K) and ηT is the efficiency at any
temperature T . Using the equation (1), it is found that the temperature coefficient
of PCE of the cell is only -0.112 %K−1, indicating very good PV performance sta-
bility at high temperature.
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To investigate systemically the influence of the back-contact metal work func-
tion (WF) on the cell performance, its value was changed in the range from 4.55
to 5.0 eV in the simulation, and results are illustrated in Fig. 8(b). As shown in the
figure, Jsc is less affected by the back-contact metal WF, however, by increasing
the back-contact metal WF, an important improvement of the cell performance is
observed. The results show that within a certain range from 4.55 to 4.85 eV, as the
back electrode WF increases, the PCE, Voc, and FF gradually increase and above
the critical value of the metal WF (4.85 eV), these parameters indicate saturation
behavior. For the higher values of back-contact metal WF, the barrier height rel-
ative to the Fermi level for majority charge carriers decreases, which means that
the back-contacts become more ohmic, exhibits non-rectifying behavior, and allow
easy carrier transport. Thus, the cell performance is enhanced. According to this
study, we recommend using Cu (111) with a WF of 4.94 eV or Mo (110) with a
WF of 4.95 eV as the back-contact materials in order to get a high-efficiency mark
in this system.

4 Conclusions

In this contribution, high-performance planar heterojunction perovskite (CH3NH3PbI3)
solar cells with the novel device configuration of (Al/ITO/BaSnO3/CH3NH3 PbI3/Cu2O/(Cu
or Mo)) is implemented and investigated by SCAPS-1D. We have demonstrated
that the role of BaSnO3 as an electron transport material (ETM) and Cu2O as a
hole transport material (HTM) are important in terms of device performance and
stability. Using simulation software, different design strategies and factors such as
thickness, carrier concentration of different layers, defect density of LHM layer,
and back-contact metal WF have investigated. By optimizing the device parame-
ters, we have achieved a simulated PCE of 32.0% with Voc = 1.30 V, Jsc = 27.26
mA/cm2, and FF = 89% under AM1.5G illumination. In this simulation, it is sug-
gested to provide the LHM, ETM and HTM layer with a thickness of 800 nm, 100
nm and 150 nm, respectively, and carrier concentration of 1018 cm−3, 1020 cm−3

and 2.0 × 1022 cm−3, respectively, for optimum performance of the cell. The bulk
defect density of the LHM layer has an adverse effect on the performance of the
PSC, but in order to obtain the best performance, it should be controlled below
1015 cm−3. This study also revealed that WF of back metal contact has a signif-
icant impact on cell performance and Cu (111) with WF of 4.94 eV or Mo with
WF of 4.95 eV can be used as back-contact material to obtain better performance.
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Figures

Figure 1

(a) schematic diagram and (b) energy band diagram of the (Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or
Mo) heterojunction solar cell.



Figure 2

J-V characteristics and EQE spectra of the CH3NH3PbI3-based solar cells with the device structure of
(Al/ITO/BaSnO3/CH3NH3PbI3/Cu2O/Cu or Mo).



Figure 3

Normalized values of all the PV performance parameters of PSC as a function of Cu2O HTM layer carrier
concentration.



Figure 4

Variation of PV performance parameters of PSC due to BaSnO3 ETM layer thickness and carrier
concentration.



Figure 5

Concurrent effect of thickness and acceptor concentration of CH3NH3PbI3 LHM layer on the
performance of PSC.



Figure 6

Normalized values of all PV performance parameters of the PSC as a function of acceptor concentration
of the LHM layer.



Figure 7

Contour graphs of PSC performance parameters dependency on of CH3NH3PbI3 LHM layer defect
density and thickness.



Figure 8

Normalized values of all the PV performance parameters of the PSC as a function of (a) working
temperature (b) back-contact metal work function.


