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Abstract—Perovskite-based solar cells have observed tremen-
dous growth in the last decade aiming at developing renewable
energy sources. The enhancement of the power conversion effi-
ciency (PCE), sustainability, and easing of the fabrication are the
main driving forces of the ongoing research activity. In this context,
graphene is particularly promising since it not only provides bet-
ter charge collection but also helps to improve the sustainability
and low-temperature fabrication of the perovskite cell. Here, a
homojunction MaPbI3 perovskite solar cell with graphene-TiO2

nano-composite as the electron transport layer (ETL) has been
numerically investigated. The effect of doping concentration on
the p and n-doped section in the homojunction-MaPbI3 has been
studied, showing that 1017 and 1016 cm−3 doping on the p and n
section of MaPbI3, respectively, provide the best band alignment
with the ETL layer. The optimum thickness ratio of two doped
sections (p:n) is found to be 60:40 in %. Moreover, the presence of
graphene in the TiO2 layer improves PCE thanks to enhanced fill
factor and saturated current density. A combined effect of all these
results in a PCE of 22.71% with a 100 nm thick ETL layer having
an optimum graphene concentration of around 1%.

Index Terms—Electron transport layer, graphene, nanocomp-
osite, perovskite solar cell.

I. INTRODUCTION

W ITH the ever-growing population, the demand for sus-
tainable energy sources is also growing. To meet this

demand and to find out an alternative to pollutant energy sources
like fossil fuels, researchers are in a continuous quest for cost-
effective, eco-friendly energy sources. In this context, solar
cells, which convert solar energy into electrical energy through
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the photovoltaic effect, have found particular interest over the
years. Organic-inorganic-based metal halide perovskite solar
cells [1], [2] have seen astonishing growth since their invention
in 2009 [3] due to various advantages like direct band-gap,
high absorption, high carrier mobility, cost-effectiveness, ease of
fabrication, smaller exciton binding energy, useful for domestic
and industrial power grids as well as space power supply [4].

In a typical perovskite solar cell, the absorbing layer of
perovskite is placed in between two layers called the electron
transport layer (ETL) and hole transport layer (HTL) to establish
an efficient charge separation. However, the recombination of the
photo-generated carriers taking place in various defects lying
within the perovskite layer, ETL/HTL layer, or at the interfaces
hinders the charge transport and collection. Therefore, to im-
prove charge separation, transportation, and collection, different
strategies have been reported in the last years [5], [6], [7], [8], [9].
One such attempt is to form a p-n homojunction in the absorbing
layer of the perovskite. The in-build electric field generating at
the p-n homojunction helps to improve the separation and the ori-
ented transportation of the photo-generated carriers with a sup-
pression of the recombination inside the absorbing layer. This,
subsequently, leads to an improvement in power conversion
efficiency. Cui et al. [9] fabricated a p-n homojunction-based
perovskite solar cell that provides a PCE exceeding 21.3%. They
have shown that by controlling the precursor ratio of PbI2 and
MaI, a p-n homojunction can be formed easily in the MaPbI3.
Following this, various attempts have been made by researchers
to improve efficiency as well as stability using the homo-junction
architecture [10], [11], [12]. For example, Maram et al. [10]
numerically reported an efficiency 16.5% with homojunction
perovskite in inverted configuration. Furthermore, Yousuf et al.
[12] estimated a PCE of 28.2% with graded absorber layer in
the homojunction configuration. But experimentally it is quite
difficult to achieve such graded doping in the perovskite layer. It
is to note that formation of homojunction itself provides oriented
transportation of the photo-generated charge carriers, therefore,
potential of ETL and HTL-free perovskite structure has also
been investigated by different research groups [13], [14]. For
example, Da et al. have reported a PCE of 26.3% by omitting the
charge transport layers. However, the poor mismatch between
the energy levels with the charge-collecting layers like metal
and fluorine-doped tin oxide (FTO) in addition to recombination
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at the perovskite/charge-collecting layer interface hinders the
practical realization of such structures. This effect highlights the
importance of layers like ETL and HTL even in homojunction
perovskites configurations. Therefore, it is important to improve
the quality of such layers, which not only provides better charge
collection but also eases the fabrication, improves stability, and
provides relaxation in their thicknesses. Recently, it has been
observed that the use of graphene or related two-dimensional
(2-D) material can improve charge collection/injection of the
transport layers, which enhances the power conversion effi-
ciency [15], [16] as well as the capability of providing a long time
of stability [17]. It is noted that graphene has several advanta-
geous properties like high conductivity and high charge mobility,
which improves charge carrier collection. However, the use of
graphene nanolayer as a transport layer also causes large-scale
recombination. Therefore, it is useful to use graphene as a doped
element in the transport layer [18]. For example, Wang et al. [19]
reported that utilizing graphene TiO2 nano-composite as the
ETL layer it is possible to significantly increase the PCE and
reported an efficiency of 15.6% with conventional heterojunc-
tion perovskite structure. Furthermore, graphene nanoflakes in
the TiO2 layer not only improve the charge collection but also
help to fabricate the entire structure at a temperature lower
than 150 °C. Another low-temperature perovskite solar cell is
reported in [20] with graphene in a compact and mesoporous
TiO2 layer showing an efficiency of 15.81%. In another ap-
proach with graphene-TiO2 nanocomposite as the ETL layer,
Belchi et al. [21] reported an efficiency of 15.3% but also with
the heterojunction-based perovskite. So far to our knowledge,
there is no report of graphene-TiO2-assisted ETL layer with p-n
homojunction perovskite architectures.

In this article, we report and numerically investigated a ho-
mojunction MaPbI3-based perovskite solar cell with graphene-
TiO2 (gr-TiO2) nanocomposite as the ETL layer. The homo-
junction perovskite layer and graphene in the TiO2 ETL layer,
respectively, provide efficient charge separation inside the ab-
sorbing layer due to built-in potential across p-n junction and
efficient charge collection due to the high mobility of graphene.
As a result, the combination of homojunction perovskite layer
and gr-TiO2 ETL produces a PCE of 22.71% with around 1%
graphene concentration for a 100-nm thick ETL layer. The
rest of this article is organized as follows. In Section II, we
have discussed the basic structure and its working principle and
modeling. The analysis has been carried out with the well-known
and accurate solar cell capacitance simulator-one-dimensional
(SCAPS-1D) simulation tool. In Section III, the effect of band
alignment on the proposed structure has been investigated with
different doping concentrations in the MaPbI3 section along
with the relative thickness of the two doped sections. Next,
the effect of graphene concentration has been reported along
with the impact of the defect densities in different layers and
interfaces on the device performance. Overall, the proposed per-
ovskite solar cell shows an excellent power conversion efficiency
due to the combined effect of homojunction architecture and
the presence of graphene nano-flakes in the ETL layer, which
can further provide stability and ease the fabrication at lower
temperatures.

Fig. 1. (a) Stack diagram of the proposed perovskite cell and (b) layers energy
band diagram explaining the charge transport phenomenon. The values are taken
from [25] for FTO, [19] for TiO2, [26] for MaPbI3, and [27] for PTAA.

II. PROPOSED STRUCTURE AND MODELING

The stack configuration of the proposed perovskite solar
cell is shown in Fig. 1(a). It consists of graphene-doped TiO2

(titanium dioxide) nano-composite as the ETL and poly[bis(4-
phenyl)(24,6-trimethylphenyl)amine (PTAA) as the HTL. A
metallic layer of gold (Au) and a transparent layer of FTO are
used as the back and front contact, respectively. The perovskite
absorption layer consists of MaPbI3 in p-n homojunction con-
figuration. The p-type MaPbI3 can be realized by excess MA+

or deficiency of Pb2+ whereas n-type can be accomplished with
excess Pb2+ or the deficiency of Ma+ or I− [9]. Fig. 1(b) explains
the working principle of the solar cell structure with the help of
the energy band diagram. The light absorbed in the perovskite
layer generates current flow on the structure with electrons and
holes collected and transported through the ETL and HTL layer,
respectively. The build-in potential in the p-n homojunction
configuration facilitates the charge separation and, thus, helps to
increase the efficiency. The graphene in the TiO2 layer increases
the mobility of the ETL layer and subsequently improves the
charge collection. The thickness of the p-n homojunction layer
should be higher than the depletion region formed at the interface
of two doped sections in MaPbI3, which can be calculated
following the equation tdep =

√
2ε0εrVbi/qNA/D where Vbi

is the built-in voltage taken to be 1 volt, q is the electron charge,
εr is the relative dielectric constant of the MaPbI3 taken to be
25 [22], [23]. In our analysis, the lowest doping concentration
is considered to be 1016, which provides a depletion region’s
thickness to be ∼ 500 nm. Following this, the thickness of the
MaPbI3 (tper) is chosen to be slightly higher, 540 nm [9], [23].
The thickness of the FTO and PTAA is considered to be 50 nm
and 200 nm, respectively. The thickness of the graphene-doped
TiO2 layer and the relative thickness of the perovskite layer
has been varied to study their effect on the performance of the
proposed structure. The numerical analysis has been performed
with the simulation tool SCAPS-1d, version 3.3.10 [24]. It ba-
sically solves three well-known equations: the Poisson equation
and the continuity equations of electrons and holes

∂2ϕ

∂x2
= − q

εr

[
p (x)− n (x) +N+

D (x)−N+
A (x)±Nt (x)

]

(1)
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TABLE I
DIFFERENT PARAMETERS USED TO SIMULATE THE PROPOSED STRUCTURE IN SCAPS-1D

∂Jn
∂x

+Gn − Rn = 0 (2)

− ∂Jp
∂x

+Gp − Rp = 0. (3)

In the abovementioned equations, p and n are the free hole and
electron concentration, N+

D and N+
A represent ionized donor

and acceptor concentrations, Nt is the defect/trap density, Gn

and Gp are the generation rates of electrons and holes, and Rn

and Rp are the recombination rates of electrons and holes. The
SCAPS-1D numerically solve the 1-D Poisson (1) to find out the
electric filed distribution due to the space charge density at the
p-n junctions. The continuity (2) and (3) with Jn and Jp being
the electron and hole current density provides the variation of
current density along the device thickness following the genera-
tion and recombination profile, which is shown in the following
section. In order to solve these equations in SCAPS-1D model,
the experimentally reported values of important parameters for
the different layers in the proposed structure are added in the
SCAPS-1-D, as shown in Table I [9], [19], [23], [25], [26], [27].
The doping concentration of the p-type and n-type sections in
MaPbI3 is varied between 1016 and 1017 cm−3. As reported in
[23], 1016 cm−3 is found to be the minimum doping concentra-
tion to form the p-n homojunction in MaPbI3. The four most
important parameters deciding the efficiency are open circuit
voltage Voc, saturation current density Jsc, fill factor FF and
PCE denoted by ɳ. The simulation has been carried out in the
presence of in-built SCAPS-1d AM 1.5 G solar spectrum with
1000 W/m2 solar density. The thermal velocity of the electron
and holes are taken to be 107 cm/s. For the perovskite layer, the
wavelength-dependent imaginary part of the dielectric constant
has been used to calculate the absorption spectrum [28] whereas
for other layers the SCAPS-1D absorption model has been used.
In order to make a more accurate prediction of the proposed
solar cell performance, a neutral defect density of 1014 cm−2

is considered at the two interfaces PTAA/p-type MaPbI3 and
n-type MaPbI3/gr-TiO2 with distinctive energy of 0.1 eV [29]. In
order to match the reported time constant (τn/τp) of Shockley–
Read–Hall (SRH) recombination for electrons/holes, the defect
density of each layer has been adjusted properly in the SCAPS
model. We have neglected the Auger recombination due to its

Fig. 2. Energy band diagram for two different doping concentrations of n (p)
side of MaPbI3 (a) 1017 cm−3 (1017 cm−3) and (b) 1016 cm−3 (1017 cm−3).

extremely low recombination coefficient (2.3 × 10−29 cm6/s)
for the perovskite [30]. The radiation recombination coefficient
is considered to be 1.1 × 10−10 cm3/s [30].

III. RESULTS AND DISCUSSIONS

A. Analysis of Band Alignment

The performance of solar cells largely depends on the band
alignment of the perovskite layer with the ETL and HTL layers.
Furthermore, it has been observed that the doping concentration
of two sides of the MaPbI3 in addition to their relative thickness
has an important role to play in deciding the band alignment and
thus the efficiency. In view of that, first, a detailed band align-
ment study has been performed with gr-TiO2 nano-composite
as the ETL layer. Initially, the graphene concentration is taken
to be 0% to investigate the effect of doping concentration and
relative thickness of the two doped sections of MaPbI3. Two
different sets of doping concentrations have been considered.
The corresponding band diagram has been shown in Fig. 2. The
thickness of the two doped sides of MaPbI3 is taken to be 270 nm
each whereas the thickness of the TiO2 is taken to be 100 nm.
As can be seen from Fig. 2(a) when the doping concentration on
both sides is 1017 cm−3, a spike has been formed at the n-type
MaPbI3/TiO2 interface, impeding the flow of electrons. As a
result, the recombination rate also increases at this interface.
The generation and recombination profiles for the two sets
of doping concentrations are reported in Fig. 3(a) and (b),
respectively. Fig. 3(a) depicts that the carrier generation is taking
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Fig. 3. (a) Generation profile and (b) recombination profile for two different
sets of doping concentrations.

Fig. 4. (a) J-V characteristics and (b) EQE for two sets of doping
concentrations.

place in the perovskite layer with a maximum at the n-type
MaPbI3/TiO2 interface and exponentially decaying towards the
p-type MaPbI3/PTAA interface. The recombination profile is
showing a large spike at the n-type MaPbI3/TiO2 interface for
the equal doping concentration of 1017 cm−3, which can be
attributed to the spike in the energy band diagram, creating
a potential barrier against the flow of electrons. In order to
avoid this recombination, the doping concentration on the n-type
MaPbI3 has been reduced to 1016 cm−3. This help to decrease
the slope at the p-n homojunction as can be seen from the two
energy band diagrams. As a result, the energy band shows a better
alignment and removes the spike at the n-type MaPbI3/TiO2

interface. Fig. 3(b) shows that the spike in the recombination
profile at the n-type MaPbI3/TiO2 interface is absent for the
doping concentration of 1016 cm−3, therefore a better efficiency
can be expected with a doping concentration of 1016 cm−3 in the
n-doped side. It is to note that the recombination rate also has
a spike near the p-type MaPbI3/PTAA interface, but it is much
smaller than the n-type MaPbI3/TiO2 interface.

In order to investigate the effect of band alignment on the
output characteristics, the J-V graph is plotted in Fig. 4(a) for two
different sets of doping concentrations as mentioned previously.
The figure clearly shows that when the doping concentration of
the n-doped section of MaPbI3 is reduced from 1017 cm−3 to
1016 cm−3, Jsc increases significantly owing to the absence of
the potential barrier, as discussed previously. The Jsc is found
to be increased from 10.59 mA/cm2 to 24.98 mA/cm2 when the
doping concentration of the n-side reduced from 1017 cm−3 to
1016 cm−3, keeping the doping density on the p-side of MaPbI3
fixed at 1017 cm−3. The corresponding solar cell efficiency has
been increased from 6.86% to 22.38%, thanks to the better
band alignment. In order to establish further that the proposed
structure has better charge collection capacity with n-side doping

Fig. 5. (a) J-V graphs for three different thickness ratios of two doped sections
of MaPbI3 with a fixed total thickness of 540 nm. (b) Variation of PCE (ɳ) with
the different thickness of the p-doped section in % of total thickness 540 nm.

concentration of 1016 cm−3, the external quantum efficiency
(EQE) is calculated which basically represents the ratio between
the number of charge carriers collected and the number of
incident photon. Fig. 4(b) shows the EQE as a function of
wavelength. Due to the absence of a potential barrier, a better
charge collection is possible from the solar cell for the n-side
doping concentration of 1016 cm−3. As a result, a significant
enhancement in EQE has been achieved with a doping concen-
tration of 1016 cm−3 as evident from the figure. The certain
change in EQE below 400 nm is due to the lower absorption
coefficient of the MaPbI3 absorbing layer [28].

Henceforward, in our analysis, the doping concentration of the
p-doped and n-doped sections of the MaPbI3 is considered to be
1017 cm−3 and 1016 cm−3, respectively. Next, we studied the J-V
characteristics to find out the optimum thickness ratio of the two
doped sections. In Fig. 5(a), three J-V graphs are plotted for three
different thickness ratios (tP:tN). Here, we like to mention that
the relative thickness of the two sections is modified keeping
the entire perovskite layer’s thickness fixed at 540 nm, which
has been represented by thickness ratio tP:tN. For example,
the thickness ratio 10:90, 50:50, and 90:10 in percentage gives
us a relative thickness of 54 nm (486 nm), 270 nm (270 nm),
and 486 nm (54 nm) for the p-doped (n-doped) section. For a
thickness ratio of 10:90, the J-V characteristics show a double
diode-like behavior. Due to the low FF of 50.76%, the efficiency
is very low 13.58%. As the thickness of the p-doped section
increases, the double diode-like behavior disappears, resulting
in better performance. This is visible in two other J-V graphs
having a thickness ratio 50:50 and 90:10. However, the Jsc is
found to be decreasing at the higher thickness of the p-section.
Therefore, to find out the optimum thickness ratio, Fig. 5(b)
illustrates the variation of efficiency with the relative thickness of
the p-doped section in %. The efficiency is found to be increasing
as the thickness of the p-doped section increases and starts to
decrease after a certain thickness ratio of the p-side. At a lower
thickness of the p-side, the efficiency is low, which can be at-
tributed to the low FF owing to double diode-like behavior. When
the thickness of the p-side is higher, the saturated current density
is found to be decreasing. As a result, after a certain thickness, the
efficiency decreases. The efficiency reaches a maximum value at
60% thickness of the p-doped section. Therefore, in our further
calculations, the thickness ratio of the p and n-doped section is
considered to be 60:40, resulting in a thickness of 324 nm and
216 nm, respectively.
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Fig. 6. Variation of (a) saturated current density, (b) open circuit voltage,
(c) fill factor, and (d) power conversion efficiency as a function of graphene (Gr)
concentration for three different thicknesses of the gr-TiO2 nanocomposite ETL
layer.

B. Effect of Graphene in the ETL

In order to investigate the effect of graphene in the ETL layer
and to find out the optimum doping concentration of graphene
in the gr-TiO2 nano-composite, available data (see Table I) is
spline fitted for different parameters like band-gap (Eg), electron
affinity (χ), dielectric constant (εr), mobility (μn/μp), and SRH
recombination time (τn/τp). For example, the spline-fitted val-
ues for the aforementioned parameters are found to be 3.22, 4.21,
8.4, 2.56, and 4.19, respectively, at 1% of graphene concentration
in gr-TiO2 nano-composite. In the fitting, the piecewise cubic
spline fitting is used in the MATLAB curve fitting having a
smoothing parameter to be 1 for each data set. The four important
parameters Jsc, FF, Voc, and PCE have been plotted as a function
of graphene concentration for three different thicknesses of the
gr-TiO2 nanocomposite-based ETL layer in Fig. 6. The saturated
current density Jsc increases with the increment in the graphene
concentration in the nano-composite of gr-TiO2, as visible in
Fig. 6(a). This can be attributed to the enhancement of mobility
in the ETL layer with the rise of graphene concentration. In
addition, some carrier generation in the ETL layer also con-
tributes to the increment in Jsc. However, with the increase in
graphene concentration, the defects in the gr-TiO2 layer also
increase, reducing the SRH time constant (τn/τp). Due to this
combined effect, after a certain graphene concentration, Jsc
saturates. The open circuit voltage Voc is found to be decreasing
with the increase in graphene concentration [see Fig. 6(b)] due
to the conduction band offset (CBO) between the perovskite
and gr-TiO2 layer. As the graphene concentration increases,
the electron affinity is found to be increasing. This results in
higher CBO, lowering the value of Voc [31], [32]. Another
important parameter FF shows an increasing behavior with the
graphene concentration as visible in Fig. 6(c). Graphene in
the TiO2 improves the charge collection efficiency of the ETL
layer, enhancing the FF. Due to the combined effect of all these
parameters the PCE of the proposed structure is found to be
increasing with the rise in the graphene concentration as evident
from Fig. 6(d). For each thickness value of the ETL layer,
at a certain point, the PCE reaches the maximum and starts

Fig. 7. Variation of proposed structure’s power conversion efficiency with
defect density in (a) MaPbI3 and (b) gr-TiO2.

Fig. 8. Variation of PCE with the defect density at (a) n-MaPbI3/gr-TiO2

interface and (b) PTAA/p-MaPbI3 interface.

to decrease. For example, at 100 nm thick gr-TiO2 layer, the
optimum graphene concentration is found to be around 1%, in
good agreement with experimentally reported results in hetero-
junction perovskite solar cell with gr-TiO2 nanocomposite as
the ETL layer [19]. Fig. 6(d) also shows that with the increase in
gr-TiO2 layer’s thickness, the maximum efficiency point moves
to the higher doping concentration and the maximum efficiency
value also reduces. It is to note that the effect of the gr-TiO2

thickness is more prominent on the Jsc. The higher thickness
of the gr-TiO2 layer increases the propagation length of the
charge carriers. Therefore, greater possibility of recombination
decreases the number of charge carriers, reducing the value of
Jsc and, thus, efficiency.

The defect density plays a crucial role in deciding the PCE of
the perovskite solar cells as it reduces the SRH recombination
time. In view of that, the effect of defect densities in the
perovskite layer and gr-TiO2 layer in addition to two interfaces
p-type MaPbI3/PTAA and n-type MaPbI3/gr-TiO2 have been
investigated by taking graphene concentration equal to 1%.
Fig. 7(a) and (b) illustrates the variation of PCE with the defect
density in the MaPbI3 and gr-TiO2, respectively. The PCE is
found to be almost constant up to a defect density of 1015 cm−3

and then starts reducing, which is more prominent after a defect
density of 1016 cm−3. The defect density in the gr-TiO2 layer
has a much lower impact on the PCE of the structure as evident
from Fig. 7(b). After a defect density of 1015 cm−3, the PCE
reduces rapidly for a higher thickness of the gr-TiO2 layer. This
is expected since thicker gr-TiO2 contains more defect centers
thus a greater possibility of recombination. Fig. 8(a) and (b),
respectively, illustrates the variation of PCE with the interface
defect density at the n-MaPbI3/gr-TiO2 and PTAA/p-MaPbI3
interface. It is observed that the effect of interface defect density
is more prominent at the n-MaPbI3/gr-TiO2 interface. The
efficiency is found to be decreasing almost linearly with an
increase in interface defect density. The PCE shows a much more
stable performance with respect to the defect density variation
at the PTAA/p-MaPbI3 interface, as visible in Fig. 8(b).
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IV. CONCLUSION

We report a novel homojunction MaPbI3-based perovskite
solar cell with graphene-TiO2 nanocomposite as the ETL. The
analysis of the proposed structure has been performed using the
well-known solar cell simulation tool SCAPS-1d. It has been
shown that the doping concentration of the two doped sections
of the MaPbI3 has an important role to play in deciding the PCE
due to the misalignment in the energy band diagram. A doping
concentration of 1017 cm−3 and 1016 cm−3 on the p and n-doped
side, respectively, provides a better band alignment with the ETL
and results in high efficiency. Furthermore, the ratio of the p and
n-doped sections has been optimized to achieve the maximum
PCE, keeping the entire thickness constant at 540 nm. The
optimized thickness ratio of the p and n-doped section is found to
be 60:40 in %. The presence of graphene in the TiO2-based ETL
layer is found to be helpful in improving the PCE of the proposed
structure due to the increment in saturated current density and fill
factor. The effect of graphene concentration is more prominent
for the higher thickness of the ETL layer. The efficiency is found
to be 22.71% for a 100 nm thick gr-TiO2 nanocomposite layer
with a graphene concentration of around 1%.
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