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Abstract
The relentless quest for sustainable and eco-friendly energy sources can be addressed through solar
cells which convert solar energy to electrical energy. In the family of solar cells, perovskite solar
cells (PSCs) have seen an astonishing growth in power conversion efficiency (PCE) to which
homojunction perovskite is the newest addition. Although numerous studies have examined PCE
enhancement through energy band-offset optimization in the intrinsic PSCs, to date, such a study
has never been reported in a homojunction configuration. Considering the enormous potential of
homojunction PSCs and the importance of band offset, here we numerically identified the
optimized range of conduction and valance band offset (CBO and VBO) in conjunction with
donor and acceptor density inside the perovskite layer to boost their photovoltaic efficiency. The
effect of the CBO and donor density is found to be superior to the VBO and acceptor density.
Unlike intrinsic PSCs, the cliff in the energy band diagram drastically reduces the PCE for the CBO.
The optimum CBO and donor density are around 0 to+0.1 eV and 2× 1017 cm−3 respectively.
The PCE is higher and nearly constant for a VBO> 0 eV and acceptor density> 7× 1017 cm−3.
With the optimum values of doping density and band offsets, the maximum PCE is calculated to
be 25.43% in the presence of all possible losses and an optimum perovskite thickness of 600 nm
with a 30:70% ratio of n and p-doped segments.

1. Introduction

In the quest for a cleaner and brighter future, the world is transitioning towards sustainable energy sources
which can significantly reduce the current reliance on fossil fuels and greenhouse gas emissions. This can be
addressed through renewable energy sources like wind energy, solar energy, hydro energy, bioenergy,
geothermal energy, etc [1, 2]. Among them, the highly efficient and reliable solar cells that harness renewable
energy from the sun are the cleanest and most abandoned energy source. In the family of different solar cells,
the newest addition—organic-inorganic perovskite solar cells (PSCs)—has seen an astonishing gain in power
conversion efficiency (PCE), from 3.8% to 26.7% in just 15 years [3] since their invention in 2009 [4]. In
addition, various advantages like their direct bandgap, ease in fabrication, higher light absorption and carrier
mobility, as well as their economic efficiency make them a strong competitor against the well-developed
silicon and thin film-based solar cells.

Over the last decade or so, various strategies have been implemented by several research groups to elevate
the PCE of PSCs, but it still falls below the radiation limit set by the Shockley–Queisser theory [5]. The main
bottleneck behind this is the non-radiative recombination of the charge carriers taking place within the
perovskite absorbing layer, charge transport layers (CTLs) and various junctions [6]. In order to reduce the
non-radiative recombination, different techniques have been proposed, one of which is additive engineering
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to improve the perovskite grain quality and surface morphology. Several organic and inorganic additives like
polymers, small molecules, nanoparticles, and metal cations etc have been utilized successfully,
demonstrating their potential [7, 8]. Another effective means is defect passivation inside the perovskite
absorbing layer, as well as different junctions through molecules with numerous functional groups, for
instance metal-halide ions, sulfonic, phosphate, carboxy, Lewis acids, etc [9]. In the last few years, different
two-dimensional (2D) materials like MXenes, MoS2, graphene and its derivatives GO, rGO etc have been
incorporated within the absorbing layers or at the junctions to improve the performance of the solar cells
[10, 11]. A thin passivation layer made of materials such as polymethyl methacrylate (PMMA), ammonium
salts etc, is also placed at the junction between the perovskite and CTLs for performance enhancement [12,
13]. These techniques often require some additional materials, as well as additional layers to elevate the PCE.
In this context, various band-offset studies are made to correctly identify the CTLs for a given perovskite
material or deposit a given CTL in a controlled environment to achieve proper band alignment and boost the
PCE. It has been reported that interface recombination can be significantly diminished by optimizing the
conduction band offset (CBO) at the perovskite/ETL junction and valence band offset (VBO) at the
HTL/perovskite junction. This fact has been investigated widely theoretically [14–16] as well as
experimentally [17–20] in the intrinsic PSC configuration. For example, Zhao et al carried out an in-depth
band offset study for a MaPbI3 intrinsic PSC and accordingly chose SnO2 as the ETL, obtaining a PCE of
20.54% without any additives or passivating layers [16]. In another study, a commonly used ETL material,
TiO2, was deposited over different gaseous environments to tune the work function/electron affinity in order
to operate with optimum CBO [21].

It important to note that these band-offset studies are limited to intrinsic PSCs only. In the
intrinsic/heterojunction configuration, it is observed that besides crystal quality improvement and defect
passivation, the structural engineering of the perovskite layer can also reduce the carrier recombination. For
example, a graded heterojunction PSC in an inverted configuration has shown a great reduction in carrier
recombination inside the perovskite absorbing layer, but it also brings complexity in fabrication [22]. A new
generation of PSC composed of a p–n homojunction, greatly benefitting from the self-doping characteristics
inside the absorbing layer, recently attracted significant attention. Unlike a heterojunction configuration, in
the homojunction configuration, p and n-doped sections can be generated through the self-doping principle
[23, 24]. The benefit of this configuration is that the in-built electric field at the p–n junction provides an
extra degree of freedom over the heterojunction PSC in enhancing the PCE. The electric field built in the
space charge region originates a better charge separation and oriented carrier flow. Wang et al have reported
that MaPbI3-based perovskite can either be p-doped or n-doped by controlling the precursor ratio of
methylammonium halide (MAI) and lead iodine (PbI2) [23]. This concept was taken further by Dänekamp
et al and successfully demonstrated a perovskite–perovskite homojunction [25]. However, it did not draw
much recognition until the fully functional and highly efficient homojunction PSC was proposed by Cui
et al. They have experimentally demonstrated PCE as high as 20.8% with MaPbI3 and 21.38% with
Fa0.15Ma0.85PbI3 [26]. First, the n-type perovskite layer is deposited over the TiO2 ETL layer through spin
coating with a controlled precursor ratio of PbI2/MAI. Next, the p-type perovskite is formed through vapor
deposition of PbI2 followed by dipping into a MAI/isopropanol solution. The structure not only shows great
PCE but also maintains 96% of the initial PCE after 792 h of operation in a homojunction configuration
(94% for the conventional case); in addition, the junction between the p and n-type perovskite does not
degrade over time. This manifests a significant research growth in homojunction PSCs in the last three to
four years [27–30]. A homojunction PSC in an inverted configuration is also investigated numerically,
showing a good PCE of 16.5% [29]. In one of our recent studies, numerically we have reported an efficiency
of 22.7% with a MaPbI3-based homojunction solar cell which has a graphene-TiO2 nanocomposite as the
ETL layer, considering experimentally-reported parameters and various losses [31]. It is worth noting that
since the perovskite layer itself can generate a directional drift of two charge carriers, various homojunction
PSCs in the absence of CTLs have also been proposed in the last few years [32–34]. However, the lack of CTLs
causes an inadequate band alignment with the electrodes, leading to significant junction recombination.
Recently, a detailed numerical investigation has been made by Zhang et al towards generating highly efficient
solar cells in a CTL-free homojunction configuration [34]. The study points out the importance of the CTLs
as the PCE is found to be lower in the case of the CTL-free perovskite configuration. In addition, our recent
conference report highlights the importance of CTLs band alignment and doping density for homojunction
PSCs [35]. Although various homojunction PSCs in the presence of a CTL have been reported, the optimized
range of the CBO and VBO together with the optimized p–n doping profile and their relative thickness is yet
to be known for homojunction PSCs, which can further enhance the PCE. This clearly leaves a knowledge
gap and scope for investigation.

In the context of the above discussion, a comprehensive energy band edge alignment study is reported in
this article to identify the optimized range of the CBO and VBO in order to boost the PCE of homojunction
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PSCs. Unlike intrinsic perovskite, far greater maneuverability in the form of acceptor and donor density is
offered by the homojunction perovskite cells, together with their thickness proportion. One noticeable
observation is that unlike intrinsic PSCs, the PCE falls drastically for a potential cliff at the perovskite/ETL
junction after a certain donor density. The effect of the CBO is found to be dominant over the VBO in the
performance of the homojunction PSC. The optimum CBO is within the range of 0 to+0.1 eV with a
foremost donor density of 2× 1017 cm−3. Further, the optimum thickness ratio of the two doped segments is
found to be around 30:70% with an overall thickness of 600 nm; this results in a PCE of 25.43%.

2. Device schematics and analysis method

The stack arrangement of the PSC in the homojunction setup is displayed in figure 1(a). It consists of a
MaPbI3 absorbing layer with a total thickness of tper, a portion of which has high donor density (acceptor
density) having a thickness tn (tp). The MaPbI3 is placed between the ETL and the HTL layer in which n-type
(p-type) doping is developed towards the ETL (HTL) layer. The homojunction PSC is exposed to sunlight
through the transparent conductive metal oxide contact of FTO (fluorine-doped tin oxide). Here, we would
like to mention that MaPbI3 is taken to be the perovskite material since the formation of the n and p-doped
section is widely recognized in this material [23, 25, 26]. The doping density can be unambiguously altered
by controlling the precursor ratio of MAI and PbI2. The Ma+, I- shortfall or Pb2+ rich lead to higher donor
density (n-type doping) whereas the Ma+ rich or Pb2+ shortfall result in higher acceptor density (p-type
doping). The cell’s performance is evaluated through a one dimensional solar cell simulator SCAPS-1D. This
is drift-diffusion equation-based software that estimates photovoltaic performance by solving the Poission
equation and the continuity equations related to charge carriers [36]. In order to accurately predict the
device performance, different material properties like the bandgap (Eg), electron affinity (χ), dielectric
constant (εr), conduction and valance band effective density of states (Nc and Nv), acceptor and donor
doping density (NA and ND), hole and electron mobilities (µp and µn) as well as the Shockley–Read–Hall
(SRH) recombination times for hole and electrons (τ p and τn) are taken to be the experimentally-measured
values reported in different literatures. The defect densities are adjusted for different layers to meet the
experimentally-reported SRH recombination times. The values of different material properties are tabulated
in table 1 with relevant references. The radiative and Auger recombination coefficients are taken to be
1.1× 10−10 cm3s−1 and 2.3× 10−29 cm6s−1 [37]. Radiation recombination is considered to avoid
theoretical over-estimation of the cell’s efficiency, as indicated in [38]. The Auger recombination is also
included as it is a predominant phenomenon at higher doping density [39].

The simulation is performed with an AM 1.5 G solar spectrum, alongside a solar density of 1000 W m−2

and a constant temperature of 300 K. In the simulation setup, the thickness of the HTL, ETL and FTO layers
are assumed to be fixed at 200 nm, 100 nm and 50 nm respectively. The junction defect density and
distinctive energy are taken to be 1014 cm−2 and 0.1 eV respectively at the two junctions between the
absorbing layer and the CTL [38]. The absorption spectrum of the MaPbI3 is estimated by following the
measured wavelength-dependent dielectric constant values [39]. For model validation, the J–V characteristic
is compared with the experimental reported values of a homojunction PSC [26]. The comparison is depicted
in figure 2, which reflects a good agreement between the simulation and experimental characteristics. For the
validation, the donor density ND and acceptor density NA are taken to be 3× 1017 cm−3 respectively, the
same as reported in [26]. In further analysis, both the ND and NA are varied to estimate the optimum doping
densities. In the simulation, the CBO and VBO are altered by varying the electron affinity values of the ETL
and HTL layer respectively. The CBO is defined as the difference between the conduction band edge of the
MaPbI3 (EC,per) and ETL (EC,ETL) at the corresponding junction which can be expressed as,

CBO=
∣∣EC,per∣∣− |EC,ETL|=

∣∣χper

∣∣− |χETL| . (1)

The VBO is regarded as the difference between the valance band edge of the HTL (EV,HTL) with the
MaPbI3 given by,

VBO = |EV,HTL| −
∣∣EV,per∣∣= ∣∣χHTL + Eg,HTL

∣∣− ∣∣χper + Eg,per
∣∣ . (2)

A pictorial representation of the CBO/VBO is shown in figure 1(b). Depending on the relative values of
the electron affinity of the CTLs with the perovskite layer, three different situations can appear both for the
CBO and VBO, as depicted in the figure. Depending on their value, band-offset>0,=0 or<0, originates a
spike, flat or cliff at the junction of the perovskite/ETL and HTL/perovskite, which significantly impacts the
photovoltaic performance of the PSCs, as discussed in the next section.
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Figure 1. (a) The stack diagram of homojunction PSC with the CTLs. (b) Schematic representation of different scenarios of band
offset at the two junctions.

Table 1. Various parameters of different layers used in the simulation setup.

Parameters HTL [40] p-MaPbI3 [26] n-MaPbI3 [26] ETL [26] FTO [41]

Eg (eV) 2.96 1.55 1.55 3.2 3.2
χ (eV) Altered 3.93 3.93 Altered 4.4
εr 9 25 25 9 9
Nc (cm

−3) 2× 1021 2× 1018 2× 1018 1× 1021 2.2× 1018

Nv (cm
−3) 2× 1021 2× 1018 2× 1018 2× 1021 1.8× 1019

NA (cm−3) 1× 1018 Altered — — —
ND (cm−3) — — Altered 5× 1019 1× 1018

µp/µn (cm
2 V−1s−1) 40/1 10/10 10/10 0.2/0.02 1/2

τ p/τn (ns) — 20/20 20/20 2/5 —

(Voltage)

J

J

Figure 2. Comparison of the simulated and experimentally-reported J–V characteristics for model validation.

3. Results and discussion

Initially, the thickness of the perovskite layer is fixed at 540 nm, which is chosen following the experimental
value in the first reported homojunction PSC [26]. The thickness of the n and p-doped segment is taken to
be 270 nm, maintaining a 50:50 ratio in the percentage of the total thickness. The doping densities in MaPbI3
and the electron affinity of the CTLs are simultaneously changed to inspect the photovoltaic performance of
the homojunction PSC.
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Figure 3. Variation of Jsc, Voc, FF and PCE as a function of ND and CBO, keeping the NA and VBO fixed at 1018 cm−3 and 0
respectively.

In order to investigate the effect of the CBO at the perovskite/ETL junction, we keep the acceptor density
NA fixed at 1018 cm−3 while varying the donor density ND from 1016 to 1018 cm−3. The NA is taken to be
unaltered while studying the CBO as it has barely any influence on the perovskite/ETL junction. The lowest
value of ND is selected to be 1016 cm−3 because the PSC becomes intrinsic below this density, as reported in
[42]. The upper limit of ND is taken to be 1018 cm−3 following the experimentally-observed carrier densities
reported in [23]. In order to analyze the effect of the CBO without any influence from the VBO at the
HTL/perovskite junction, the VBO is opted to be zero. Following these measures, the variation of the four
efficiency parameters—saturated current density (Jsc), open circuit voltage (Voc), fill factor (FF) and PCE
(η)—are plotted in figure 3. In order to avoid a convergence error in SCAPS-1D, we limited our band offset
range from−0.4 to+0.3 eV. The PCE is related to three other parameters, Jsc, Voc and FF as,

η = FF×Voc×Jsc/Pin. (3)

Therefore, the behavior of the three quantities plays a crucial role in deciding the efficiency. The figures
show the effect of the band offset and that the ND is most prominent for the Jsc. For a CBO> 0, i.e. for a
spike, the Jsc reduces slightly as the ND increases. However, a dramatic decrement in the Jsc with the ND is
observed for a CBO< 0 eV. For example, at CBO=− 0.3 eV, the Jsc decreases from 25.3 mA cm−2 at
ND = 1016 cm−3 to only 9.15 mA cm−2 at ND = 3× 1017 cm−3. The Voc is observed to be higher for a
CBO> 0 eV. In addition, the Voc is found to be rising with the increase in the ND. This can be attributed to
the splitting in the quasi–Fermi level which increases with the increment in the doping density. The FF is
found to be maximum for a CBO in-between 0 to+0.1 eV. Around ND = 1017 cm−3 and CBO=− 0.3 eV,
the FF reduces significantly due to the double diode-like characteristics. As a cumulative behavior of these
three quantities, the PCE is observed to be maximum for a CBO in the range of 0 to+0.1 eV and a ND

around 2× 1017 cm−3.
For a better understanding, the energy band diagram and corresponding J–V characteristics for two cases

are studied. In the first case, the energy band diagram is plotted in figure 4(a) for three different values of
CBO, denoting a spike, a flat and a cliff, keeping the ND fixed at 1017 cm−3. The inset shows the enlarged
view of the energy band diagram at the junction of n-MaPbI3 and ETL. It is evident from the figure that a
CBO=− 0.3 and+0.3 eV originates a potential barrier.

The potential barrier is stiffer in the case of−0.3 eV, i.e. for a cliff in the energy band diagram. The
corresponding J–V characteristics are shown in figure 4(b). The Jsc is observed to be nearly the same for a
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Figure 4. (a) The energy band diagram for three different scenarios with a CBO keeping the ND constant. (b) The corresponding
J–V characteristics.

Figure 5. (a) Energy band diagram for three different values of ND at a CBO=− 0.3 eV. (b) The J–V characteristics for the three
different ND.

CBO= 0 and+0.3 eV, indicating that the thin potential barrier hardly invades the flow of electrons.
However, the Jsc is reduced significantly for a CBO=− 0.3 eV, due to the wider potential barrier generated
at the junction. This behavior is completely opposed to that of intrinsic PSCs. For intrinsic PSCs, the Jsc
remains nearly unaltered for the cliff at the junction. The Voc is found to be lower for a CBO=− 0.3 eV as
compared to a CBO=+ 0.3 eV, which is consistent with the intrinsic PSCs. Next, we examine the energy
band diagram and J–V characteristics for three different values of ND with a CBO=− 0.3 eV. Figures 5(a)
and (b) respectively depict the energy band diagram and J–V curves. The energy band diagram clearly shows
that the potential barrier vanishes for ND = 1016 cm−3 since it moves toward the intrinsic PSCs, as reported
in [42]. However, the barrier is quite strong for the higher doping density. As a result, the Jsc reduces with the
increase in the ND, as is visible in figure 5(b).

Although the increment in ND causes a fall in the Jsc, it enhances the Voc, as is evident in the J–V curves.
The enhancement in the Voc with ND can be attributed to the higher splitting of the quasi–Fermi levels, as
mentioned previously. Therefore, in order to operate a homojunction PSC with higher ND to establish
higher Voc, it is better to operate with a CBO> 0 which originates a strong potential barrier thus
simultaneously keeping the Jsc higher and extracting better PCE.

Next, an extensive study is made for the VBO at the HTL/perovskite junction and acceptor density (NA)
to find out the optimum values. Here, we keep ND fixed at 1018 cm−3 and CBO= 0 eV while varying the NA

from 1016 to 1018 cm−3 and the VBO from−0.4 eV to 0.3 eV, which is more relevant at the HTL/perovskite
junction. We follow the same approach as the CBO to have better consistency in analysis and comparison.
The variation of the four output parameters as a function of the VBO and NA is shown in figure 6.

Unlike the case of the CBO, the effect over the Jsc due to change in the NA and the VBO is noticeably
more relaxed. The Jsc does not fall rapidly after a certain VBO and NA like the CBO. It is observed that the Jsc
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Figure 6. The variation of four output parameters with the VBO and NA for a fixed CBO= 0 eV and ND = 1018 cm−3.

is relatively higher for a VBO> 0 eV as compared to a VBO< 0 eV. Therefore, the spike in the energy band
at the junction of HTL/perovskite provides slightly better Jsc as compared to the cliff. Further, the Jsc holds
higher values for NA > 7× 1017 cm−3. It is observed that the FF remains nearly constant with respect to the
variation in the VBO and NA except at a VBO=− 0.1 eV and NA = 1016 cm−3. The certain drop in FF can
be attributed to the relatively lower cell voltage at the maximum power point (VMPP). The VMPP is found to
be 0.952 volts at a VBO=− 0.1 eV, compared to 0.973 and 0.99 volts at a VBO= 0 and−0.2 eV respectively
for a constant NA of 1016 cm−3. It is also observed to be lower as compared to a higher NA for a VBO=
− 0.1 eV. This can occur owing to a certain internal voltage drop originating from a change in local
quasi–Fermi level separation, as discussed in detail at [21]. The characteristic of the Voc shows that at any
value of VBO, it increases with the doping density, which can be attributed to larger separation in the
quasi–Fermi level.

Moreover, the Voc is observed to be smaller for a VBO< 0 and reduces significantly, especially for lower
values of NA. This behavior is identical to the intrinsic PSCs. The recombination rate increases with the VBO
for the potential cliff, lowering the Voc [16]. However, at higher doping density the stronger in-built potential
at the p–n junction helps to reduce the recombination, as will be shown later. As the Jsc and FF remain nearly
constant with respect to this, the PCE provides a relatively lower reduction of the Voc at a higher NA. For
VBO, theVoc plays the dominating role in deciding the both VBO andNA. The PCE is found to be the highest
and remains almost unaltered for the VBO> 0 eV and NA > 7× 1017 cm−3. For a better understanding,
figures 7(a) and (b) respectively show the energy band diagram and corresponding J–V characteristics for
three different values of VBO in the band diagram at the junction of the HTL/perovskite for fixed NA.

It can be seen that the VBO=− 0.3 eV generates a wider potential barrier against the flow of holes as
compared to the VBO=+ 0.3 eV. However, unlike the CBO, the Jsc is found to be reduced slightly in
response to the wider potential barrier. For the VBO=− 0.3 eV, the Jsc is 21.75 mA cm−2 whereas for the
VBO=+ 0.3 eV, the value of the Jsc is around 22.2 mA cm−2, almost identical to a VBO= 0 eV. It should be
noted that the maximum Jsc attained for the VBO is smaller than the CBO. This can be attributed to lower
external quantum efficiency (EQE), as discussed in the next paragraph. The Voc is observed to be slightly
lower for the VBO=− 0.3 eV (cliff) as compared to the VBO=+ 0.3 eV (spike), again reflecting a similar
behavior as intrinsic PSCs. Next, we plotted the energy band diagram and corresponding J–V curves for three
different values of NA keeping the VBO fixed at−0.3 eV. Figure 8(a) shows that with the increase in NA, the
potential barrier increases at the junction of HTL/perovskite for a cliff in the energy band diagram. However,
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Figure 7. (a) Energy band diagram for a fixed NA and three different values of VBO. (b) J–V characteristics for three different
cases with VBO.

Figure 8. (a) Energy band diagram for different NA with the VBO=− 0.3 eV. (b) The corresponding J–V curves.

the Jsc is observed to remain nearly constant (figure 8(b)) despite the change in the potential barrier, unlike
the CBO. This again reflects a weaker effect of VBO and NA in the performance of a homojunction PSC.

In order to understand the stronger effect of the CBO and ND over the VBO and NA further, we studied
the behavior of EQE and the recombination profiles for CBO and VBO with different doping densities. Since
the homojunction PSC shows unusual behavior for the cliff in the energy band diagram, we investigated EQE
and the recombination profile for band offset<0 eV. Figures 9(a) and (b) respectively show the EQE for the
case of a CBO=− 0.3 eV and VBO=− 0.3 eV, whereas figures 10(a) and (b) respectively represent the
recombination profiles. The ND and NA are taken to be 1016, 2× 1017 and 1018 cm−3 for both cases. It is to
be noted that while plotting the graphs for the CBO=− 0.3 eV (VBO=− 0.3 eV), we consider the
VBO= 0 eV (CBO= 0 eV) at the other junction and NA (ND) to be constant at 1018 cm−3, as discussed
before. The EQE dramatically reduces with an increase in the ND for the CBO=− 0.3 eV. Since the Jsc is
proportional to the EQE, it directly affects this efficiency parameter.

The EQE remains nearly identical irrespective of NA for the case of the VBO=− 0.3 eV. It should be
noted that for VBO, the EQE is lower than the case of the CBO=− 0.3 eV with ND = 1016 cm−3. It is
observed that the EQE always stays below 90% for the VBO irrespective of NA. However, the EQE reaches
nearly 100% for optimum values of the CBO and ND. As a result, the maximum Jsc is found to be
25.35 mA cm−2 for the CBO compared to only 22.63 mA cm−2 for VBO, as evident from the Jsc plot in
figures 3 and 6 respectively.

The recombination profile (figure 10) indicates that for the CBO=− 0.3 eV, the recombination rate at
the n-MaPbI3/ETL junction is extremely low for ND = 1016 cm−3, which significantly increases with the rise
in ND. It remains nearly identical at the opposite junction (HTL/p-MaPbI3). For the VBO=− 0.3 eV, the
recombination rate at the HTL/p-MaPbI3 junction for NA = 1016 cm−3 is low, increasing sharply for the
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Figure 9. EQE for (a) CBO=− 0.3 eV and different ND. (b) VBO=− 0.3 eV and different NA.

Figure 10. The recombination profile for three different values of (a) ND with a CBO=− 0.3 eV and (b) NA with a
VBO=− 0.3 eV.

higher values of NA. However, the recombination rate at the HTL/p-MaPbI3 junction for the VBO is lower as
compared to the dominating junction for the CBO (n-MaPbI3/ETL) at the relevant higher doping densities.
Moreover, for VBO, although the recombination rate is nearly identical with the NA at n-MaPbI3/ETL, it is
higher as compared to the other junction (HTL/p-MaPbI3) recombination rate corresponding to the CBO.
This behavior simultaneously explains the lower PCE for the VBO as compared to the CBO, as well as the
larger dependence on the doping densities for the CBO. Here, it is important to note that the recombination
rate significantly reduces with the increase in doping density for both the CBO and VBO at the junction of
p-MaPbI3 and n-MaPbI3 (see position near 470 nm). This can be attributed to the strong in-built electric
field generated at the space charge region in the homojunction configuration.

Finally, this paragraph discusses the effect of the overall thickness of the perovskite layer as well as the
relative thickness of the two doped segments. The ND and CBO are taken to be 2× 1017 cm−3 and+0.1 eV
since the PCE is found to be maximum around these values. Similarly, the values of NA and VBO are chosen
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Figure 11. The variation of the efficiency parameters as a function of the total thickness (tper) of the perovskite layer and
percentage thickness of the n-MaPbI3 (tn).

to be 1018 cm−3 and+0.2 eV following the discussion related to VBO. The variation of the four efficiency
parameters as a function of the overall thickness (tper) and n-doped section’s thickness (tn) in the percentage
of tper is shown in figure 11. It can be seen that as the percentage of tn reduces, initially both the Jsc and FF
increase. At a certain value of tn, both factors reach their peak and start reducing again. The Voc keeps on
increasing as the tn reduces and attains the maximum value when tn = 0, i.e. the entire perovskite is only
doped with acceptors. As a cumulative behavior of these three parameters, the PCE attains the maximum
value 25.43% when the tn covers 30% of the tper. The optimum overall thickness tper is found to be 600 nm.
Note that PCE is higher when the p-MaPbI3 section is thicker, as compared to the n-MaPbI3 section
irrespective of tper.

In order to estimate the performance improvement, a comparative analysis is carried out between the
homojunction and conventional heterojunction PSC under proper band alignment. The simulation for the
heterojunction configuration is carried out keeping the thickness of the perovskite layer the same as the
homojunction configuration. In the heterojunction configuration, the band offset value for both interfaces
with the perovskite layer is taken to be+0.1 eV as it aligns within the optimum band offset range for the
heterojunction configuration [15, 43]. This measure is taken to have a better performance comparison. The
J–V characteristic in the optimum band offset scenario is shown in figure 12. It is observed that the Jsc
remains nearly identical; this can be attributed to the optimum band alignment for both cases, as well as the
same thickness of the perovskite absorbing layer. The Voc for the homojunction configuration is found to be
much higher due to the larger splitting in the quasi–Fermi level owing to high p and n-doping inside the
perovskite, as discussed above. The increment in FF in the homojunction configuration also reflects less
charge carrier recombination and better cell performance.

We would like to highlight that the band alignment study has been carried out with a constant surface
recombination (N t) 1014 cm−2 at both interfaces of the perovskite and CTLs. In order to distinguish the
effect of surface recombination, the variation of the PCE with N t at both interfaces is shown in figure 13.

It is observed that the effect of N t at the n-MaPbI3/ETL junction is dominant over the opposite junction.
The PCE remains nearly constant up to N t = 1016 cm−2 at both junctions, which starts reducing quite
sharply after that for the n-MaPbI3/ETL junction.

In order to identify suitable ETL and HTL, simulations are carried out with different sets of materials
following the experimentally-reported values of their bandgap and electron affinity [43–47]. The estimated
PCEs are shown below separately for different ETLs (figure 14(a)) and HTLs (figure 14(b)). In the simulation
setup, the doping densities and the relative thickness of the two doped sections in the perovskite layer are
taken to be optimized values. Further, the band offset value with the HTL (ETL) is taken to be the optimized
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(Voltage)

J v

Figure 12. Comparison of J–V characteristics between homojunction and heterojunction configuration under optimum range of
band-offset values.

Figure 13. Variation of PCE (η) with surface recombination between the perovskite layer and the ETL or HTL layer.

Figure 14. PCE of homojunction PSC in the presence of different ETL and HTL to identify the suitable material combinations.

one while varying the ETL (HTL) materials. As reflected in the figures, the PCE of the homojunction PSC
remains nearly unaltered for commonly used HTLs, relaxing the material choice for HTLs. This can be
attributed to the relatively weaker effect of the VBO in the homojunction configuration, as discussed above.
However, the material choice for ETL is crucial for the homojunction PSC, as reflected in figure 13(a). The
efficiency is found to be highest for SrTiO3, whereas it is lowest for SnO2. Note that the efficiency remains
higher for the commonly used ETL layer TiO2. It is important to mention that the maximum efficiency of
the homojunction PSC can be extracted using TiO2 as it also offers tuning of its electron affinity while
annealing in different gas environments [21].

It should be highlighted that the utmost PCE (25.43%) obtained through the band alignment study in the
MaPbI3 homojunction configuration here is much higher than the reported PCE through band alignment
with intrinsic MaPbI3 (20.54%) [16]. Moreover, the efficiency is found to be superior to the highest PCE
(24%) reported with the homojunction perovskite without the CTLs [34]. The PCE in homojunction setup
with the CTLs can be further boosted by improving the carrier mobility, lifetime, diffusion length achieved
through defect passivation, better grain quality, addition of 2D materials, etc [6, 42].
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4. Conclusions

This article explores the effect of doping density inside the absorption layer—together with the CBO and
VBO at the two junctions with the CTLs—on the performance of the PSC in a homojunction configuration.
Although the effect of the CBO and VBO has been optimized extensively for the intrinsic PSCs, this is the
first report on a homojunction PSC. It is revealed that, besides the CBO and VBO, the donor and acceptor
density inside the MaPbI3 perovskite absorbing layer play a crucial role in band alignment and enhancement
of photovoltaic performance. One significant observation is that unlike an intrinsic PSC, the cliff in the
energy band diagram generates a strong potential barrier against the flow of electrons for CBO. The
optimum donor density and CBO are found to be around 2× 1017 cm−3 and in the range of 0 to+0.1 eV
respectively. The effect of VBO and acceptor density is much weaker as compared to CBO and donor density
for the homojunction PSC. The PCE is observed to be higher and nearly constant for acceptor
density> 7× 1017 cm−3 and VBO> 0 eV. For the optimum doping densities and band offset values, the PCE
is found to be highest at 25.43% when n-MaPbI3 covers 30% of the total thickness of 600 nm. The reported
results can provide detailed guidance toward generating a highly efficient solar cell with homojunction PSCs.
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