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ABSTRACT

The commercial implementation of perovskite solar cells (PSCs) with inorganic hole-transporting materials (HTMs) is hindered by
the requirement for more complex synthesis and processing methods. This study provides insights into the incorporation of buffer
layers in copper iodide (Cul)-based perovskite solar cells through comparative simulation work. The result shows that the poly-TPD
buffer layer outperforms other buffer layers, such as PMMA, P3HT, PTAA, and spiro-OMeTAD, achieving an open-circuit voltage (Voc)
of 1.2687 V, short-circuit current density (Jsc) of 24.4410 mA/cm?, fill factor (FF) of 83.8048%, and power conversion efficiency (PCE)
of 25.9855%, which is comparable to the performance of a device without a buffer layer. This superiority is mainly attributed to the
compatibility of the energy level alignment. In addition, the ability of the buffer layer materials to dissolve in solvents without
negatively impacting the crystalline properties of the perovskite layer opens up possibilities for fabricating solution-processed PSCs
with inorganic HTMs. The research highlights the significance of electron affinity, band gap, hole mobility, and interface defect density
of the buffer layer material in determining device performance. Furthermore, it was observed that the improvements brought about
by optimizing these factors individually reached a saturation point. Therefore, a holistic approach that considers the interplay between
these factors is necessary to further enhance device performance in PSCs.
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1. INTRODUCTION
scales up and device longevity improves. However, PSCs

Lead halide PSCs are a relatively low-cost photovoltaic
technology that is comparable in quality to other well-
established technologies such as silicon, GaAs, and CdTe-
based solar cells [1]. Generally, the perovskite compound
serves as the core component to enable light harvesting in
the active layer. PSCs have been widely used in space
applications, photovoltaic-driven catalysis, integrated
tandem solar cells, and energy storage systems [2]. These
perovskites often contain a hybrid of organic-inorganic
lead or tin-halide material as the absorbing layer. [3].
Solution-processed hybrid organic-inorganic perovskite
devices have shown longer carrier diffusion lengths and
good optical properties, resulting in high device efficiency
[4]. In recent years, the efficiency of PSCs in practical
applications has increased from 3.8% to 25.5%,
demonstrating impressive optical and electrical properties
[5]. Emerging PSCs are expected to enter specific market
segments of photovoltaics (PV), such as building-
integrated PV, in the coming years as device fabrication

still suffer from poor stability due to film defects, high solar
thermal effects, illumination issues, and inadequate
applied electric fields [6].

HTM is a crucial component that requires additional
research to enhance the performance and stability of PSCs.
At present, the small molecule spiro-OMeTAD is frequently
utilized as the solid-state HTM in PSCs and has garnered
significant attention over the past decade [7]. However,
spiro-OMeTAD has its shortcomings, including a
complicated synthesis route, high production cost, and a
requirement for hygroscopic dopants to boost charge-
carrier mobility. These requirements indirectly limit the
large-scale applications of spiro-OMeTAD [8]. In fact, there
has been a growing interest in substituting spiro-OMeTAD
with inorganic HTMs that promise lower cost, better
thermal stability, and more effective hole extraction [9].
One class of inorganic HTMs that has received significant
attention is copper-based compounds. They have been
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widely studied in numerous simulation studies due to their
more favorable energy alignment with perovskite
compared to spiro-OMeTAD [10].

The methods for depositing copper-based HTM in PSCs are
not well-discussed, despite the promising performance
output that can be achieved by using them. These HTMs are
hard to dissolve in non-polar solvents, which are necessary
to maintain the perovskite layer. Unfortunately, using these
HTMs in inverted perovskite devices may also cause
damage to the formed inorganic HTMs by the perovskite
solutions. Furthermore, simulation studies have found that
copper (I) oxide, or Cuz0, is the best alternative to spiro-
OMeTAD. However, it has the drawback of being insoluble
in non-polar solvents, which hinders solution processing
[11]. To avoid damaging the perovskite layer, Cu20 may
need to be separately prepared in the form of
nanoparticles. However, this process may encounter issues
with dispersion and homogeneity, or require the use of
more equipment-dependent methods such as ion beam
sputtering [12].

Interestingly, copper iodide (Cul) has shown promising
simulation results. Replacing the HTM with Cul yielded
competitive results compared to existing models [13]. It
can fully dissolve in acetonitrile (ACN). Still, ACN is a polar
aprotic solvent of high dipole moment that can corrode
perovskite films and negatively impact the PSC efficiency
and durability [14]. Researchers have explored various
approaches to fabricating PSCs using Cul as the HTM.
Srivastava et al. created a PSC by spin-coating Cul solution
in ACN, achieving a PCE of 13.64% despite potential
negative effects on the absorber layer morphology [15].
Sun et al. developed an inverted planar heterojunction
solar cell using Cul as the HTM, reaching a PCE of 16.8%.
This success was attributed to optimized perovskite
morphology and the Cul layer being deposited first on the
transparent conductive electrode, mitigating issues with
the ACN solution [16]. In another study, Srivastava et al.
employed a transfer printing process to apply Cul stamps
onto prepared perovskite layers, avoiding ACN's effects.
They achieved a promising PCE of 8.3%, though slightly
lower than reference PSCs using spin-coated spiro-
OMeTAD HTM. This difference may stem from defects in
the Cul HTL caused by stress and mechanical failures
during the transfer-printing process [17].

To further improve the implementation of Cul-based HTMs
in planar n-i-p structure PSCs, it is proposed in this study
to deposit a layer of another HTM that is dissolved in non-
polar solvents. This will protect the perovskite layer from
the harmful effects of HTM deposition, and the HTM layer
from similar effects from perovskite deposition in the case
of inverted structure perovskite devices. To address this
issue, it is proposed to apply a layer of another material
(HTM) that is dissolved in non-polar solvents. This layer
will protect the perovskite layer from the harmful effects of
HTM deposition. Similarly, it will protect the HTM layer
from the negative effects of perovskite deposition in the
case of inverted structure perovskite devices.

An extensive comparative simulation analysis was
conducted to examine the efficiency performance of
various buffer layers placed between the perovskite layer
and the Cul layer. Initially, buffer layer-free Cul-based PSCs
were simulated, optimized, and used as a benchmark for
performance comparisons. Various buffer layer materials,
such as PMMA, P3HT, poly-TPD, PTAA, and spiro-OMeTAD,
were selected for the comparative analysis. While buffer
layers are used to lessen the detrimental effects of HTM
deposition on the perovskite layer, they do not enhance the
device's performance compared to a device without a
buffer layer from a computational standpoint. This study
aims to identify the buffer layer that has the least impact on
the device's efficiency, so that better-performing devices
may be fabricated in practice. Additionally, this study
addresses the potential factors that contribute to poor
electrical performance.

2. METHODOLOGY

2.1. Buffer Layer Materials Used and Respective
Solvents

Poly(methyl methacrylate) (PMMA), Poly(3-
hexylthiophene) (P3HT), Poly(4-butyl-N,N-
diphenylaniline) (Poly-TPD), Poly(triarylamine) (PTAA),
and 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD) are chosen as the
deposition layer materials between Cul and perovskite for
the simulation studies.

The solvents used to dissolve materials such as Cul or
HTMs in perovskite solar cells can have deleterious effects
on the methylammonium lead iodide (MALI) perovskite
layer. Depending on the ability of solvents to dissolve or
react with perovskite material, they can potentially
degrade the annealed perovskite layer, leading to reduced
device performance. Thus, it's essential to consider the
properties of the solvent when designing and optimizing
perovskite solar cells.

2.2 Simulation Software and Device Architecture

SCAPS-1D is a one-dimensional solar cell device simulator,
freely available to the photovoltaic (PV) research
community [18]. Developed at ELIS, University of Gent, it is
a reliable software that solves the three fundamental
semiconductor equations: the Poisson equation, and the
continuity equations for electrons and holes [19]. These
equations, represented as Egs. (1) - (3) are calculated
under steady-state conditions in one dimension.

d? e
Tz P00 = (P(0) = (@) + Np = Ny + p, = pr)

(equation 1)
0r

Here, § represents the electrostatic potential, e stands for
electrical charge, €r, and €0 denote the relative and vacuum
dielectric permittivity, respectively. p and n are the
concentrations of holes and electrons, respectively, while
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Np and Na symbolize the donor and acceptor densities,
respectively. Lastly, pp and pn are the distributions of holes
and electrons, respectively.

d

% =G—R (equation?2)
djp .
e G—R (equation 3)

Where Jn and ], are the electron and hole current densities,
R and G are the recombination rate and generation rate,
respectively [20]. The SCAPS-1D software has shown
consistency between its simulation results and
experimental results in various literature. For example,
Yadav et al. reported that the current-voltage result and
external quantum efficiency (EQE) result of their simulated
and fabricated device were in good agreement with each
other [21]. Abdelaziz et al. also reported that simulation
using SCAPS gave expected results and confirmed
experimental data, save for the lower value of bulk
heterojunction collection efficiency [22]. It can be expected
that the performance of an experimental device will fall
behind that of a simulated one despite the results being in
good agreement. This can be attributed to non-idealities
such as the instability of materials/chemicals in the
fabricated device due to moisture [23], and other defects or
imperfections not considered during simulation. To ensure
a good match between experimental and simulation
results, calibration is needed. Therefore, this study
provides only a qualitative comparison between buffer
layer materials, and the simulated values may be overrated
in practice. Nonetheless, the SCAPS-1D simulator can
reliably model one-dimensional solar cells. A strong
correlation between simulated and experimental devices
can enhance the understanding of the solar cell's charge
transport mechanisms and power conversion efficiency.

The simulated solar cell used for performance evaluation
follows the n-i-p planar structure, with illumination
occurring from the ETL side. The cell's configuration is
ordered as follows: FTO glass (TCO)/TiOz (ETL)/MAPDI3
(absorber)/varied buffer layer/Cul (HTM). Figure 1(a)-(b)
presents the schematic diagram of the simulated devices
and their energy band diagrams. Tables 2 and 3 list the
basic parameters of the materials used. The simulations
were conducted under the AM1.5G solar radiation
spectrum. The perovsKkite is placed between the ETL and
HTM layers, with the buffer layer acting as a protective
barrier to maintain the perovskite's quality and
crystallinity.
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Figure 1. (a) Schematic illustration of the simulated device, and
(b) energy band diagram of materials.

Table 1. Simulation parameters of PSCs.
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Table 2. Interface defect properties panel
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Defect type Neutral
Capture cross section electrons (cm?) 10"
Capture cross section hole (cm?) 101?
Energetic distribution Single
Reference for defect energy level E¢ Above the highest Ev
Energy level with respect to reference (eV) 0.6
Characteristic energy (eV) 0.1
Total density (integrated over all energies) (cm™)  10'°
Throughout all the simulations performed, four

photovoltaic parameters will be presented: Vo, /s, FF, and
PCE. To assess the performance of the cell, the performance
parameters are plotted as each material value is simulated
[35].

Voc = maximum voltage that can be measured from a solar
cell when no current flows through its terminals.

Jsc = current that flows through a solar cell when short-
circuited without a load and at zero voltage.

Vmpp = Voltage at the maximum power point
Jmpp = Current at the maximum power point

FF = Efficiency metric measuring how closely a solar cell
approaches its maximum power output.

PCE = Ratio of electrical power output to incident solar
power in a solar cell.

FF and PCE are calculated using the following equations:

]mpp ) Vmpp Prax .
FF = = tion 4
Jsc *Voc Jsc Voc (equation 4)
_Pmax_FF'Voc']sc .
PCE = Py —Pi (equation 5)
3. RESULTS AND DISCUSSION

Optimum buffer layer material identification

To identify the best buffer layer material for an efficient
copper iodide-based PSC, the photovoltaic parameters
were simulated using different buffer layers, including the
polymers PMMA, P3HT, poly-TPD, PTAA, and small
molecule spiro-OMeTAD. During the modeling of various
buffer layers, the parameters for the ETM, HTM, and
perovskite layers were kept constant. To ensure
consistency in the analysis, identical values for both bulk
and interface defect densities were used. The ]-V
characteristic curves and EQEs of the simulated PSCs are
displayed in Figure 2(a)-(b).

The photovoltaic metrics of the simulated devices are
detailed in Table 4. The simulation results suggest that
changes to the buffer layer parameters, as listed in Table 2,
affected the photovoltaic metrics, specifically the Vo and
FF. These changes are evident in Figure 2(a) and Table 4.
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Notably, the PSCs featuring the P3HT and PMMA buffer
layers delivered a reduction in FF and PCE, especially in the
case of P3HT. This can be attributed to a mismatch between
the valence bands of P3HT and PMMA, and the valence
bands of copper iodide and perovskite material, which
contributed to an energy barrier to be surmounted by the
photogenerated carriers.

In the case of P3HT, the valence band maximum (VBmax =
5.70 eV) is somewhat deeper or has a larger value than the
perovskite and HTM. On the other hand, PMMA has a
shallower, or smaller valence band maximum (VBmax =
5.061 eV) compared to the perovskite and HTM. Despite
these differences, an energy barrier impeding the efficient
transfer of holes from the perovskite to HTM is observed in
both simulations.

Table 3. Photovoltaic parameters from simulations of PSCs with
various buffer layers.

Parameters Voe (V) Jie mA.cm?)  FF (%) PCE (%)
No buffer layer  1.2700 24.4409 84.2889 26.1642
PMMA 1.2124 24.4414 80.2558 23.7829
P3HT 1.2704 24.4467 53.2223 16.5286
Poly-TPD 1.2687 24.4410 83.8048 25.9855
PTAA 1.2673 24.4409 83.6100 25.8967
Spiro-OMeTAD 1.2659 24.4414 83.4290 25.8136
(@)
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Figure 2. (a) J-V curves, and (b) EQEs of the simulated PSCs.

The loss of FF and PCE indicates the formation of an energy
barrier between the HTM, buffer layer, and absorber layer
around the maximum power point of the simulated device.
In the case of poly-TPD, PTAA, and spiro-OMeTAD, the
devices exhibited performance parameters similar to the
reference device without a buffer layer, with the poly-TPD
device having superior performance parameters. The
sustained performance can be attributed to the correct
alignment of energy levels, appropriate electron affinity
values, and suitable band gaps of the simulated materials.
Likewise, the EQEs of the simulated PSCs show minor
variations. However, the P3HT device stands out with a
significantly reduced EQE due to inefficient charge transfer
characteristics. In Figure 2(b), the P3HT device (orange)
demonstrates a noticeably lower EQE compared to the
other buffer layers. This is represented as a separate line in
the figure, while the EQEs of the remaining buffer layers are
stacked behind the EQE of the poly-TPD device (purple).

Although the buffer layer materials used in this study are
costly, except for PMMA, which did not result in the best
performance parameters for the solar cell, the cost of these
materials will not be factored into this simulation study,
which only employs a very thin layer of material. Therefore,
poly-TPD is the chosen buffer layer material for this
specific solar cell configuration. In fact, the suitability of
each buffer layer material highly depends on the
semiconductor parameters of the HTM and perovskite
layer.

The simulation results align well with prior experimental
work, further supporting the choice of poly-TPD as the
buffer layer in Cul-based perovskite solar cells. Previous
experimental studies demonstrated significant
improvements in solar cell efficiency when poly-TPD was
employed in solution-processed perovskite solar cells.
These enhancements were primarily attributed to
improved perovskite film morphology, which led to more
efficient charge transfer mechanisms [36, 37].

The critical role of energy level alignment is particularly
noteworthy. The highest occupied molecular orbital
(HOMO) level of poly-TPD aligns well with the valence band
level of the perovskite layer [38]. This alignment facilitates
efficient hole transfer while minimizing energy losses at
the interface—a finding supported by this study's
simulation results. The superior performance of poly-TPD
observed in both simulations and experiments can
therefore be attributed to its optimal energy level
compatibility with the active and transport layers.

Electron affinity, band gap of the buffer layer, and PSC
performance

Efficient flow of holes from the perovskite to the buffer
layer, to the HTM requires proper alignment of the valence
bands of the two materials [39]. Similarly, the conduction
bands of the perovskite and ETL should align to facilitate
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electron transport [40]. This proper alignment helps to
prevent energy barriers and internal voltage drops (IVD),
both of which are crucial for improving the Vo values of the
PSCs. The energy band matching between buffer layers and
the perovskite layer can be observed by analyzing the
energy band levels of the simulated PSCs, as illustrated in
Figure 3.
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Figure 3. Energy band diagrams for the simulated PSCs, showing
energy barriers at buffer layer interfaces: (a) PMMA, (b) P3HT,
() poly-TPD, (d) PTAA, and (e) spiro-OMeTAD.
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The analysis identified energy barriers between the HTM
and perovskite layer in all simulations, though to varying
degrees. The variance in valence band energy levels
between the HTM and perovskite layer edge affects device
performance. Specifically, energy barriers of -0.1658, -
0.4666,-0.1586,-0.1449, and -0.1715 eV were calculated at
the maximum power point for PMMA, P3HT, poly-TPD,
PTAA, and spiro-OMeTAD, respectively. These energy
barriers impede hole transportation from the perovskite
layer to the HTM, leading to a decrease in PSCs'
performance. Since P3HT had the highest energy barrier,
the PSC obtained had the lowest fill factor of 53.22% and
the lowest PCE of 16.53%. On the other hand, the calculated
energy barriers were smaller in magnitude for other buffer
layers. Although one might anticipate that the simulation
with poly-TPD would exhibit the smallest energy
difference, following a trend of smaller energy barriers
with better device performance, the PTAA simulation
showed the lowest energy gap. This is mainly attributed to
PTAA having a higher relative permittivity, &, which
modulates the valence band discontinuity at the interface.
However, the impact of permittivity on the key
performance parameters would be relatively modest in
comparison. On the other hand, while spiro-OMeTAD has
better power conversion efficiency and closer band
alignment with the HTM and perovskite layers, PMMA has
a smaller energy barrier. This is due to its very low electron
affinity, which creates a large energy gap between the
conduction bands at the HTM/buffer layer interface [41].
Consequently, there is a higher electron-hole
recombination velocity at the interface, which balances the
flow of hole and electron currents and diminishes the
measured valence band energy difference. Therefore,
although the energy difference in the valence band at
interfaces reflects the internal voltage drops and energy
barriers resulting from mismatched material properties, its
magnitude is dependent on the complex interplay of
various factors within a solar cell device. It is only one
aspect of a holistic approach to maximizing the overall
performance of solar cell devices.

To further understand how band misalignment can result
in the appearance of IVDs, the transport equations are
invoked [42]:

Jn(0) dEg, .
Y Upn(x) e (equation 6)
() _ dEg, .
e upn(x) P (equation 7)

Where pn = electron mobility

Up = hole mobility

n = electron concentration

p = hole concentration

Jn = current resulting from the flow of electrons

Jp = current resulting from the flow of holes
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unn(x) = electron conductivity
Wp(x) = hole conductivity

To maintain the current flows in the solar cell], there must
be a corresponding change in the quasi-Fermi level (qFL)
separation. In this context, the hole gFL is highly dependent
on the valence band energy alignments at the HTM /buffer
layer and buffer layer/perovskite interfaces.

Figure 2(a) is revisited to understand how the performance
parameters are affected differently by the formation of
IVDs in solar cells using different buffer layer materials. In
the initial buffer layer-free solar cell structure, the copper
iodide HTM and MALI perovskite exhibit good valence
band maximum (VBmax) alignment of 5.50 and 5.48 eV,
respectively. The use of poly-TPD with a VBmax of 5.34 eV
would minimally affect the solar cell's performance
parameters, as it still aligns well with the VBmax of the other
layers. However, using PMMA (VBmax = 5.061 eV) would
result in the formation of an IVD between the HTM and
perovskite layers. This IVD would cause aloss in Vo, FF, and
PCE due to the formation of a transport barrier between the
HTM and perovskite layer. The transport barrier arises due
to a reduction in hole concentration at the perovskite layer
and HTM, near their respective interfaces with the buffer
layer. This leads to a decrease in the hole quasi-Fermi level
(qFL) to maintain the flow of hole current following the
transport equation.

The IVD has minimal impact on the shape of the J-V curve,
as its magnitude does not significantly rely on the bias
conditions. This is due to the high recombination at the
HTM near the interface with the buffer layer, which results
in the flow of holes being largely independent of the bias
conditions. The IVD is present at Voc because even though
no current flows out of the solar cell, there are still
internally balanced electron and hole current flows where
the interface recombinations are present. On the other
hand, P3HT (VBmax = 5.70) exhibits significantly lower FF
results, with Vo remaining relatively unchanged, as shown
in Figure 2(a). In this instance, the IVD forms not at Vo, but
when there is a significant current flow, particularly near
the maximum power point, where the absorber
experiences a large current flow. Similar to the PMMA case,
the majority carrier bottleneck occurs due to a decrease in
hole concentration. This time, however, it is located within
the buffer layer where a drastic reduction in hole
concentration takes place. Correlating with the reduced
hole concentration is the increased charge recombination
within the buffer layer, resulting in an increase in series
resistance, which limits the maximum power point at
larger current flows and reduces FF.

Thickness of poly-TPD and PSC performance

Figure 4(a)-(b) shows the variations of Voc and Js, FF, and
PCE with different poly-TPD buffer layer thicknesses. Error
bars (5% of the y-value range) indicate potential
simulation variability across all graphs. The Vo plots of the



thicknesses remain relatively constant. However, a slight
increase is observed when reduced to 1 nm and beyond.
The graph indicates that Vi will approach the value of Vo
for the reference buffer layer-free solar cell from a constant
1.2687 V to 1.2700 V. This can be explained by a decrease
in volume recombination in the buffer layer, while the light
trapping schemes in the photoactive layer remain
unchanged [43]. However, the difference in Voc is only
slight, and achieving the Vo of the buffer layer-free solar
cell requires the buffer layer thickness to be vanishingly
small.

However, for /s, the readings are higher when the thickness
of poly-TPD is larger than 1 nm, compared to that of the
buffer layer-free solar cell, with a peak observed at 5 nm
(24.440994 mA/cm?), accompanied by a small trough
observed with Voc (1.2686 V). This may be due to a small
increase in electron-hole pair generation within the buffer
layer when its thickness is appreciable. This slight increase
then drops to a value lower than that of the buffer layer-
free solar cell when the thickness is reduced from 5 nm to
1 nm (24.440872 mA/cm?). However, beyond this point,
when the thickness approaches 0 nm, the Jsc increases from
the trough at 1 nm to meet that of the buffer layer-free case
(24.440920 mA/cm?). This is likely because electron-hole
pair generation is no longer a dominant factor at these
small thicknesses. Instead, Jsc sees an increase due to
improved carrier collection, which is contributed to by the
shortened distance that carriers need to travel. Unlike Vo,
which remains constant with an increase in thickness
beyond 5 nm, Js will start to decrease linearly. This
corresponds to an increase in series resistance and the
distance that charge carriers must travel for extraction
[44].
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Figure 4. (a) Voc and Js, and (b) FF and PCE of the simulated
PSCs as a function of poly-TPD thickness.

For FF and PCE, the parameters increase somewhat
linearly as the buffer layer thickness decreases with a
slightly increasing gradient as the thickness approaches 0
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nm. A simulation was conducted with a much larger buffer
layer thickness of 500 nm, which showed that all
performance parameters, except for Vo, would continue to
degrade following the observed trends. To fabricate an
optimized solar cell, it is recommended to make the buffer
layer thickness as thin as possible within the context of
realistic solution processing methods. While simulation
software can provide insights into the performance effects
of buffer layer thickness, issues such as layer
inhomogeneity and reduced device stability may occur in
practice. Additionally, it is crucial to minimize the use of
expensive polymer materials. It should be noted that the
assumption that any thickness of the buffer layer is
adequate for protecting the perovskite layer from HTM
deposition was made.

Hole mobility of poly-TPD and PSC performance

In PSCs, high-performance HTMs need high hole mobility
for the efficient transfer of photogenerated holes. Research
indicates that increased hole mobility leads to an increase
in FF [45]. The buffer layer, acting as an interface between
the perovskite and HTM, is also critical for hole extraction
from the perovskite layer, necessitating high hole mobility.
The buffer layer is responsible for facilitating the transport
of holes from the perovskite layer to the HTM. Therefore,
its hole mobility (up) should be high to allow efficient
transport of holes before they recombine. To study the
impact of the buffer layer hole mobility on the PSC
performance, the ph of poly-TPD was adjusted from 10-7 to
40 cm? V-1s-1. Figure 5(a) - (b) illustrates the effect of poly-
TPD hole mobility on Voc and Ji, and FF and PCE,
respectively. While the results show that there are some
variations in Voc and Js, these parameters remain relatively
constant with changes in ph, particularly in the case of Voc.
Voc sees a very small increase from 1.2686 to 1.2688 V as
the hole mobility of poly-TPD is reduced from 40 to 10-¢
cm? V-1s-1 likely due to an increase in series resistance [46].
Conversely, for Ji, it is reduced from 24.440972 to
23.945573 mA/cm? as ph is made very low (107 cm?2 V-1s-
1) for a similar reason.
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Figure 5. (a) Voc and Js, and (b) FF and PCE of the simulated
PSCs as a function of poly-TPD hole mobility.
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On the other hand, higher values of ph in the buffer layer
led to improved hole conduction between the perovskite
layer and HTM, resulting in higher FF and PCE. This
improvement reaches a plateau around 2 x 10-2 cm? V-1s-1,
beyond which the performance parameters remain
constant, even with increased hole mobility, as long as all
other parameters are kept constant. Therefore, to achieve
maximum performance, the hole mobility of the poly-TPD
buffer layer material only needs to be above approximately
2 x 102 cm? V-is1,

However, it should be noted that this range is specific to
materials with the electron affinity and band gap of poly-
TPD. Different ranges may be applicable for materials with
different energy level profiles. For example, a separate
simulation was run for P3HT, where its uh was increased
from 104 cm? V-1sl. With the increase in pn, the greatly
reduced FF and PCE were brought back up to match those
of the buffer layer-free solar cell. This indicates that the IVD
causing the charge carrier bottleneck is a consequence of
low pn as well. Poly-TPD would see the best performance as
it has both good high pn and good band alignment.

Acceptor density of poly-TPD and PSC performance

According to areport by Ahmed etal. (2021), p-type doping
of HTMs increases positive charges or majority charge
carriers, thereby improving the overall conductivity of the
HTM and the performance of PSCs [47]. It is expected that
this effect would also apply to the buffer layers used in this
simulation study, which, like the HTM, extract holes from
the perovskite layer. Increasing the Na in the buffer layer
may reduce the number of Coulomb traps in the PSC. These
traps occur when free charge carriers in the PSC are
captured by impurities or defects in the material, resulting
in reduced solar cell efficiency. By raising the acceptor
density in the buffer layer, the number of available
Coulomb traps can be decreased, reducing the chance of
free charge carriers being captured and ultimately
improving PSC efficiency. To observe the impact of Na on
solar cell performance, the Na values were varied between
1016 and 1022 cm3.

Figure 6(a)-(b) displays the changes in Vo, Js, FF, and PCE
as the Na concentration in the buffer layer varies. It is
evident that FF and PCE both increase gradually with N,
but not significantly. A similar trend applies to Voc and Jsc
overall. However, a small peak of higher value (24.441058
mA/cm?) is observed at an acceptor density of 5 x 1018 cm-
3 for Jsc, while a trough of 1.2686 V is observed for Vo at the
same acceptor density value. The slight deviation of Vo and
Jsc from the continuously increasing trends of FF and PCE
may be due to a slightly higher electron current density
observed at this acceptor density value, compared to larger
acceptor density values approaching 1022 cm3. This
difference in electron current density observed at the
HTM/buffer layer interface may have contributed to an
optimal charge carrier balance, resulting in the peak in Js.
However, this observed effect is very small and has no
noticeable effect on the increasing trends of FF and PCE
with the increase in acceptor density.
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Figure 6. (a) Voc and Js, and (b) FF and PCE of the simulated
PSCs as a function of poly-TPD acceptor density.

Because the buffer layer is thin, it does not significantly
affect the additional electric potential and the built-in
electric field between the perovskite layer and the HTM.
However, changes in the acceptor concentration of the
HTM have a more pronounced effect on the performance
parameters of the device.

Even when the Navalue of the buffer layer drops below 1016
cm3, the performance parameters remain unchanged until
Na reaches 0 cm-3. However, when the Na value of the HTM
falls below a certain threshold, current flow out of the solar
cell would cease entirely due to the lack of a built-in electric
field to promote charge carrier separation and
transportation.

Simulations suggest that the best performance is achieved
by setting the Na value for the buffer layer as high as
possible. However, a Na range close to that of the HTM
(around 102° cm-3) produces a comparable performance.

Interface defect density of poly-TPD and PSC
performance

To investigate the effect of buffer layer defect density on
device performance, it was varied over the entire allowable
range of the simulation software (0 to 1039 cm3). However,
no changes in photovoltaic parameters were observed. The
same observation was made when varying the HTM defect
density across the same range. This indicates that the
trapping of carriers facilitated by defects occurs less in the
transporting layers, compared to the perovskite active
layer. Previous studies have shown that a high defect
density within the perovskite layer is detrimental to device
performance [48]. Previous research has discovered that

the defect densities at the HTM/perovskite and
perovskite/ETM interface layers significantly impact
performance parameters. Chouhan et al. (2018)

particularly noted that the defect density at the
HTM/perovskite interface greatly influences Vo, while the
defect density at the perovskite/ETM interface has a strong
effect on the solar cell's Jsc [49].



Since the buffer layer serves as an extension of the HTM to
the perovskite layer, the defect density at the buffer layer-
perovskite layer interface was varied from 108 to 1020 cm-
2, while the capture cross section for electrons and holes
was maintained at 10-1° cm? to observe how it affects solar
cell performance. Figure 7(a)-(b) shows respectively the
variations of Voc and Jsc, FF, and PCE obtained with
different buffer layer (poly-TPD) thicknesses. It is shown
that the Voc starts to decrease at an interface defect density
of 1010 cm-2 and continues to decline until 1018 cm-2.
After this point, the effects level off. Jsc is also affected by
an increase in interface defect density, albeit to a lesser
degree. This effect is only noticeable at a defect density
beyond 1014 cm-2, and it plateaus along with Voc. These
findings suggest that the defect density at the buffer
layer/perovskite interface primarily affects the Voc by
influencing charge recombination and voltage loss
mechanisms.

Similarly, the trend of Voc reduction with an increase in
interface defect density is followed by PCE. This trend
starts and ends at the same point. Interestingly, however,
FF increases until it peaks at an interface defect density of
1014 cm-2, after which it decreases along with the other
performance parameters. In contrast, the energy difference
only increased by 0.25% when measured at the maximum
power points of the same curves.
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Figure 7. (a) Voc and Js, and (b) FF and PCE of the simulated
PSCs as a function of poly-TPD/perovskite interface defect
density.

However, it should be noted that the increased FF does not
translate to increased performance, as reflected by the
consistently decreasing PCE with increasing interface
defect density. When the defect density of the interface
exceeds 101% cm?, the increased current flowing through

PCE
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the absorber leads to a decrease in the FF below the
simulation with fewer defects. This decrease is due to the
rise in series resistance and ideality factor, which
negatively impact device performance. Therefore, to
optimize the PCE of the device, it is crucial to minimize
defect density at the buffer layer/perovskite interface.
According to this simulation, the performance parameters
at a defect density of 1019 cm'2 match those of a defect-free
device. However, while similar trends can be seen at
different defect energy levels and electron and hole capture
cross-sections, the ideal defect density values may differ.

Limitations of the simulation study and future
experimental validation

While the simulations offer valuable insights into the
performance of buffer layer materials in Cul-based PSCs,
several inherent limitations must be acknowledged. The
simulations assume homogeneous buffer layers,
overlooking potential irregularities during fabrication.
Additionally, SCAPS-1D models simplify absorption
profiles, failing to capture the complexities observed in
experimentally validated perovskite absorption [50].

Furthermore, 1-D modeling cannot fully account for real-
world variables, including material defects, light scattering,
or textured interfaces. Environmental factors such as
moisture, oxygen, and thermal degradation—critical to
device performance and stability—are also excluded from
the simulations. These necessary simplifications limit the
direct applicability of the results to real-world scenarios
[51].

Simulation results often tend toward overestimation,
partly due to the omission of reflection losses at
intermediate interfaces caused by refractive index
mismatches [52]. Additionally, assumptions regarding
defect density and recombination coefficients—based on
limited information in the literature—may underestimate
lossy attributes, further skewing the outcomes [53].

To validate the observed trends, future experimental work
is essential—particularly through the controlled
fabrication of PSCs with varying buffer layers. Techniques
such as current-voltage and capacitance-voltage
measurements could investigate material and device
performance properties [54]. Moreover, photoelectron
spectroscopy and time-resolved photoluminescence could
provide direct measurements of energy levels and carrier
dynamics, further confirming the potential of the poly-TPD
buffer layer for enhanced PSC performance [55, 56].

Regarding the stability of the buffer layer or devices, X-ray
photoelectron spectroscopy can investigate thermal and
moisture-induced reactive pathways [57]. Furthermore,
imaging methods like atomic force microscopy could reveal
morphological information on the crystallinity of
perovskite and Cul layers, as well as their interactions with
buffer layers and environmental effects [58].

4.CONCLUSION

The simulations identified poly-TPD as the optimal buffer
layer material for Cul HTM-based PSCs, based on its
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electron affinity and band gap alignment. Tests showed
poly-TPD-based PSCs achieved 25.99% PCE, 1.27 V Vg,
24.44 mA/cm? Ji, and 83.80% FF - superior to PMMA
(23.78% PCE), P3HT (16.53% PCE), PTAA (25.90% PCE),
and spiro-OMeTAD (25.81% PCE). The buffer layers
effectively shield the perovskite layer from Cul solvent
damage, with some materials performing notably better
than others.

Key performance factors include electron affinity, band
gap, and hole mobility of the buffer material. While buffer
layers enable practical implementation of Cul and other
inorganic HTMs, they don't always improve simulated
performance. For best results, the buffer layer should be
thin with high hole mobility. Higher acceptor density can
boost efficiency, and interface defect density significantly
impacts performance.

To confirm the findings of this simulation study, future
experimental validation is essential. Experimental
investigations could involve fabricating PSCs with varying
buffer layers and employing techniques such as current-
voltage and capacitance-voltage measurements to assess
device performance properties. Additionally,
photoelectron spectroscopy and time-resolved
photoluminescence can provide direct insights into energy
level alignment and carrier dynamics, validating the
proposed advantages of poly-TPD. Stability assessments
under environmental conditions, including thermal and
moisture-induced stress, are also necessary to evaluate the
long-term viability of poly-TPD and similar materials.
Imaging methods like atomic force microscopy can further
reveal morphological and structural interactions between
the buffer layer and perovskite.

These results advance our understanding of efficient PSC
development. Proper selection and optimization of buffer
layers can enhance PSC performance significantly.
However, polymer stability remains a concern, as real-
world conditions require materials that withstand
temperature and humidity changes. Cost is another limiting
factor for commercial adoption.

Future research may also focus on exploring inorganic
buffer layer materials that offer greater stability and cost-
effectiveness. Candidates such as lead sulfides (PbS),
molybdenum oxides (MoOy), and vanadium oxide (V,0s)
are promising due to their high thermal stability, suitable
energy level alignment with perovskite layers, and ease of
integration into scalable fabrication processes. These
materials could potentially provide similar or enhanced
performance benefits while addressing the stability and
cost challenges associated with organic buffer layers.
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