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Abstract

This study investigates the drift-diffusion behavior in tin-based perovskite solar cells, specifically focusing on CH3NH3Snls, with
the aim of understanding how ion mobility, hysteresis, recombination mechanisms, and material parameters influence device
performance. Tin-based perovskites represent a promising alternative to lead-based compounds due to their reduced toxicity
and comparable optoelectronic properties, yet they pose challenges related to stability and efficiency. A numerical model
was developed by solving the coupled Poisson and continuity equations, incorporating both electronic and ionic transport
phenomena. The simulation framework allows for variation in ion mobility, defect density, recombination rates, and built-in
potential, enabling a comprehensive analysis of dynamic and steady-state responses. The results reveal a significant
dependence of hysteresis behavior on ion migration and recombination at interfaces, as well as a notable impact of ionic
mobility on current—voltage characteristics and power conversion efficiency. Furthermore, the model shows that optimization
of material parameters can mitigate hysteresis and enhance device stability and output. These findings provide valuable
insights into the physical mechanisms limiting the performance of tin-based perovskite solar cells and suggest strategies for
their improvement through targeted material and device engineering.
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1. Introduction

The demand for renewable energy sources is increasing each
year, leading to an acceleration of research in the field of next-
generation photovoltaic technologies.'*1 Among these,
perovskite solar cells (PSCs) have emerged as a promising
candidate, having rapidly achieved high power conversion
efficiencies exceeding 27%. This remarkable progress is
primarily attributed to their exceptional optoelectronic
properties, including strong optical absorption, low exciton
binding energy, long carrier diffusion lengths, and tunable
bandgaps.>-1%

The recent growth of renewable energy and functional
materials has led to active research in perovskite solar cells,
hydrogen storage systems, and thermoelectric materials.
Density functional theory (DFT) methods help predict the
structural, electronic, and optical properties of promising
compounds.''2% In particular, studies on modifying transport
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layers, defect passivation, and using nanostructured SnO-
layers show significant improvements in the efficiency and
stability of perovskite solar cells.'>?'21 Amid these advances,
lead-free perovskites like CH3NH3Snlz are gaining interest
because of their good optoelectronic properties and
environmental safety.333 This makes them very promising
for creating efficient and stable solar cells.

Among various perovskite materials, methylammonium tin
iodide (CH3NH3Snl3) has emerged as a promising candidate
for the development of lead-free, environmentally friendly
PSCs.P431 CH3NH3Snl; exhibits a suitable direct bandgap
(~1.3 eV), high hole mobility, and favorable charge transport
characteristics, making it theoretically well-suited for efficient
solar energy harvesting.*¢l However, the practical realization
of high-performance CH3;NH3Snlz-based PSCs remains
hindered by several material- and device-level challenges. The
most critical issues include the rapid oxidation of Sn** to Sn*"
under ambient conditions, which leads to self-doping and
carrier imbalance; a high density of intrinsic defects; and
suboptimal energy level alignment at interfaces. These factors
limit the open-circuit voltage (Voc), reduce carrier lifetimes,
and contribute to parasitic recombination losses, thereby

impeding the overall efficiency and stability of the device.l**
41]
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One of the challenges is the pronounced hysteresis often
observed in the current—voltage (J—V) characteristics of
perovskite solar cells.*>#1 Hysteresis refers to the discrepancy
in the J-V response depending on the scan direction (forward
or reverse) and is widely recognized as a manifestation of
fundamental dynamic processes, such as ion migration, charge
accumulation at interfaces, and trap-assisted recombination. In
CH3NH;3Snls-based perovskite solar cells (PSCs), which
exhibit heightened sensitivity to ionic mobility and defect
states, the presence of hysteresis complicates the accurate
determination of steady-state performance metrics and
indicates instability in charge transport and recombination
processes.**32l Therefore, a detailed understanding of the
origins and effects of hysteresis is crucial not only for the
reliable assessment of device performance but also for the
targeted improvement of stability and reproducibility at both
the material level and in the design of solar cell architectures.

To address these challenges and fully harness the potential
of CH3NH3Snl3, a deeper understanding of charge transport
dynamics and loss mechanisms is essential. Numerical
modeling based on the drift-diffusion framework serves as a
powerful tool for analyzing and optimizing PSC performance,
enabling systematic investigation of material properties and
device parameters.

Modeling enables the deconvolution of internal device
processes that are experimentally challenging to access and
allows for the systematic variation of parameters to guide
optimization strategies. In this study, a one-dimensional
Driftfusion model, originally developed by Calado et al.,>* is
employed and extended to investigate the performance of
CH3NH3Snls-based perovskite solar cells (PSCs). Driftfusion
is a versatile and open-source simulation platform specifically
designed to model the optoelectronic behavior of perovskite
devices using the drift-diffusion formalism. The model
incorporates charge carrier transport equations, the Poisson
equation for electrostatics, and accounts for trap-assisted
recombination, ion migration, and complex interfacial
dynamics. This study builds upon the original Driftfusion
framework by incorporating material-specific parameters
relevant to tin-based perovskites, including reduced dielectric
permittivity, higher intrinsic defect densities, and non-
radiative recombination pathways unique to Sn-based systems.
Furthermore, improvements are introduced to the model to
better capture the actual behavior of CH3NH3Snl; devices,
including:

1) Modeling dynamic ion migration, particularly accounting
for the role of mobile species induced by iodide and tin
vacancies;

2) Band edge shifts at the interfaces with transport layers and
their impact on the built-in potential and charge extraction;

3) Non-uniform defect profiles across the absorber thickness
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to simulate the effects of graded doping and self-passivation;
4) Modification of surface recombination rates to investigate
interface engineering strategies.

The primary objective of this study is to analyze the impact
of ion-mediated recombination and ionic mobility on the
hysteresis effect in CH3NH3Snlz-based perovskite solar cells.
By simulating current-voltage (J-V) characteristics under
various conditions — including the presence and absence of
ion-mediated recombination, as well as varying ionic mobility
values — the influence of mobile ionic species on the
magnitude of hysteresis and overall photovoltaic performance
of the device is analyzed. To quantitatively assess the degree
of hysteresis, a hysteresis index (HI) is calculated based on
forward and reverse J-V scans.

To quantify the extent of hysteresis, we calculate the
hysteresis index (HI) for each J-V curve based on the power
conversion efficiencies (PCEs) obtained during forward and
reverse voltage sweeps, following the methodology outlined in
Ref. Eq. (1):54

Hysteresis Index (HI) =
PCE (reverse)—PCE(forward)

PCE(reverse)

(M

Using the enhanced drift-diffusion model, a comprehensive
parametric study is conducted to identify the key factors
governing the operational characteristics of the device.
Parameters such as absorber layer thickness, doping level,
charge carrier mobility, trap state density, and interfacial
recombination are systematically varied to quantitatively
analyze their effects on open-circuit voltage (V. ), short-
circuit current density (Js¢), fill factor (FF), and overall power
conversion efficiency (PCE).

The results obtained from the drift-diffusion process
simulations not only enable the identification of key loss
mechanisms and the physical origin of hysteresis but also
facilitate the development of practical guidelines for the design
of CH3NH;3Snlz-based perovskite solar cells. Consequently,
this work contributes to the advancement of stable, highly
efficient, and environmentally friendly photovoltaic
technologies based on lead-free perovskites through the
modeling and engineering of functional materials and
heterostructures.

Interface regions
(1 nm each)

CH;NH;Snl;
500nm

Fig. 1: Perovskite solar cell device structure: A 500 nm
perovskite layer is stacked between 50 nm thick electron (TiO,)
and 100 nm hole (MoQO3) transport layer. 1 nm layers are added
at the interface to account for interface properties within the drift—
diffusion simulations.
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2. Simulation model

We set-up a perovskite solar cell with a 500 nm CH3NH3Snl3
photoactive layer, a 100 nm hole transport layer (HTL) and 50
nm electron transport layer (ETL) using TiO; and MoOs as
ETL and HTL, respectively. We include 1 nm wide regions at
the ETL/perovskite and HTL/perovskite interfaces,>>-* in
which material properties such as the conduction and valence
bands as well as the dielectric constant are gradually varied
using an effective medium approach.i** The device structure is
shown in Fig. 1.

The constant mobility model is employed for the perovskite
and charge transport layers. Since the ions do not cross the
charge transport layer, ionic mobility in the charge transport
layer is considered to be zero. Charge and ionic transport
within the device are governed by electrically induced drift and
diffusion. The full set of equations reads as follows Eq. (2):

V-(eVD) =g (n-p+N;-Ng-Ney N i)
V-{u,n(V®,)}=G-Ry;-Rsrn
v {pr(vq)p)} =G-Rgi-Rsru
o (72) o
i (T

The first equation solves the Poisson equation, and the final
four equations are the continuity equations for the electrons
(n), holes (p), cations (ct) and anions (an), respectively. € is
the material permittivity, @ the electrostatic potential, and q is
the elementary charge. n and p are the time-dependent electron
and hole densities, respectively; N, and N, represent the
time-dependent cation and anion densities, respectively.
Nj and N label the ionized donor and ionized acceptor
density, respectively. py,, ty, Uer and pgy, give the electron,

2

hole, cation and anion mobilities, respectively. nf and n;
represent hole and electron trap concentrations, respectively.
@, and @, are the electrochemical potentials of the electrons
and the holes. All densities and potentials are a function of
space and time. The model solves the continuity equations in
time and position. For further details on the numerical solver,
we refer to the publications of Calado et /.3

Direct (bimolecular) recombination of electrons and holes
is included via R4;- Eq. (3):

Rair = B(np —nf), 3)
where B is the bimolecular recombination rate constant, and
n; is the intrinsic carrier density. To include trapping of charge
carriers by defects and the traps, we use the Shockley—Read—
Hall recombination given by Eq. (4):6%

np-n?
n+NCexp(E,€;ic))Tp+<p+N,,exp(EZ;?)>rn,
where E; is the trap energy level, E. and E, label the
conduction band minimum and valence band maximum,

respectively. N, and N,, are the effective density of states
within the conduction and valence band respectively. 7, and

“4)

Repy = <
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T, are the trapping times of holes and the electrons,
respectively. Traps states are required to obtain hysteretic
effects in the J-V characteristics.5>%¢'1 Modeling without traps
can result in J-V profiles with no hysteresis,®? suggesting that
the trapping might be one of the essential factors inducing the
hysteresis. The trapping time is defined in terms of trap
capturing coefficient Cn,p and the trap density as follows Eq.

(4):

- _ 1
n,p NtCn,p,

“)

Higher trap density (N,) implies a more efficient trapping and
hence shorter trapping time Tnp. Acceptor and donor traps are
considered to be located in the middle of the bandgap.
Recombination in the bulk is usually low, which explains the long
diffusion lengths of charge carriers. Trapping times at the
perovskite/ETL and perovskite/HTL interfaces are considered to
be smaller than the bulk perovskite.

We apply a J-V scan as follows: First, the equilibrated
solution at short-circuit condition without illumination is
solved. Then, illumination is switched on, and the steady-state
is calculated. After reaching a steady-state, we sweep the
voltage with a constant scan rate until reaching the open-circuit
voltage. Then, the sweep direction is reversed, and the
simulation stops at the short-circuit condition. All parameters
used for the drift—diffusion simulations are listed in Table 1.

Table 1: List of parameters used in drift—diffusion simulations.
The asterisks (*) note that the listed value is varied during the
simulations.

Perovskite parameters Value Units Ref.
Valence band maximum -5.47 eV (64]
Conduction band minimum -4.17 eV (64]
Electron mobility 1.6 cm?(Vs) 63
Hole mobility 1.6 cm?(Vs) 63
Relative permittivity 8.2 - [38]
Cation and anion density 1018 cm *

Cation mobility 10712 cm?(Vs)  *

Anion mobility 10712 cm?(Vs)  *

Bimolecular recombination rate 1x107"? cm3s! (6]
Surface recombination velocity 1 cms! [66]
a and 1p in bulk perovskite 1x10°% S (66]
Maximum optical generationrate 1.5 x 10> ¢cm3s™! fit

MoOs3 parameters Value Units Ref.
HOMO energy -5.50 eV (671
LUMO energy -2.50 eV (671
Relative permittivity 12.50 - (671
p-type doping 1x10'"®  cm3 (671
Hole mobility in MoQO3 100 cm?(Vs) o7
TiO; parameters Value Units Ref.
Bandgap 3.2 eV e8]
Conduction band minimum —4 eV [68]
Relative permittivity 100 - 1691
Electron mobility 6.0x1073 cm?(Vs) [
Contact parameters Value Units Ref.
Anode Fermi level —43 eV fit

Cathode Fermi level —5.3 eV fit
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3. Results and discussion
All simulations are performed using a voltage sweep rate of 20
mV s,

Previous work by Futscher et al.[®! has demonstrated a
three-order-of-magnitude disparity in diffusion coefficients
between methylammonium (MA*) and iodide (I") ions. In
Ref.55) an ion mobility value of 102 ecm? V! s! was
employed. Drawing upon these findings, we adopt ionic
mobilities of pg,= 101°-10"'4 cm?V~!s™! for the anion species
and p=10"1°-10"* cm?V~'s7! for the cation species.[5563]

A comprehensive summary of all simulation parameters is
provided in Table 1.

Fig. 2 presents the current density—voltage (J-V)
characteristics measured in both forward (dashed line) and
reverse (solid line) scan directions. The pristine perovskite
device exhibits a short-circuit current density (Js¢) of 32.42
mA cm? and an open-circuit voltage (V) of 1.05 V. With a
fill factor (FF) of 0.78, this makes a power conversion
efficiency (PCE) of 26.70 %. Note that the J-V-curves in the
forward and backward direction of the neat device overlap as
it shows no hysteresis.

Adding ions leads to hysteresis in the J-V-sweep with an
HI of 0.039. The Jq slightly decreases to 32.25 mA cm2,
accompanied by a modest reduction in FF to 0.75. Meanwhile,
the V¢ remains essentially unchanged at 1.07 V. As a result,
the PCE declines to 25.92%. Despite the incorporation of
substantial ionic densities, the corresponding degradation in
device performance remains relatively limited.

It is important to highlight that experimental techniques
typically estimate ionic densities in the range of 2.5x10'6 cm™3
to 1x 0% cm3." In contrast, theoretical models have
suggested the possibility of significantly higher ionic
concentrations, reaching up to 10'” cm™3, particularly localized
at grain boundaries or near the perovskite surface.l3+36.71-73

0 T T T T T

—— No lons J
—10%cem™

Current density (mA cm™)

1.0

0.4 0.6 0.8
Voltage (V)
Fig. 2: Current—voltage curves of the PSC based CH3;NH;Snl3
devices with different ionic properties. The black curve shows the
curve if no ions are considered. Blue curve shows simulations
with an ion density of 10'® cm™ for both the anions and cations.
Dashed line shows the current density in forward and backward
sweep direction, respectively. The arrows denote the sweep

direction.
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As the charge carrier density increases, bimolecular
recombination between unbound electrons and holes becomes
the dominant mechanism." To elucidate the processes
underlying bimolecular recombination, a proper separation of
excitonic and continuum states is required. The bimolecular
recombination rate constants are determined according to the
Van Roosbroeck—Shockley relation,™™ which describes
absorption processes involving electrons and holes both with
and without accounting for Coulombic correlations.

Intense bimolecular recombination reduces the charge
carrier diffusion length, necessitating an increased absorption
coefficient to compensate, which in turn allows for a reduction
in absorber layer thickness. This mechanism is particularly
pronounced at low temperatures and low defect
concentrations, making it a key factor in the development of
high-quality materials.

As shown in Fig. 3, reducing the bimolecular
recombination rate (from 108 to 107'! ¢m?'s™!) leads to an
increase in Ve up to 1.06 V and a reduction in hysteresis. At
low recombination rates, hysteresis is diminished, indicating
more stable device operation. The improvement in efficiency
is attributed to reduced recombination losses. Minimizing
undesirable recombination, particularly at interfaces, directly
contributes to enhanced device performance and increased
efficiency.

—— 10" em?3 s

"

Current density (mA cm™)

—— 10" cem3 s

107 cm™ s
10 cm™ 57!

|
(3%
(=]

(39
i

|
L
(=

0.4 0,6 0.8

Voltage (V)
Fig. 3: J-V characteristics of CH;NH;3Snl3-based perovskite solar
cells at different bimolecular recombination rates.

Table 2 presents the dependence of key photovoltaic
parameters of the solar cell on the rate of bimolecular
(including surface) charge carrier recombination. The analysis
of the data demonstrates that a reduction in recombination rate
has a favorable effect on device performance, improving all
major efficiency metrics.

In particular, V¢ increases from 0.91 V to 1.05 V as the
recombination rate decreases, indicating reduced energy losses
during carrier transport across the heterojunction and a smaller
thermodynamic deviation from the ideal case. The short-circuit
current density /. also increases from 26.72 to 31.62 mA/cm?,
which can be attributed to reduced carrier losses prior to their
collection at the electrodes. Accordingly, the fill factor (FF)
shows a significant rise from 0.18 to 0.74, indicating a
reduction in parasitic processes such as bulk and interfacial
recombination, and more efficient operation of the internal
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Table 2: Dependence of key photovoltaic parameters of the solar cell on the bimolecular recombination rate of charge carriers.

B (cm3s) Voo (V) Jsc (mA cm?) FF (-) PCE (%) HI

1011 1.05(1.06)  31.62(32.25)  0.74(0.75) 24.76(25.78) 0.039
10710 0.98(0.98)  32.02(3222)  0.54(0.57) 16.44(18.12) 0.093
10° 1.02(1.04)  31.57(32.26)  0.73(0.73) 23.46(24.48) 0.041
10 0.91(0.93)  267231.90)  0.18(0.29) 4.32(8.44)  0.488

circuitry of the solar cell. Collectively, these improvements
lead to a dramatic increase in the overall power conversion
efficiency (PCE), by nearly sixfold—from 4.32% to 24.76%.

The hysteresis index (HI), which reflects the degree of
instability in the output characteristics depending on the scan
direction of the current-voltage curve, significantly decreases
from 0.488 to 0.039. This indicates a stabilization of charge
transport processes and a minimization of effects associated
with ionic mobility and trap states at interfacial boundaries.

Thus, the reduction of the bimolecular recombination rate
is a critical factor for enhancing both the performance and
stability of next-generation solar cells.

Hysteresis in the current-voltage (J-V) characteristics of
perovskite solar cells (PSCs) arises from the slow drift of ions
within the photoactive layer. This effect becomes particularly
pronounced in the presence of mobile ionic species, such as
methylammonium (MA*) and iodide (I"), which redistribute
under the influence of an electric field, creating spatial internal
fields capable of significantly altering device behavior under
varying measurement conditions. The present study examines
the impact of voltage scan rate on the extent of hysteresis in J—
V  characteristics, taking into account bimolecular
recombination.

Fig. 4(a) and (b) present the calculated J-V characteristics
at different scan rates and bimolecular recombination
coefficients of 1071° cm?-s™ and 107'2 cm?®'s™!, respectively. In
both cases, pronounced hysteresis is observed at low scan rates
(below 107° V-s71), which is attributed to the ability of ions to
redistribute in response to changes in the external electric field,
thereby generating an additional internal field that affects
charge transport.

At a scan rate of 0.02 V-s7!, hysteresis is noticeable, which
is attributed to the partial redistribution of ions within the
device, forming localized internal fields that influence charge
carrier extraction. As the scan rate increases to 0.04 V-s™!, the
degree of hysteresis decreases, since the ions no longer fully
respond to the voltage changes. At 0.1 Vs, hysteresis is
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Fig. 4: J-V-characteristics of PSC based CH3NH3Snl; with a) B=
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significantly reduced, indicating an approach to the relaxation
times of the ionic species, whereby the internal fields do not
have sufficient time to fully develop.

At even higher scan rates, such as 1 V-s'and 5 V-s7!, the
hysteresis effect becomes minimal or completely disappears.
Under these conditions, the majority of ions remain effectively
immobile, and their contribution to the variation of the internal
potential within the device becomes negligible. This accounts
for the more symmetric shape of the J-V curves and the
absence of a pronounced difference between forward and
reverse scans.

Thus, it can be concluded that the extent of hysteresis
largely depends on the relationship between the ionic
relaxation time and the rate of change of the external voltage.
Slow scanning allows ions to follow the voltage and form
internal fields, thereby enhancing hysteresis. In contrast, at fast
scan rates, ions do not have sufficient time to redistribute,
resulting in the suppression of hysteresis. Therefore, the choice
of scan rate plays a critically important role in the accurate
evaluation of the operational characteristics of perovskite solar
cells. Employing excessively high scan rates may lead to an
underestimation of the degree of instability and mask potential
issues related to ionic mobility.

For a deeper understanding of the impact of recombination
mechanisms on the extent of hysteresis, a comparative analysis
was conducted between two models differing in their
bimolecular recombination coefficient (B). The extracted
hysteresis index (HI) values from all numerical simulations are
presented in Table 3. At a high voltage scan rate of 5 V-s™!, the
model with B = 1071 cm3-s™! exhibits a slight hysteresis with
HI 9 x 10* Meanwhile, when the bimolecular
recombination coefficient is reduced to B = 107!2 cm?-s7!, HI
decreases to 8 x 10, A similar trend is observed at other
investigated scan rates: in all cases, the model with the higher
recombination  coefficient shows significantly —more
pronounced hysteresis. Particularly noteworthy behavior is
observed at the minimum scan rate of 0.02 Vs,

20mVs! (b)
——40mVs!
——100mV s’

1vs!

5Vs!

0,4
Voltage (V)

0,6 0,8

101 cm3s! and b) B=10""2 cm~s bimolecular' recombination.
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Table 3: Hysteresis index (HI) of the J—V-characteristics.

Scan rate (V s

HI(B=10"? cm3s1)

HI(B=10"? cm3s

0.02
0.04
0.1
1

5

0.0414
0.0371
0.0249
0.0041
0.0009

0.0389
0.0356
0.0225
0.0036
0.0008

mA/cm?, respectively. The J-V curve becomes noticeably
more sloped, particularly in the high-voltage region (0.8—1.0
V), indicating deteriorated diffusive transport and enhanced
recombination. The gap between the forward and reverse scan
branches becomes significantly more pronounced, reflecting
increased hysteresis effects and growing instability in charge
transport processes.

A reduction in carrier lifetime also negatively affects other

The current—voltage characteristics (J-V curves) of key device parameters. According to the data presented in

perovskite solar cells are closely dependent on the charge
carrier lifetime (t), which governs the efficiency of transport
and recombination processes. An increased carrier lifetime

Table 4, the open-circuit voltage (V) decreases from 1.07 V
to 0.94 V as 1 is reduced. Similarly, the fill factor (FF) drops
from 0.74 to 0.27, indicating a deterioration in the shape of the

facilitates more effective separation and transport of J—V curve and increased losses. Collectively, these effects

photogenerated carriers, minimizing recombination losses and
thereby enabling high power conversion efficiency and stable
device operation. In contrast, a reduced carrier lifetime leads
to enhanced bulk and interfacial recombination, resulting in
decreased short-circuit current density (Js¢) and open-circuit
voltage (Vy¢), increased hysteresis, and overall deterioration
of the device's energy conversion efficiency.

0

s — 1.00 ;xs1
b": > [——0.50 ps!

: —joh——0.10 k|

g -0.05 ps|

g -15}

£-20F

-]

525

=

=

O 30k

735 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig. 5: Numerical simulation results demonstrating the influence
of charge carrier lifetimes (t.,, 7t,) on the performance
characteristics of CH3;NH;Snl3-based perovskite solar cells
(PSCs).

Fig. 5 presents the J-V curves for various charge carrier
lifetimes. At t = 1.00 ps, the maximum short-circuit current
density is achieved, with Jgc = 31.62 mA/cm?, and the
difference between forward and reverse scans is minimal,
indicating a low level of hysteresis and stable device operation.
This behavior is characteristic of a solar cell with efficient
charge extraction and minimal recombination losses.

However, when the carrier lifetime decreases to 0.10 ps—
and especially to 0.05 pus—a sharp degradation of the device
parameters is observed: /- drops to 25.64 mA/cm? and 20.87

result in a nearly fivefold decrease in overall power conversion
efficiency (PCE)—from 24.91% to 5.27%.

In addition, a significant increase in the hysteresis index
(HI) is observed, confirming the degradation of device stability
and the intensification of dynamic effects associated with slow
internal processes such as ion migration and interfacial charge
accumulation. Therefore, a long charge carrier lifetime is a
critical parameter that determines both the efficiency and
operational stability of perovskite solar cells.

Fig. 6 illustrates the simulated current density—voltage (J—
V) characteristics of a perovskite solar cell for various electron
(Sn) and hole (Sp) surface recombination velocities, where S,
=S, =10° 10", 102, and 10° cm/s. Both forward (solid lines)
and reverse (dashed lines) voltage scans are shown, with the
scan direction indicated by grey arrows. As seen in Fig. 6, at
the lowest surface recombination velocities (Sn = S, = 10°
cm/s, black curves), the forward and reverse scans nearly
overlap, indicating minimal hysteresis. This reflects efficient
carrier extraction and negligible interfacial recombination
losses.

Current density (mA cm™)

04 06 08
Voltage (V)
Fig. 6: J-V Characteristics of a perovskite solar cell at different

electron (S;) and Hole (S;) surface recombination velocities.

1.0 1.2

Table 4: Impact of charge carrier lifetime on key parameters of CHsNHsSnls-based perovskite solar cells.

Tn. Tp (15) Voc (V) Jsc (mA cm™) FF () PCE (%) HI
1.00 1.07(1.07) 31.62(32.25) 0.74(0.75) 24.91(25.92) 0.039
0.50 1.04(1.04) 30.86(32.10) 0.68(0.70) 21.89(23.38) 0.063
0.10 0.97(0.98) 25.64(31.30) 0.40(0.39) 10.13(11.92) 0.150
0.05 0.93(0.94) 20.87(30.58) 0.27(0.31) 5.27(8.80) 0.401
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When the surface recombination velocities increase to 10!
cm/s (red curves), a slight deviation between the forward and
reverse scans appears, indicating the onset of moderate
hysteresis.

With a further increase to S, = S, = 107 cm/s (blue curves),
the hysteresis becomes more pronounced. The reverse scan
exhibits a higher current density than the forward scan over a
wide voltage range, indicating delayed carrier recombination
and interfacial charge accumulation effects.

The strongest hysteresis is observed at the highest
recombination velocities (S, = Sp = 10° cm/s, purple curves),
where the forward scan exhibits a pronounced S-shaped
distortion—an indication of poor interface quality and strong
interfacial recombination. The significant divergence between
the forward and reverse scans clearly reflects pronounced ionic
and electronic coupling effects, leading to substantial device
non-idealities.

These results confirm that increased surface recombination
velocities significantly degrade diode quality and exacerbate
hysteresis in perovskite solar cells. This is attributed to
enhanced charge accumulation at interfaces, which alters the
internal electric field and impedes efficient carrier transport.
Moreover, the S-shaped behavior of the J-V curves at high
recombination velocities suggests substantial screening of the
built-in potential due to ionic redistribution, as previously
reported in the literature./®!

Therefore, effective passivation strategies to reduce surface
recombination velocities are crucial for minimizing hysteresis

0.0389, indicating negligible in the J-V
characteristics.

With an increase in S, and Sp to 10 cm/s, a slight decline
in device performance is observed. The open-circuit voltage
(Vo) remains at 1.07 V, while the short-circuit current density
(Jsc) remains relatively stable. However, the fill factor (FF)
decreases slightly to 0.73, and the power conversion efficiency
(PCE) drops to 24.57%. The hysteresis index (HI) increases
modestly to 0.0405, suggesting a mild increase in hysteresis
behavior due to enhanced surface recombination. With a
further increase in recombination velocities to 10? cm/s,
degradation becomes more pronounced. V- decreases to 1.01
V, and FF falls to 0.68. Although /s remains relatively high,
the overall PCE declines to 21.66%. The hysteresis index rises
significantly to 0.0676, indicating a stronger asymmetry
between the forward and reverse J-V curves.

At the highest tested recombination velocity (S, = Sp, = 103
cm/s), significant performance losses are observed. The open-
circuit voltage (Vy¢) drops to 0.93 V, the short-circuit current
density (J¢¢) decreases to 29.64 mA/cm?, and the fill factor

(FF) sharply declines to 0.30. This results in a substantial
reduction of the power conversion efficiency (PCE) to only
8.24%. Notably, the hysteresis index (HI) reaches 0.3727,
indicating pronounced hysteresis and highlighting significant
charge trapping effects at the interface as well as ion
accumulation.

These results underscore the critical importance of
controlling surface recombination at the interfaces between the

hysteresis

and optimizing the overall photovoltaic performance of perovskite absorber and transport layers. High surface

perovskite solar devices.

To investigate the impact of surface recombination
processes on the performance of perovskite solar cells, we
systematically varied the electron (Sn) and hole (S;) surface
recombination velocities from 10° to 10° cm/s. The resulting
device parameters, including open-circuit voltage (V ), short-
circuit current density (J¢), fill factor (FF), power conversion
efficiency (PCE), and hysteresis index (HI), were extracted
from forward and reverse J-V scans and summarized in Table
5.

At the lowest surface recombination velocities (S, = Sp =
100 cm/s), the solar cell exhibits optimal performance with an
open-circuit voltage (V) of 1.07 V, a short-circuit current
density (Js¢),) of 31.63 mA/cm? (forward scan), a fill factor
(FF) 0f 0.74, and a corresponding power conversion efficiency
(PCE) of 24.91%. The hysteresis index (HI) is minimal at

recombination velocities increase carrier losses at the
interfaces, which not only reduce V., Jsc and FF but also
exacerbate hysteresis phenomena due to enhanced charge
trapping and slowed ionic relaxation. Therefore, minimizing
Sn and S, through effective interface engineering and surface
passivation is essential for achieving high performance and
stable operation of perovskite solar cells.

Ionic defect mobility significantly influences the current—
voltage (J-V) characteristics of perovskite solar cells (PSCs).
In this final section, we investigate the effects of varying
cationic and anionic mobilities on the J-V behavior and the
degree of hysteresis in CH3NH3Snlz-based PSCs. The cation
activation energy, ionic defect density, and voltage scan rate
are held constant at 0.1 eV, 10® cm3, and 20 mV-s?,
respectively. The corresponding J—V curves are presented in
Fig. 7.

Table 5: Effect of Electron (S,) and Hole (S;) surface recombination velocities on the performance parameters of PSC based on

CH3NH;Snls.
Snand Sy (cm/s) Voc (V) Jsc (mA cm™) FF (9 PCE (%) HI
10 1.07(1.07) 31.63(32.25) 0.74(0.75) 24.91(25.92) 0.0389
10! 1.07(1.05) 31.61(32.24) 0.73(0.75) 24.57(25.60) 0.0405
102 1.01(1.01) 31.42(32.19) 0.68(0.71) 21.66(23.23) 0.0676
10° 0.93(0.93) 29.64(31.84) 0.30(0.46) 8.24(13.14) 0.3727
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Fig. 7: Current—voltage (J-V) curves of MAPDI; devices with varying ionic mobilities i = (Ugn, Uee): (@) both anion and cation

mobilities varied simultaneously; (b) anion mobility varied while
are given in cm? V™' s, Dashed and solid lines represent the
respectively. Arrows indicate the direction of the voltage scan.

cation mobility is fixed at 1 x 1072 cm? V! s71. Mobility values
current density during forward and backward voltage sweeps,

Table 6: Device parameters in forward (backward) direction for different ionic mobility fgy,, U (in units cm?V-!s!). The open-
circuit voltage is equal for both the forward and backward direction.

Hans Het Voc (V) Jsc (mA em™) FF (-) PCE (%) HI
1019, 10°10 1.05(1.05) 31.68(31.77) 0.82(0.82) 27.36(27.42) 0.002
10", 101 1.06(1.05) 31.40(32.04) 0.80(0.81) 26.92(27.38) 0.017
102,101 1.07(1.07) 31.63(32.25) 0.74(0.75) 24.91(25.92) 0.039
1013, 10°13 1.07(1.07) 31.74(31.41) 0.71(0.72) 23.92(24.26) 0.014
1014, 10°14 1.07(1.07) 31.75(31.66)  0.70 (0.70)  23.68(23.72) 0.002

The initial simulation was conducted with equal ionic
mobilities for both anions and cations, set at p, = fer = 1071°
cm? V7! s7'. At this relatively high mobility, ions migrate
rapidly during voltage sweeps, effectively mitigating charge
accumulation at interfaces and thereby suppressing observable
hysteresis. However, the open-circuit voltage (V_OC) is
limited to 1.05 V, attributed to enhanced electron trapping
linked to the mobile cationic species.

As ionic mobility is reduced, hysteresis becomes
increasingly apparent, as illustrated in Fig. 7. A detailed
summary of the photovoltaic performance metrics—including
Voc, short-circuit current density (Jg¢), fill factor (FF), and
power conversion efficiency (PCE)—under both forward and
reverse scan conditions is provided in Table 6. Across the
studied mobility range (1074 cm? V! s71to 10710 cm? V1s7h),
Voc shows only a marginal increase from 1.05 V to 1.07 V, and
Jsc remains nearly constant, varying slightly from 31.68 mA
cm?to 31.75 mA cm™2.

The most notable effect of decreasing ionic mobility is
observed in the hysteresis index (HI), which increases

8| Eng. Sci., 2025, 38, 1843

substantially, along with reductions in FF and overall PCE.
These findings are consistent with previous literature
reports.[*7377.781 Specifically, for pg,=pe=10""2 cm? V71 s71,
pronounced hysteresis is observed, characterized by an HI of
0.039. Under these conditions, the PCE drops to 24.91%
during the forward scan and 25.92% during the reverse scan.
These results underscore the critical role of ionic defect
mobility in dictating the dynamic performance and operational
stability of perovskite solar cells, highlighting the need for
precise control over ionic behavior in device engineering.

4. Conclusion

This study systematically investigates the influence of various
recombination mechanisms, ionic effects, and measurement
conditions on the current—voltage (J-V) characteristics and
performance of perovskite solar cells (PSCs). The analysis
reveals that the presence of mobile ionic species induces
hysteresis, although moderate ionic densities exert a relatively
limited impact on the overall power conversion efficiency
(PCE). However, key device parameters—including short-

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

circuit current density (Js¢), open-circuit voltage (V ), and fill
factor (FF)—are strongly dependent on the bimolecular
recombination rate and carrier lifetime.

A principal finding is the strong correlation between
reduced bimolecular recombination rates and enhanced
photovoltaic performance. Lower recombination rates lead to
improved charge extraction, increased V. and Jg., and a
significant reduction in the hysteresis index (HI), thereby
enabling more stable and efficient device operation. Moreover,
extended carrier lifetimes result in marked improvements
across all critical photovoltaic parameters, underscoring their
role in minimizing recombination losses and enhancing device
stability.

The modeling also demonstrates that hysteresis in J-V
characteristics is primarily governed by the interplay between
ionic relaxation times and voltage scan rates. Slow scan rates
permit ion redistribution and the formation of internal fields,
which amplify hysteresis, whereas fast scan rates suppress
ionic migration effects, minimizing hysteresis and revealing
more intrinsic device behavior. Furthermore, elevated surface
recombination velocities at charge transport interfaces
significantly degrade device performance and exacerbate
hysteresis, with pronounced S-shaped distortions observed at
high recombination rates.

Overall, these results highlight the critical importance of
controlling recombination dynamics, ion migration, and
interfacial properties to optimize both efficiency and
operational stability of PSCs. Accurate measurement protocols
and effective passivation strategies are essential for mitigating
hysteresis and achieving high-performance perovskite
photovoltaic technologies of the next generation.
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