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The potential of perovskite solar cells (PSCs) to produce high efficiency (over 25 %) is well known, but the poor
stability of these solar cells is still a concern for practical applications. Thus, improving the stability is essential
for furthering the development of PSCs. To address this issue, researchers found that incorporating inorganic
Dual HTL materials into the hole transport layers (HTLs) can improve the stability of PSCs, yet charge recombination at the
Spiro-OMeTAD interface between the perovskite and inorganic HTLs can still reduce the efficiency of the PSCs. This study
CZTS simulated the performance and mechanism of methyl ammonium lead iodide (MAPbI3) PSCs with a dual HTL
using Solar Cell Capacitance Simulator-one Dimension (SCAPS-1D). A dual HTL formed by combining Spiro-
OMeTAD (spiro), a highly efficient hole transport material, and copper zinc tin sulfide (CZTS), a highly stable
hole transport material, leads to a PSC with a power conversion efficiency (PCE) of 23.47 % and significantly
improved stability. Simulation results of the electric field at the interfaces of PSCs indicated that the PSC with
spiro/CZTS as dual HTL have enhanced charge separation and reduced recombination. Furthermore, the simu-
lation results have also revealed the influence of different parameters, such as absorber thickness, absorber defect
density, HTL thickness, HTL/absorber interface defects, temperature, series resistance, and shunt resistance, on

solar cell’s characteristics.

1. Introduction

Pursuing a clean and sustainable energy future has increased interest
in renewable energy sources, with photovoltaic technologies in the
spotlight. Perovskite solar cells (PSCs) have emerged as a viable alter-
native to traditional silicon-based cells due to their high efficiency, low
cost, and scalability potential. The impressive photovoltaic performance
of PSCs is attributed to their remarkable optoelectronic properties,
optimized energy band alignment, and finely attuned interface proper-
ties [1-4]. However, the long-term stability of PSCs is a concern, as they
degrade more quickly than traditional cells, meaning that they need to
be replaced more often. The performance of PSCs is heavily dependent
on the stability and efficacy of the device’s charge transport and light
absorption processes. In particular, the perovskite/hole transport layer
(HTL) interface at the hole-selective side of PSCs is crucial. To be a
suitable hole transport material (HTM), it’s valence band maximum
(VBM) must be higher than that of perovskite, it should have a high hole
mobility to extract holes from the perovskite layer efficiently, and it
should form a uniform and compact film when it is processed. 2,2',7,
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7'-tetrakis(N,N-di(4-methoxyphenyl)amino)-9,9-spirobifluorene  (Spi-
ro-OMeTAD, or in short spiro) is a widely used HTL because it has a
suitable alignment between its highest occupied molecular orbital
(HOMO) and the valence band of the perovskite light absorbers. This
alignment promotes efficient hole extraction from the perovskite ma-
terial to spiro. Additionally, a conduction band minimum of perovskite
material is lower than the lowest unoccupied molecular orbital (LUMO)
energy level of spiro, effectively blocking electron transfer from perov-
skite to spiro. The unique molecular structure of spiro further contrib-
utes to its popularity as a HTL [5]. However, the spin-coating process
used to manufacture the spiro HTL may lead to the formation of micro-
or nanoscale pinholes, which can cause detrimental effects on solar cell
performance. These pinholes allow for the diffusion of gases and mole-
cules such as Oy, Hy0, and others, which can react with the perovskite
layer and lead to its decomposition. Moreover, the pinholes allow I" ions
to migrate and react with Spiro-OMeTAD", which reduces the concen-
tration of oxidized Spiro-OMeTAD™ and, in turn, decreases its conduc-
tivity [6,7]. Additionally, spiro, on its own, has low hole mobility on the
order of 10~* ¢cm?V~!s™! and smaller hole conductivity than that of
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perovskites [8]. To improve its hole mobility and conductivity, lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) is commonly added as a
dopant, along with 4-(tert-butyl)pyridine (tBP) to improve solubility
[9]. However, incorporating LiTFSI into spiro as a dopant can lead to
detrimental effects on PSC’s stability. In particular, the hygroscopicity of
the LiTFSI salt and its tendency to diffuse into the perovskite film and
electron transport layer (ETL), especially under high temperatures, can
result in deleterious defects in the perovskite film, leading to increased
charge recombination [10].

Recently, inorganic HTMs have gained much attention as potential
replacements for spiro HTMs in PSCs due to their remarkable advan-
tages, such as good stability, high abundance, high hole mobility, and
low cost. Among these inorganic HTMs, copper-based inorganic p-type
semiconductors have been mainly studied for their suitable band
alignment with perovskite materials, high conductivity, and chemical
stability [11-14]. However, despite their advantages, copper-based
HTMs have specific energy levels that result in significant barriers to
charge extraction at the interface between the perovskite and
copper-based HTLs. This leads to moderate charge collection and
enhanced recombination, which can reduce the PSC’s efficiency [15].
For instance, Liu et. al. showed that the recombination resistance of
perovskite/copper oxide is lower compared to perovskite/spiro, indi-
cating increased recombination losses with inorganic HTL [16]. Further,
Tirado et. al. observed a lower Voc when using copper sulfide as the
HTL, and the decrease in Vo is attributed to the increased non-radiative
recombination at the interface between perovskite and copper sulfide,
which is likely influenced by the large energy barrier between their
valence bands [17]. To address the issues with existing single-layered
HTLs, a novel approach is to make dual HTLs by combining the ad-
vantages of organic and inorganic HTMs. This approach has been used in
the fabrication of PSCs with different dual HTLs, such as CuSCN/spiro
[18], WO3/spiro [19], NiOx/spiro [20], CulnSy/spiro [21], which have
resulted in improved efficiency and exceptional stability. However,
further exploration of dual HTLs is still needed to create highly efficient
and stable PSCs.

In this paper, an n-i-p structured methyl ammonium lead iodide
(MAPDI3) PSC with a dual-HTL has been simulated using Solar Cell
Capacitance Simulator-one Dimension (SCAPS-1D). Dual HTLs consist-
ing of spiro and copper-based HTMs could significantly improve the
performance of the PSC. Spiro HTL provides the highest power con-
version efficiency (PCE) for PSCs [22] while the addition of
copper-based HTL further improves the device’s stability and efficiency
due to its higher charge carrier mobility, as well as its excellent thermal
and chemical stability. Popular copper-based HTLs include copper
thiocyanate (CuSCN), copper oxide (Cuz0), copper iodide (Cul), copper
sulfide (CuS), and copper zinc tin sulfide (CZTS) [23]. In this work,
various HTL combinations of HTLs such as spiro, CuyO/spiro,
CuSCN/spiro, spiro/Cul, spiro/CuS, and spiro/CZTS were simulated for
PSCs with the ETL (SnOj) being fixed. Furthermore, the effects of
absorber thickness, absorber layer defect density, HTL thickness,
absorber/HTL interface defect density, working temperature, series
resistance, and shunt resistance on device outcome parameters such as
fill factor (FF), short circuit current density (Js¢), power conversion ef-
ficiency (PCE), and open circuit voltage (Voc) were studied.

2. Methodology

This study used the AM 1.5 G illumination in SCAPS-1D (ver.3.3.10),
a simulation software developed by the University of Gent, Belgium
[24]. SCAPS-1D uses Poisson’s, hole continuity and electron continuity
equations to simulate heterostructure solar cells with up to seven layers
[25]. Simulation can be conducted both in light and dark environmental
conditions.
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Fig. 1. Device structure of PSC with various combinations of HTLs.
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where, q =charge, ¢ =dielectric permittivity, V= potential,
p(x) = concentration of free holes, n(x) = concentration of free elec-
trons, Nj (x) = concentration of ionized donor, N, (x) = concentration
of ionized acceptor, p;(x) = hole trap density, n.(x) = electron trap
density, J, = electron current density, J, =hole current density,
G, = generation rate of electrons, G, = generation rate of holes,
R, = electron recombination rate, R, = hole recombination rate.

The solar cell under investigation comprises a planar n-i-p archi-
tecture comprising FTO-coated glass as front contact, SnO, as ETL,
MAPDI; as light-absorbing material, different HTMs as HTL, and Au as
back contact, as illustrated in Fig. 1. Table 1 gives the basic parameters
of each layer of PSCs simulated by SCAPS, where t = thickness, Eg
=band gap energy, X =electron affinity, €= permittivity, Ng¢
= conduction band effective density of states, Ny = valence band
effective density of states, v, = electron thermal velocity, v, = hole
thermal velocity, p, = electron mobility, pyy = hole mobility, Ng
= uniform donor density, Ny = uniform acceptor density, and N; = total
defect density. For all the layers, the capture cross-section of electrons
and holes is 1E-15 cm?, the energetic distribution is single, and the
reference for defect energy level E; is above the valence band level (Ey)
[26,27]. The work functions of FTO and Au contacts used in the simu-
lation are 4.4 eV and 5.1 eV, respectively [26]. The light illumination is
1000 W/m? at AM 1.5 G, the operating temperature is 300 K, and the
series and shunt resistances are 5 Q-cm? and 4200 Q-cm?, respectively
[28]. We simulated a more realistic PSC by including an interface layer
between ETL and perovskite and an interface layer between perovskite
and HTL. We assumed a neutral defect density of 10'° em ™2 with an
energy level of 0.6 eV above the highest Ey [29].

We modeled and simulated the devices according to the parameters
listed in Table 1 and obtained the current density-voltage (J-V) char-
acteristics, as shown in Fig. 2. We observed different J-V characteristics
for different PSCs. For MAPbI3-based PSCs, the highest PCE of 23.47 %
was achieved when the dual HTL of spiro/CZTS was used in the device,
and the device showed an open circuit voltage of Voc = 1.39 V, a short
circuit current density of Jsc = 22.02 mA/cm?, and a fill factor of
FF = 76.64 %. If spiro along is used as the HTL, the PSC showed a PCE of
21.91 %, Voc =1.26 V, Js¢ = 21.92 mA/cmz, and FF = 79.56 %. For
PSCs using CuSCN/spiro, CusO/spiro, spiro/Cul, and spiro/CuS as dual
HTLs, PCEs are 14.41 %, 20.73 %, 21.67 %, and 20.44 %, respectively,
as shown in Table 2. Additionally, we conducted simulations for PSCs
using a single layer of copper-based materials as HTL. The performance
parameters is shown in Supplementary file, Table S1. For PSCs
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Table 1
Basic parameters of each layer of PSCs that are used in the simulation.
Material Properties FTO Sn0, [25,31] MAPbI; [32,33] Spiro [25] CZTS [34] Cu,0 [35,36] Cul [37-39] CuSCN [40] CusS [41]
[30]
t (nm) 500 80 500 200 100 100 100 100 100
Eq (eV) 3.5 3.5 1.55 3.0 1.40 2.17 2.98 3.68 2.2
X (eV) 4.0 4.0 3.93 2.45 41 3.2 2.1 1.70 2.9
€ 9 9 6.5 3.0 9 7.5 6.5 5.10 10
N, (1/em®) 2.2F18 2.2E17 2.2F18 1.2E19 2.2F18 2E18 2.8E19 2.2E20 4.386E19
Ny (1/cm®) 1.8E19 2.2E16 1.8E19 1.8E19 1.8E18 1.1E19 1.8E19 1E20 4.343E19
vn (cm/s) 107 107 107 107 107 107 107 107 107
vy (cm/s) 107 107 107 107 107 107 107 107 107
i cm?/V.s 20 20 2 2F-4 100 200 1E2 25 2.5
pp cm?/V.s 10 10 2 2E-4 12.5 80 4.39E1 25 2.5
Np (em™3) 2E19 2.42E19 0 0 0 0 0 0 0
Na (em™3) 0 0 0 2F18 1E19 2E19 2E19 3E18 1E18
N; (cm~3) 1E15 1E15 2.5E13 1E15 1E15 1E14 1E15 1E15 1E14
shaped J-V curve near Voc typically indicates issues with extracting
25 carriers. This problem is commonly associated with the series resistance

20
15 —

1 —=—sSpiroHTL
10 o/ —*— CuSCN/Spiro HTL

—4— Cu,0O/Spiro HTL
—v— Spiro/Cul HTL
5 | —— Spiro/CuS HTL
—<— Spiro/CZTS HTL

Current density (mAIcm2)

0 T I T I T I T I
00 02 04 06 08
Voltage (V)

Fig. 2. J-V characteristics of PSCs with various combinations of HTLs.

Table 2
PSCs with various HTLs and their performance parameters.

Device structures Voc Jsc (mA/ FF (%) PCE
% cm?) (%)

FTO/SnO2/MAPbI3/ Spiro/Au 1.26 21.92 79.56 21.91

FTO/Sn02/MAPbI3/CuSCN/Spiro 0.91 21.81 72.43 14.41
/Au

FTO/Sn0O2/MAPbI3/Cu,0/Spiro 1.25 22.09 74.88 20.73
/Au

FTO/Sn0O,/MAPbDI3/Spiro/Cul/Au 1.38 22.01 71.12 21.67

FTO/SnO2/MAPbI;/Spiro/CuS/ 1.36 22.02 68.32 20.44
Au

FTO/SnO,/MAPbI3/Spiro/CZTS/ 1.39 22.02 76.64 23.47
Au

employing a single layer of Cul, CuS, and CZTS as HTLs, the PCEs are
19.77 %, 18.37 %, and 20.85 %, respectively. These values are lower
than those observed for PSCs with spiro/Cul, spiro/CuS, and spiro/CZTS
as HTLs. The reduced PCE can mainly be attributed to the lower Vpc.
Interestingly, PSCs utilizing CuSCN and Cup0 as HTLs exhibited slightly
higher PCE and FF compared to PSCs with CuSCN/spiro and CuyO/spiro
as HTLs.

As illustrated in Fig. 2, the J-V curve of the perovskite solar cells
using spiro/CuS dual HTLs exhibits a distinctive bend near the Vo,
whereas the other cells do not display this characteristic. A bend or an S-

of the cell, which can create a charge reservoir at the contact, causing
increased recombination within the material [42]. To address this issue,
we have explored potential methods to increase the squareness of the
J-V curve. By improving the hole mobility of spiro and enhancing the
acceptor density of both hole transport materials, we can reduce the
bending of the J-V curve near Vo¢ (Supplementary file, Fig. S1).

As shown in Fig. 2, we also observed a significant decrease in the Vo¢
in the CuSCN/spiro HTL-based PSCs compared to other types of cells.
Normally, Vo depends on various factors such as band gap, illumination
intensity, temperature, exciton generation rate, charge carrier mobility,
charge carrier lifetime, and recombination rates [43]. To enhance the
performance and Vo of solar cells based on CuSCN/spiro HTL, it is
crucial to study the underlying mechanisms behind the lower Vq¢. This
decline could be a result of an increased recombination rate, causing the
loss of photogenerated charge carriers. Along with the simulation of
recombination rates, we will explore this in the subsequent sections.

3. Results and discussions

3.1. The electric fields at the interfaces of the PSCs with various HTLs
combinations

Our simulations of device structures revealed that the electric fields
at the interfaces of the constituent layers of the PSCs play an essential
role in their operation. The electric fields of the simulated device
structures are illustrated in Fig. 3. The electric fields at these devices
typically have a negative field at the perovskite/ETL interface and a
positive field at the ETL/FTO interface. As shown in Fig. 3(a), at the
perovskite/ETL interface, the electric field is directed from the ETL to
the perovskite, while at the ETL/FTO interface, the electric field is
directed from the ETL to the FTO. At the perovskite/HTL interface, the
electric field is directed from the perovskite to the HTL. The electric field
at the devices helps to separate the electron-hole pairs, which are
generated when the perovskite material absorbs light. The negative
electric field near the perovskite/ETL interface encourages the electron
to move toward the ETL, while the positive electric field near the ETL/
FTO interface can increase the electron recombination rate from the ETL
to the FTO electrode. Moreover, we observed a very small peak of a
negative electric field at the interface between the perovskite and the
spiro HTL (Fig. 3(a)), indicating that it is responsible for transferring
photogenerated holes from the perovskite to the HTL. When a dual HTL
is used, a significantly large electric field is observed at the interface
between the HTL layers. Out of all the HTL combinations, the magnitude
of the negative electric field at the interface of the spiro/CZTS HTL is the
highest (Fig. 3(f)), suggesting that this HTL combination results in
enhanced charge separation and reduced recombination, which could
explain the highest PCE (23.47 %) of all HTL combinations, as shown in
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Fig. 3. Electric fields at the interfaces of PSCs with different HTL combinations: (a) Spiro, (b) CuSCN/Spiro, (c) Cux0/Spiro, (d) Spiro/Cul, (e) Spiro/CusS, and (f)

Spiro/CZTS.

Table 2.

Although the electric field is negative at the CuSCN/spiro (Fig. 3(b))
and CupO/spiro (Fig. 3(c)) interfaces, the electric field strength is rela-
tively small compared to that of the spiro/CZTS interface. At the in-
terfaces of spiro/Cul (Fig. 3(d)) and spiro/CuS (Fig. 3(e)), a positive
electric field is presented, which will hinder the carrier collection and
increase the recombination.

3.2. Charge recombination in PSCs with various HTL combinations

In this simulation study, we also explored the charge recombination
dynamics of PSCs with different HTL combinations (Fig. 4). We found
that the recombination rates at the perovskite/ETL interface of PSCs
with spiro (Fig. 4(a)), CuSCN/spiro (Fig. 4(b)), and CuyO/spiro (Fig. 4
(c)) as HTLs are in the order of 10!8 cm’gs'l, which is considerably higher
than the recombination rates at the perovskite/ETL interface of PSCs
with spiro/Cul (Fig. 4(d)), spiro/CuS (Fig. 4(e)) and spiro/CZTS (Fig. 4
(D) as HTLs which are determined to be in the order of 10'® cm®s™. The
reduced recombination at the perovskite/ETL interfaces, when spiro/
Cul, spiro/CuS, and spiro/CZTS are used as HTLs, is attributed to the
increased transport ability of electrons from the perovskite layer to the
ETL. Moreover, our simulation results show that the recombination rates
at the FTO/ETL interfaces are in the order of 10'® cm™s™ for PSCs with
spiro, spiro/Cul, and spiro/CuS, and spiro/CZTS as HTLs, whereas for
Cuy0/spiro and CuSCN/spiro as HTLs, there is a significantly greater
recombination rate of 102! c¢cm?s!. For all device structures, the
recombination rate is higher at the FTO/ETL interfaces than at

perovskite/ETL interfaces. The higher recombination rate at the FTO/
ETL interfaces compared to the recombination rate at the perovskite/
ETL interfaces is likely due to the positive electric field generated at the
FTO/ETL interfaces (as discussed in Section 3.1), which reduces the
transport ability of electrons from the ETL to the FTO and thereby in-
creases the recombination rate at the FTO/ETL interfaces.
Furthermore, we observed a high recombination rate of 10'° cm™s™
at the interface of the perovskite and the HTL for the device with spiro as
the HTL. For the devices with dual HTLs, we observed a comparatively
lower recombination rate at the perovskite/HTL interface, suggesting a
better hole transport ability from the perovskite layer to the HTL.
However, we noticed significantly high recombination at the interface of
the two HTLs, which are in the order of 10%° ecm3s!, 10'® em3s7!, 10%°
em3s1, and 10'° em3s7, at the interface of CuSCN/spiro, CuyO/spiro,
spiro/Cul, and spiro/CusS, respectively. The exception is the interface of
spiro/CZTS, which has a low recombination rate of 10!7 ¢cm™3s!. The
lower recombination rate at the interface of spiro/CZTS HTLs is attrib-
uted to enhanced extraction of holes. For optimal photovoltaic perfor-
mance, it is essential to efficiently extract holes and minimize
recombination at the interface. Additionally, the recombination rate in
the absorber layer of PSCs with dual HTLs is lower than in PSCs with
spiro as HTL. With spiro as HTL the recombination rate in the absorber
layer is in the order of 10%° cm™s’, while the recombination with spiro/

3.1

cm’™s™,
CZTS, spiro/Cul, and spiro/CuS have a rate of 101 cm>s!, CuSCN/spiro
of 10" cm’3s’1, and CupO/spiro of 10'® cm3s!. The reduction of the
recombination rate in the absorber layer for the PSCs with dual HTLs is
likely due to the introduction of copper-based HTLs combined with
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Spiro/CZTS.

Table 3
Recombination rates in various layers and interfaces.

Recombination rate in various layers and interfaces (cm>s™)

HTL FTO FTO/ETL ETL ETL/Perovskite Perovskite Perovskite/HTL Spiro HTL Cu based HTL Spiro/Cu based HTL
Spiro 10%° 10'8 10'° 108 10%° 10'° 108 - -

CuSCN/spiro 10%! 102! 10'® 10'8 10'7 10 10 10'° 10%°

Cu,0/spiro 102! 10% 10'8 10'8 10'8 10'® 10'° 10'¢ 10'8

Spiro/Cul 108 10'® 10%° 10'° 10'® 10" 108 10'° 10%°

Spiro/CuS 10'8 10'8 10'® 10'° 10'® 10'® 10'8 10 10'°

Spiro/CZTS 10'8 10'8 10'° 10'° 10'® 10'8 10'8 107 107

spiro-OMeTAD HTLs, which reduces the number of defects in the
absorber layer. On the other hand, the ETL layer of the PSCs with
CuSCN/spiro and CuzO/spiro as HTLs have a higher recombination rate
of the order of 10'® em™s!, which could contribute to the lower PCE of
these devices due to increased recombination of charge carriers at the
ETL. We observed that when using different HTLs, there are variations in
the electron transport abilities between perovskite and the ETL. This can
be attributed to not only the impact of the HTL on the concentration of
mobile ions and the recombination that occurs at the interface between
HTL and perovskite but also the resistance and capacitance of the ETL
[44]. Since different HTLs exhibit diverse hole-transporting character-
istics, the recombination of photogenerated holes at the interface and
bulk of the anodic region alters the bonding state of Pb and I in the
perovskite, resulting in differing recombination rates and electron
transport ability of photogenerated electrons in the cathodic region. It
has been reported that the reactions at the anode region (2I" +2 h* > 1)
and the cathode region (Pb2+ + 2¢ —>Pb°) occur due to change in the

bonding state of Pb and I respectively. The reaction caused by the
change in bonding state of one region influence the reaction at the other
region, and hence influence the recombination rates and transport
ability [45]. Furthermore, we did not observe significantly high
recombination rate in the HTL except for CuS layer in the spiro/CuS dual
HTLs. The high recombination rate of the order of 10'° cm>s™! may be
attributed to the positive electric field generated on the spiro/CuS
interface, which agrees with our previous assertion of the positive
electric field generated on these interfaces. The recombination rates in
various layers and interfaces of the PSCs are listed in Table 3. In our
comparison of recombination rates across different layers and interfaces,
we found that the PSCs with CuSCN/spiro as HTLs exhibited higher
recombination rates. This observation may be attributed to the fact that
these PSCs had a lower Voc, which is consistent with our descriptions in
the previous section.
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Fig. 5. Effect of the absorber layer thickness on the performance parameters (a) PCE, (b) Voc, (¢) Jsc, and (d) FF of the PSCs with different HTLs combinations.

3.3. Effect of different parameters on the performance of PSCs with
various HTL combinations

3.3.1. Effect of absorber layer thickness

The optimum absorber layer thickness should be determined to
achieve the highest PCE of the PSCs. The effect of the absorber layer
thickness on the performance parameters of the PSCs with different
HTLs is analyzed from 0.1 pm to 2.0 um (Fig. 5). The PCE of the devices
increased rapidly until the absorber layer thickness reached approxi-
mately 0.7 um, beyond which the PCE changed only slightly (Fig. 5(a)).
This increase in PCE with the increase in absorber thickness is attributed
to the increased Jgc (Fig. 5(c)) resulted from increased photon absorp-
tion and electron-hole pair generation with increased carrier mobility in
the thicker absorber layer. However, for a very thick absorber layer,
charge carriers produced inside the absorber layer will recombine if the
thickness exceeds the electron diffusion length of absorber material.
Hence, the absorber layer should not be too thick. In the simulated
thickness range of the absorber layer (0.1-2.0 pm), the PCE and V,, are
the highest for the PSCs with spiro/CZTS as HTL (Figs. 5(a) and 5(b))
while the Jg. is almost unchanged for the PSC with all the combined
HTLs (Fig. 5(c)). In addition, there is no significant change in Vo¢ with
the absorber thickness (Fig. 5(b)). The FF (Fig. 5(d)) slightly reduced

with the increase of thickness, which suggests the increase of the series
resistance of the cell with the absorber layer thickness. Interestingly,
when using dual HTL-based PSCs, the FF values are consistently lower in
comparison to cells using spiro as HTL. This can be attributed to the
addition of a copper-based inorganic layer, which increases the contact
resistance between the layers. The higher resistance leads to enhanced
interfacial charge recombination and a decrease in FF. Therefore, the
device with dual HTLs exhibits a lower FF compared to the device with
spiro as the HTL.

3.3.2. Effect of absorber layer defect density

The absorber layer is a critical component of solar cells, where most
photovoltaic processes occur. The defect density of the perovskite ma-
terial affects solar cell performance, so adjusting it to a suitable value is
necessary to improve device performance. Defects such as dangling
bonds, uncoordinated atoms, surface dislocations, and stoichiometric
composition variations can be found at the surface or interface and/or
grain boundaries. Bulk defects such as intrinsic point defects, Schottky
and Frenkel defects also play a role in altering the properties of the
perovskite. A high defect density leads to shorter charge carrier lifetimes
and diffusion lengths, increasing recombination and reducing device
performance [46]. To achieve perovskite films with low defect density,
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Fig. 7. (a) Effect of spiro thickness variation on the PCE when copper based HTL with constant thickness is used in the dual HTL. (b) Effect of copper based HTL
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combinations.

additives, post-treatment, photochemical curing, large grain sizes, and
the formation of single crystalline films are necessary [47]. Simulations
can remove defect density, but some defects should be added for a
realistic perovskite device. Fig. 6 shows the effect of varying absorber
defect density (Ny) on the device parameters. When the N; values ranged
from 102 to 108 cm™, the V¢ decreased (Fig. 6(b)), with the decrease
rate being slower for PSCs with CupO/spiro and CuSCN/spiro as HTLs.
The decrease rates of Js¢ (Fig. 6(c)) and FF (Fig. 6(d)) are similar for all
HTL combinations. Overall, PCE (Fig. 6(a)) decreased with increasing
Ng however, the reduction in PCE is more rapid after the N reaches 107
cm™. The tolerance of defect density is higher for the PSCs with
CuSCN/spiro as HTL than the other HTL combinations. When
CuSCN/spiro is used as HTL, the PCE remains constant until the defect
density reaches 10! cm™. When spiro and Cu,0/spiro are used as HTLs,
the PCE remains constant until the defect density is 10'* cm™. The PCE
decreases linearly with the increase in defect density for all remaining
HTLs (spiro/Cul, spiro/CuS, and spiro/CZTS).

3.3.3. Effect of HTL thickness

The thickness of the HTL can be controlled by varying the spin-
coating speed when using spin-coating techniques to deposit the
layers. Fig. 7(a) shows the PCE change with the spiro layer thickness
when the spiro is combined with copper-based HTL of constant thick-
ness, and Fig. 7(b) shows the PCE change with the thickness of a copper-
based HTL combined with a spiro layer of constant thickness. We

observed a slight reduction in PCE when the thickness of spiro layer
increased. This decrease in PCE can be attributed to the decrease in FF
(Supplementary file, Fig. S2), which may be associated with the increase
in series resistance and reduction of hole mobility with the increase in
spiro layer thickness [48]. An optimal spiro layer thickness is necessary
to obtain a flat surface without affecting the series resistance of the cell
and to maximize hole collection probability, because having an HTL that
is either too thin or too thick is not ideal. However, on the other hand, an
increase in the thickness of the copper-based HTL did not result in any
significant changes in PCE. This may be due to the high charge mobil-
ities and conductivities of copper-based inorganic HTLs compared to the
organic spiro HTL [49]. In our simulation study, we found that
increasing the thickness of the spiro layer results in a slightly higher
increase in resistance compared to increasing the thickness of the inor-
ganic copper-based HTLs.

3.3.4. Effect of HTL/absorber layer interface defect density

The presence of chemical impurities, surface dislocations, uncoor-
dinated atoms, and dangling bonds at the surface of perovskite can lead
to significant defects at the HTL/absorber layer interface [50]. The
defect density significantly impacts the performance of the PSC. These
defects act as a recombination center, reducing the efficiency of the PSC
by increasing the recombination rate. Fig. 8 illustrates the effects of an
increased interface defect density (10'° to 10'® ¢m™) on the perfor-
mance of PSCs with various HTL combinations (spiro, CuxO/spiro,
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spiro/Cul, spiro/CuS, and spiro/CZTS). Fig. 8(a) shows that the PCE
decreased significantly with the increased interface defect density for all
HTL combinations; the decrease is particularly noticeable beyond 10'2
em™ for spiro/Cul, spiro/CuS, and spiro/CZTS. The decrease in PCE is
less pronounced for PSCs with CuSCN/spiro as HTL. Interestingly, when
spiro is used as HTL, the PCE remained almost the same until the per-
ovskite/HTL interface defect density is 10! cm3, and only then does it
start to decrease. In addition, Voc decreased with the increase of inter-
face defect density for all device structures (Fig. 8(b)), which might be
related to increasing carrier recombination. Defects at the interface of
the HTL and the perovskite layer can affect the FF of a device (Fig. 8(d)),
causing it to fluctuate. Moreover, we did not observe a significant
change in Jg¢ values for spiro, CupO/spiro, spiro/Cul, spiro/CuS, and
spiro/CZTS with the HTL/perovskite interface defect density in the
range of 10'° to 10'® cm™ (Fig. 8(c)). Interestingly, for the PSC with
CuSCN/spiro as HTL, Jgc started to decrease slightly after 10" cm™. This
decrease can be attributed to incomplete hole collection at the interface
between the perovskite layer and the HTL. When the defect density at
the MAPbI3/CuSCN interface exceeds 1012 cm3, the holes traveling from
the MAPbI3 absorber layer to the CuSCN HTL are more likely to get
trapped, scattered, or recombined, leading to incomplete hole collec-
tion. Moreover, the simulation showed that the FF and V¢ of PSCs with
CuSCN/spiro as the HTL did not change significantly compared to that of
PSCs with other HTL combinations.

3.3.5. Effect of temperature

To better understand how PSCs with different HTL combinations
perform in various environmental conditions, particularly at higher
temperatures, which is especially important for space applications, we
measured the performance of the devices at temperatures ranging from
300 to 400 K. Fig. 9 shows the variation of device parameters with
temperature. As shown in Fig. 9(b), Vo decreased significantly with the
increase in temperature for all PSCs except those with CuyO/spiro as
HTL, which showed only a slight decrease. The decrease in Voc is
attributed to increased saturation current due to a shift in intrinsic
carrier concentrations when the temperature rises, leading to higher
recombination rates [51]. Furthermore, the temperature increase has a
negligible effect on the Jg¢ of all PSCs (Fig. 9(c)), except for the device
with CuSCN/spiro as the HTL, which see a decrease. Fig. 9(d) demon-
strated that the FF decreased for all devices except for the device uti-
lizing CuyO/spiro HTL. In the case of CuyO/spiro as the HTL, the FF
experienced a slight increase until the temperature reached 330 K.
However, beyond this temperature, the FF began to decrease. This could
be attributed to the high carrier mobilities of Cu0, which influence the
conductivity of the CuyO layer and consequently reduce the series
resistance of the cells. The reduced series resistance allowed PSCs with
CuyO/spiro as HTL to withstand the interfacial defects caused by
increasing temperatures up to 330 K. However, beyond this threshold,
the deformation stress on the layers may increase causing interfacial
defects. Consequently, the series resistance increased, resulting in a
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reduced FF [52]. Overall, Fig. 9(a) showed that PCE decreased with the
increase in temperature. Of all the device structures, the PSC with
Cuy0O/spiro HTL is more resistant to temperature increase. It has a PCE
of 20.73 % at 300 K. This PCE increased to 21.03 % at 330 K before
decreasing to 20.03 % at 400 K.

3.3.6. Effect of series and shunt resistances

The series resistance (Rs) of a solar cell is determined by various
factors, including the electrical resistance of the contacts (FTO and gold)
and the resistance of the ETL, HTL, and active layers. The resistance of
the contacts is influenced by the material’s work function and the
thickness of the layer. Furthermore, electrons can be lost due to scat-
tering and recombination with holes within the ETL, HTL, and perov-
skite layers, thus contributing to the device’s overall resistance. Hence,
it is essential to reduce the series resistance to maximize the efficiency of
PSCs. This can be accomplished by doping suitable chemicals into the
charge transport and perovskite layers, applying appropriate interface
modifiers, optimizing fabrication techniques, etc. [53]. These methods
have been successfully used to reduce the series resistance and improve
the performance of PSCs. Fig. 10(a) illustrates the effects of series
resistance (R;) in the range of 0-12 Q-cm? on the performance of PSCs
with various HTL combinations, while the shunt resistance (Rgy) is kept
constant at 4200 Q-cm?. The PCE (Fig. 10(a)) decreased significantly
with the increment in Rg for each device. We observed a linear decrease
in PCE with increased series resistance. When the series resistance
increased from 0 ohm-cm? to 12 ochm-cm?, the most remarkable drop in
PCE is observed for the PSC with CuSCN/spiro as the HTL, which is only
able to retain 70.19 % of its initial PCE. On the other hand, the smallest
drop in PCE is observed for the PSC with spiro/CZTS as the HTL, which is
able to retain 79.87 % of its initial PCE. For spiro, CuyO/spiro, spiro/Cul,
and spiro/Cus as HTLs, the corresponding retained percentages of PCE
are 78.20 %, 77 %, 78.56 %, and 77.52 %, respectively.

We further studied the effect of shunt resistance on the performance
of PSCs by simulating the device’s performance when the shunt resis-
tance is varied from 500 Q-cm? to 6000 Q-cm? and series resistance is
kept constant at 5 Q-cm? A higher shunt resistance value is essential for
better device performance, as a low value diverts current to an alter-
native path and reduces the current flowing through the junction. As we
increased the shunt resistance for the PSCs, PCE (Fig. 10(b)) remained
constant beyond 1000 Q-cm? for all different HTL combinations.

From the simulation, we observed that devices with low series
resistance and high shunt resistance gave better performance. Further-
more, devices with spiro/CZTS as the HTL are more tolerant to increases
in series resistance. In addition, we did not observe any interesting
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results from the variation of shunt resistance.

4. Conclusion

The present research studied the possibility of synthesizing PSCs
with a combination of both organic and inorganic HTMs. The perfor-
mance of MAPbI3 PSCs with dual HTLs (CuyO/spiro, CuSCN/spiro,
spiro/Cul, spiro/CuS, spiro/CZTS) was simulated and compared to that
of a conventional device with spiro as HTL. The highest efficiency was
obtained for the PSC with spiro/CZTS as HTL. This result is attributed to
better charge extraction and reduced recombination at the interface and
in the device, respectively. Furthermore, the PCE increased with the
increase in absorber thickness and decreased with the increase in
absorber defect density. Changes in HTL thickness had no effect on the
PCE. PCE decreased with the increase in HTL/perovskite interface defect
for all the studied device structures. Generally, PCE decreased with the
increase in temperature; however, the PSC with CuyO/spiro as HTL had
more resistance to the temperature increase. Simulation of the device
also showed that the PCE decreased with the increase in series resistance
and increased with the increase in shunt resistance up to a certain point.
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