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EL-REV-03-2025-000040.R2 - Drift-diffusion modeling of perovskite .05
solar cells: past and future possibilities

Broader context Statement

Perovskite solar cells (PSCs) have rapidly advanced as one of the most promising
solar cell technologies due to high efficiency (exceeding 27%), low-cost fabrication
and tunable optoelectronic properties. Despite huge potential, PSCs’
commercialization is hampered by low stability, J-V hysteresis, and grain boundaries-
led performance degradations. Drift-diffusion (DD) modeling has emerged as a vital
tool for investigating and optimizing PSC performance, offering insights into charge
carrier dynamics that are difficult to probe experimentally. This review provides a
comprehensive and critical evaluation of DD modeling approaches in PSCs,
highlighting their strengths, limitations, and opportunities for improvement. Strategies
to refine DD modeling by incorporating advanced sub-models for degradation, ionic
trappings, mobility, grain boundaries, photon recycling, and quantum effects are
presented. Furthermore, the possibility to combine time/frequency domain analysis,
density functional theory and machine learning approaches is presented to improve
the accuracy and reliability of DD modeling to predict short and long-term performance
degradations. The broader impact of this work lies in its potential to identify current
gaps and proposing future directions to guide the development of robust, scalable,
and physically grounded DD models for PSCs.
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Approaching 27% of power-conversion efficiency and offering solution processability, perovskite
e solar cells (PSC) have paved a path to high-efficiency and cost-effective solar cell technologies. De-
spite huge potential, PSC's commercialization is hampered by low stability, J-V hysteresis, and grain
boundaries-led performance degradation. Drift-diffusion (DD) modeling has become an indispensable
tool for investigating underlying device physics and various dynamical phenomena that are difficult
to understand solely by experimental techniques. However, most of the proposed DD models rely on
oversimplified assumptions and approximations, and therefore do not mimic the actual device while
modeling the role of interfaces, doping, mobilities, ionic migration, device architecture, and J-V
hysteresis. Moreover, a significant gap remains in modeling short-term and long-term performance
degradation. This review critically examines the evolution of DD modeling in PSCs, highlighting
its strengths, limitations, and opportunities for improvement. We discuss strategies to enhance
model accuracy by incorporating advanced sub-models for degradation, ionic trappings, mobility,
grain boundaries, photon recycling, and quantum effects. We emphasize the incorporation of gener-
ation/annihilation of ionic defects, and combining time/frequency domain analysis to predict short
and long-term performance degradations. For the modeling parameters inaccessible via experiments,
a possibility to combine DD and Density Functional Theory (DFT) is explored. Furthermore, we
present how machine learning models and interfacing experimental data can help speeding up and in
improving accuracy and reliability of DD models. By identifying current gaps and proposing future
directions, this review aims to guide the development of robust, scalable, and physically grounded
DD models for PSCs.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

8| 1 Introduction

A typical PSC consists of a transparent conducting oxide (TCO)

Hybrid organic-inorganic perovskite solar cells (PSCs) have
gained extraordinary attention because of their high power con-
version efficiency (PCE) and solution processability. Strong and
wide optical absorption, high charge carrier mobilities, long car-
rier diffusion lengths, and surprisingly low recombination rates
in hybrid perovskites have enabled PCE of 27 % in single-junction
PSCs and about 35 % in silicon/perovskite tandem cells™, Fur-
thermore, bandgap tunability and low-temperature fabrication
techniques make PSCs potential alternatives to develop low-cost
solar cells to compete with existing silicon photovoltaic technol-

ogy.
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as one of the electrodes, an electron transport layer (ETL), a per-
ovskite absorver, a hole transport layer (HTL) and a top electrode.
TCO is usually deposited on a glass substrate. The light enters
from the Glass/TCO side. Top contact nomenclature comes from
the fabrication scheme, as this is the last layer deposited on top
of the underlying stack. A metal contact is commonly used as
the top contact. Organic and inorganic wide-bandgap semicon-
ducting materials are used as ETL and HTL. The absorber mate-
rial, an arganic-inorganic hybrid perovskite consists of an ABX3
type crystal structure. Where A is organic cation (such as Methy-
lammonium, Formamidinium), B is an inorganic cation (such as
Lead or Tin), and X represents the halogen anion (I, Br, Cl). Fig-
ure [1] shown a typical PSC structure, perovskite absorber crystal
structure and energy diagram of a PSC. Upon sunlight exposure,
electron-hole pairs are generated in the perovskite absorber. Due
to the built-in potential developed by the means of different en-
ergy levels of absorber and transport layers, the electrons travel
via ETL to the electron collecting electrode. The holes from the
absorber valence band travel via HTL to the hole collecting elec-
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trode.

Despite high efficiencies demonstrated by PSCs, several long-
term and short-term instabilities hinder their commercialization
and long-term deploymentZ*, Photovoltaic performance of PSCs
is hampered by grain boundaries (GBs), traps, and mobile ionic
defects. The role of defects and charge transport in PSCs is
a complex phenomenon and not very well understood. The
organic-inorganic hybrid nature of the perovskite absorbers in-
troduces complexity in understanding their electronic and opto-
electronic behavior. This complexity is further amplified by the in-
terplay of mobile ions, traps, grain boundaries, and introduction
of interfaces at absorber, charge transport layer (CTL) and elec-
trodes. PSCs exhibit hysteresis in the current-voltage (J-V) char-
acteristics which is attributed to be a combined effect of traps,
grain boundaries and mobile ions as confirmed by impedance
spectroscopyi%i2 3 combination of impedance spectroscopy
and deep-level transient spectroscopyt®, wide-field photolumi-
nescence imaging microscopy:# and other techniques>"1Z, Jonic
defects, grain boundaries, J-V hysteresis and instabilities in PSCs
are regarded to be strongly interlinked, however, their correla-
tion is not very well understood 1218720 Because of mutual de-
pendencies, experimental techniques often fall short in isolating
the effects of individual parameters and physical processes such
as ionic-electronic interaction, interface recombination, and grain
boundary dynamics. Moreover, limitations in measurement tech-
niques may limit the investigation and, hence, the understand-
ing of various fundamental processes at the material and device
levels. Simulation models, mainly by decoupling the effects of
individual parameters, offer a complementary approach to inves-
tigate complex phenomena that would otherwise be difficult to
understand using experiments.

Drift-diffusion (DD) is a promising tool to investigate underly-
ing device physics, interface energetics and to optimize device
architecture for obtaining maximum photovoltaic performance
of PSCs2124 DD modeling of PSCs has been implemented
in several commercial and open course tools, such as, SCAPS-
1D, Fluxim, OghmaNano, COMSOL, AFORS-HET, TCAD, AMPS-
1D, TiberCAD, IonMonger, SIMsalabim and Driftfusion?>"32, DD
models have been employed to optimize material and device pa-
rameters, such as conductivity, doping, mobility, thickness and
contact workfunction have been demonstrated using DD mod-
els0I24132133I56 - Apart from device optimization, a significant ef-
fort has been dedicated to investigating J-V hysteresis1Z18134137i38
and the role of grain boundaries1®2739140, However, deeper in-
vestigations are required to get a clear picture of the contradic-
tory role of grains*"43. The role of ferroelectricity in PSCs has
been a topic of debate# with several DD models highlighting the
importance of considering the role of ferroelectric domains in per-
ovskite films#>"7, Along with single-junction PSCs, DD models
have been proposed to optimize material and device parameters
in perovskite-based tandem solar cellsZ#48°20,  Qverall, the DD
models have made a significant contribution to understanding
various aspects of PSCs.

A basic DD model employs solving Poisson’s and continuity
equations simultaneously for all possible charged species in the
system. The continuity equations include generation, recombina-
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tion, and/or annihilation of charges. Considering only the elec-
trons and holes to be generated upon light exposure, a simplified
DD model for PSCs can be defined by the following set of equa-
tions =437

V-(SVV):—q(n—p—O—N;—N&L—th-‘rNan—&-n{—n:r)
Ve ju=V-{nn(V®y)} = G—R
Vejp=V-{tpp (V0p)} =—(G—R)

Ve ju =V { e (knT %) } =0

V- jan =V { tanNon (k7% ) } =0

€3]

Where the first row equation represents the Poisson equation
consisting of all possible charge densities. Densities of electrons
(n), holes (p), ionized donor (Nj) and ionized acceptor (N, ),
electron trap (n;) and hole trap (nt+ ) are considered. Mobile
ionic defects are well-known in PSCs. For simplicity, two types of
ionic defects are considered. Positively charged mobile ions are
represented by cations with their density (Nct), and negatively
charged mobile ions are represented by anions with their den-
sity (Nan). The final four equations within the set of equation
are the continuity equations for the electrons, holes, cations, and
anions. The negative sign in the hole continuity equation repre-
sents the opposite direction of the hole current as compared to
the electrons when they both move in the same direction. Any
additional charges (if present) must be included in the Poisson
equation. Moreover, continuity equations must be defined for ad-
ditional mobile charges. € represents the material permittivity,
V represents the electrostatic potential, and ¢ represents the ele-
mentary charge.

Up, Un, Her and pan represent the mobility of holes, electrons,
cations, and anions, respectively. ®, denotes the electrochemical
potentials of the electrons and ®, denotes the electrochemical
potential of holes. All potentials and densities are a function of
time and space. Assuming that the anions and cations are neither
generated nor recombined, the right-hand side of the cation and
anion continuity equations are set to zero. Further details on the
numerical solver can be found in the references=4:7>1152|

In PSCs, electrons and holes can recombine by different pro-
cesses, leading to losses. R represents the net recombination rate
governed by the sum of radiative and non-radiative recombina-
tion densities. Radiative or direct (bimolecular) recombination is
defined as:

Rair = kair <le - n12> ) 2
where kg;, is the bimolecular recombination rate coefficient. #;
represents the intrinsic carrier density. To include the effect of
trapping of charge carriers by defects and the traps, Shockley-
Read-Hall recombination is governed by=324k

np— ”12

n+ Ncexp (E,gf°>> Tp+ (p+NVexp <E,‘gf‘)> Tn

, (3

RSRH: (

where E;, E. and Ey represent the trap energy level, the conduc-
tion band minimum and the valence band maximum. Note that a
trap energy falling within the bandgap is considered. If the trap
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Fig. 1 (a) Typical perovskite solar cell structure. (b) ABX3 crystal structure of perovskite absorbers. MA, FA and Cs stand for Methylammonium,
Formamidinium, and Cesium, respectively. (C) Energy level diagram of a PSC consisting of ITO as TCO PolyTPD as HTL, CH3NH3Pbl3 as absorber
PCBM at ETL and gold (Au) as top contact metal electrode. (a) and (b) are adapted with permission from ref®, Copyright (© 2022, Springer Nature.
(c) is adapted with permission from ref@), Copyright 2017, John Wiley and Sons.

energy level lies within the conduction band or valence band, the
charge carriers get detrapped and can move freely. N. and Ny are
the effective density of states within the conduction and valence
band. 7, and 7y, are the trapping times of holes and the electrons.
The trapping time is defined as a function of capturing coefficient
Cn,p and the trap density as follows:

1

Tn’p = Ntcn,p ‘ (4)

Higher Cy p and higher trap density (N;) result in more efficient
trapping and hence shorter trapping time 7, . In PSCs, recombi-
nation in the bulk perovskite films is usually low, which explains
the long diffusion lengths of charge carriers and the higher effi-
ciency of PSCs. Therefore, trapping times within the perovskite
absorber are considered to be high. On the other hand, due to
interface defects, smaller trapping times are considered at the
ETL/perovskite and the perovskite/HTL interfaces. Any other re-
combination process present in the cell should be accounted for
in the electron and hole continuity equations.

Upon light exposure, the electron-hole pairs are generated in
the perovskite absorber, and the generation rate G is governed by
a Lambert-Beer model for absorption:

Amax
G(x):/_ o(A) () exp(—a(A)x)dA (5)

where G(x) is the generation rate at position x along the film
thickness. ¢ (1) denotes the light intensity at given wavelength
A. o represents the absorption coefficient and can be determined
experimentally via absorption measurements. Alternatively, o (1)
as a function of wavelength A can be extracted by using the imag-
inary part of refractive index, k, defined asl55156l

Kk can be measured by optical measurements such as ellipsome-
try. The amount of available light within the perovskite absorber
is determined by the optical properties of all the layers present in
the device stack. The role of various layers can be captured by a

Transfer Matrix Method, which is discussed in later sections.

To solve the Poisson’s equation two boundary conditions are
needed. The common approach is to use Dirichlet conditions
(defined-variable value); the potential is fixed at both boundaries
at each point is fixed at a given time, ¢. The electrostatic potential
boundary conditions can be defined as3%:

‘I(‘/I_V(O)+Vapp) =Wc—W, (7

where, Vapp, Wa and W represent the applied voltage, anode
workfunction and cathode workfunction, respectively. For sim-
plicity, potential of one of the contact can be set to zero as a ref-
erence®¥, The charge carrier density boundary conditions at the
electrode contacts are governed as=%:

'l,C:chexP(—'l/n,p/Vt) €©)]

Where, y;, , denotes the offset (in eV) between the anode (cath-
ode) workfunction and the valance (conduction) band of the per-
ovskite. For the ions, blocking boundary conditions are used as
the ions cannot come out of the perovskite layer. The ionic densi-
ties as well as the ionic currents are therefore set to zero at both
ends of the device.

Most numerical DD models use a finite-element mesh (FEM)
to define various layers and their properties in respective regions.
During the simulations, a typical approach is to first calculate an
equilibrium solution at short-circuit conditions without illumina-
tion. Thereafter, the illumination is switched on, and a steady-
state solution is obtained. After reaching the steady state, a volt-
age sweep is applied to obtain the J-V characteristics of the device.
A simplified one-dimensional model without considering ions and
grain boundaries can be used to find steady-state J-V characteris-
tics. Such simplified models can be handy to investigate the role
of materials and device parameters optimize PSCs as presented
by Sherkar at al. 6, Figure [2| shows how the PSCs J-V performance
can be optimized by varying charge carrier mobility (in absorber
layer), injection barrier (defined by the electrode workfunctions
and the charge transport layer conduction and valence bands),
electron trap density, hole trap density, and doping in HTL.

Journal Name, [year], [vol.], 1 |3

Page 4 of 19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00040h

Page 5 of 19

Open Access Article. Published on 21 August 2025. Downloaded on 9/9/2025 4:18:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

O
s

T~
o

|

e —u,, =0.05 cmVs ) —¢,,=02eV,

S , S -

‘é SF | —n,=05cm’IVs g -5t 4, =018V

> 4, =5 cm’IVs > 4., =006V

£ a0t £ -0

H H

3 3 =13.2%

T st n=13.2% 2 s K 2

e e

£ £ 17.0%
3 20/ 16.8% 3 20F ]

00 02 04 06 08 10 1.2 00 02 04 06 08 10 1.2
Voltage (V) Voltage (V)
(© — (d) —
o ] 0 7T

B E—n circiite? < - o 2

g —‘Nm—1‘5x10 cm g —P,,=25x10 cm

E 5r | —N,,=15x10"cm? 25 st ||—P,,=25x10"cm”

= ——N,_=15x10" cm?® = —P,_=25x10"cm”

3» trap. ‘->-' _trap. _

£ .0 B -10

H ]

3 n=13.2% 3 n=13.2%

£ g 15)

g 13.7% 3

3 3 20 18.1%

00 02 04 06 08 1.0 1.2 00 02 04 06 08 10 1.2
Voltage (V) Voltage (V)
(e) ()
0 0 /
——Undoped HTL —— Reference.
—— Doped HTL —— Optimized

n1=13.2%

Current density (mAIcmz)
Current density (mAIcmz)
. . o

o

0.0 0.2 0.4 0.6 0.8 1.0 00 0.2 04 06 08 1.0 1.2
Voltage(V) Voltage (V)

Fig. 2 Simulated J-V curves for different perovskite solar cells: (a) Charge
carrier mobilities in perovskite absorber, (b) injection barriers, (c) elec-
tron trap density at ETL/perovskite interface, and d) hole trap density
at perovskite/HTL interface. (e) the simulations with and with HTL
doping. (f) Optimized device with increased carrier mobilities, reduced
energetic barriers and, passivated traps. Reproduced with permission
from Ref.® Copyright 2017, John Wiley and Sons.

Approximated steady-state DD models can represent the device
performance trend under certain given conditions. However, the
steady-state models cannot simulate J-V curves for different volt-
age sweep rates, and hence cannot give information on the J-V
hysteresis. To get the information on the hysteresis, a forward
bias (low to high voltage) is applied followed by a reverse bias
(high to low voltage). Detailed discussion on J-V hysteresis is
presented in later sections.

Many DD studies presented in the literature consider various
approximations and hence may not represent the real device be-
havior despite reproducing J-V curves as pointed out by Neukom
et al.®l, Common approximations include geometry consider-
ation, generation and recombination models, constant temper-
ature approach, number and parameters of ionic defects, the
role of grain boundaries and interfaces, etc. Tessler and Vayn-
zof haveZ highlighted the importance of including correct mod-
els and appropriate parameterization, especially for including the
role of ions, dielectric constant, density of states, spatial distri-
bution of recombination losses, etc. On the other hand, there
has been little on modeling of the instabilities and hence the de-
vice performance in the long run. Minimizing the approxima-
tions, better parameterization and incorporation of appropriate
submodels are needed to get the real picture of the performance
of PSCs. This review critically examines various studies on DD
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modeling in PSCs to simulate transient and steady-state behavior,
interface and grain boundary effects, ionic transport, and long-
term stability. A comprehensive review of past studies and thier
limitations have been presented. Thereafter, we have presented
how future studies can adapt emerging strategies to improve the
accuracy and predictive power of DD models, such as by imple-
menting refined grain boundaries and interface models, machine
learning- based acceleration, interfacing experimental data, and
parameterization with the help of Density Functional Theory cal-
culations. Moreover, we propose how inclusion of electronic-ionic
interactions, and annihilation and creation of ionic defects can
help predicting short- and long-term performance degradations
in PSCs. By thoroughly reviewing current modeling approaches
and proposing future pathways for refinement, this review aims
to guide the development of robust and physically grounded DD
models for PSCs.

2 Geometrical considerations

2.1 Interfaces and Grain Boundaries

Modeling the interfaces is one of the challenges in simulating
PSCs. Most of the studies presented in the literature employ
abrupt endings of material on both sides of the interface, which
may not be true in a real device. The interfaces between the CTL
and the perovskite absorber, and between the CTL and electrodes
(cathode and anode) play crucial roles in the charge transport
and recombinations at the respective interfaces. Some studies
defined perovskite/CTL interface regions via 1 nm to 2nm thick
layers consisting of traps=22158, These studies consider the ma-
terial properties in the interface region the same as the perovskite
layer. In a real device, however, the interface can have a mixture
of the perovskite and the particular transport layer. Therefore,
a gradual variation of material properties would result in more
realistic parameterization for the interface. Some studies have
therefore employed a linear variation of material properties at
the interfaces between perovskite and the CTL3Z5259 The same
strategy could be applied to the interfaces between CTL and the
electrodes. However, in-diffusion of (i) metal into the organic
CTL, (ii) ionic defects into the CTL, and (iii) CTL dopants to
the interface/bulk absorber, can make these interfaces even more
complex to model®?l, Moreover, a change in built-in potential
via the formation of self-induced dipoles can change the device

performance>Z.

Due to the polycrystalline nature of perovskite films, they
consist of several grains oriented in different directions. The
boundary between two adjacent grains may consist of dangling
bonds, distorted bond angles, and other defects. Traps at the
grain boundaries have been regarded to be one of the major loss
mechanisms in PSC performancel241142162l - Apart from hosting
fixed traps and recombination centers, GBs provide channels for
ionic defect migration due to their low activation energies41:63164,
Therefore, the GBs play an important role in well-known J-V hys-
teresis in PSCs1141164165 A summary of how various studies have
modeled grain boundaries in PSCs is presented in table[I} Olyaee-
far et al. proposed a classical model combined with a DD model
to investigate the impact of grain size and boundary effects in
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PSCs2Z. The model incorporated the impact of GBs by using
equivalent mobility and carrier lifetimes within the perovskite
layer itself. Similarly, Iftiquar et al. used an AFORS-HET-based
one-dimensional DD model to simulate the impact of GBs by in-
corporating GBs equivalent of the volume defect density within
the perovskite layer@. Sherkar et al. used a one-dimensional DD
model to investigate the nature of ionic trap states within grain
boundaries using fixed trap densities at the points 100 nm apart
along the absorber thickness3%. Nandal et al. investigated ion-
induced passivation of grain boundaries using a DD model®Z. In
the latter, the GBs are defined as 2 nm thick lines along with the
length and perpendicular to the ETL/perovskite/HTL stack thick-
ness. The GB properties were defined the same as perovskites
except for a different trap-assisted recombination rate. The study
observed that the orientation and location of GBs play an impor-
tant role in the photovoltaic performance of PSCs. Moreover, GB
to GB heterogeneity of adjacent grains can affect the photovolt-
age in PSCs®8. Jia et al. pointed out the role of GB orientation by
investigating the role of residual charges on photovoltaic perfor-
mance®. The study demonstrated that the residual charge exists
predominately at the grain boundaries which are parallel to the
device. One of our studies implemented GBs as 1 nm to 2 nm thick
regions oriented in different directions in a 2D plane. We ob-
served significant variations in photovoltaic performances with
changes in the traps and ionic defect distribution profiles along
with GBs. Considering all the aforementioned reports, it is im-
portant to correctly capture the size and orientation of the grain
boundaries. In a real 3D bulk perovskite film, GBs are oriented in
various directions and are distributed randomly. One-dimensional
models fail to effectively and accurately mimic GB’s orientation
and distribution. Going beyond one-dimensional models is a ne-
cessity to fairly capture the role of GBs.

Another aspect of GBs is the presence of ordered ferroelectric
domains associated with grains oriented in different directions.
Rossi et al.46 included the effect of polarization orientation pat-
tern to simulate PSCs using a 2-dimensional DD model as shown
in figure 3| The study implemented single-grain and multi-grain
models using a trap density model associated with GB interfaces.
The study highlighted the importance of the inclusion of ferro-
electric domains-led polarization to reproduce the experimental
J-V characteristics. The same group has presented another 3-
dimensional DD model to investigate the role of ferroelectricity
in PSCs#Z. Importantly, such 2-dimensional and 3-dimensional
DD models can be extended to investigate the combined role of
grain boundaries (such as defect states and ionic migration) and
ferroelectricity.

Overall, accurate representation of grain boundaries, interfa-
cial energetics and cocal variations is imperative for enhancing
the predictive fidelity of DD simulations, as as these regions crit-
ically influence charge transport, recombination dynamics, and
overall device performance in PSCs.

2.2 Mesoporous versus planar structure

Mesoporous scaffold-based PSCs offer higher surface area con-
tacting the perovskite and charge transport layer; therefore re-
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Inphase, vertical 3300 nm

Fig. 3 (a) Piezo-response force micrographs and (b) the anticipated
ferroelectric domain polarization used in the DD model as a representa-
tive of multi-grain surface section. Reproduced from Ref8 Copyright
(2018), with permission from Elsevier.

sulting in improved charge extraction.”274, A one-dimensional
FEM cannot define mesoporous layers and therefore higher-order
geometries are desired. Commercial 3D simulation packages
combining finite-difference time-domain and FEM have been used
to simulate PSCs2875176, However, most of these studies use pla-
nar architectures and make several approximations for the num-
ber of charged species and their interactions. In one of our stud-
ies, we presented a 2D mesh-based DD model to investigate the
role of perovskite infiltration into mesoporous TiOz. The study
gives a good approximation of the role of pore-filling and the in-
terface defects, in agreement with the experimental findings as
shown in Figure[d To get a complete picture however, a 3D meso-
porous FEM is desired.

2.3 Charge carrier generation profile and local variations in
bandgap and defects

The charge carrier generation is determined by the amount of
available light and the absorption coefficient of the absorber layer.
Several studies consider constant or exponential decay charge
carrier generation profiles obtained by the Lambert-Beer model
for absorption while omitting the role of transport layers and
contacts1ZB85877H79 However, a real device undergoes reflec-
tion and parasitic absorption losses in CTL. The reflections and
interface patterns from various layers can significantly change the
optical profile and, hence the charge carrier generation in the ab-
sorber layer. The optical profile is determined by the thickness
and optical constants (refractive index n, and extinction coeffi-
cient, k) of all the layers stacked together. Several studies simu-
late the role of metal contacts as just a fixed workfunction 17178781,
A PSC’s back contact determines if the unabsorbed light will be
transmitted or reflected back to the absorber. A reflection from a
metal back contact permits more absorption in the absorber layer.
This phenomenon can explain why opaque metal contact may re-
sult in higher current densities in comparison to semitransparent
back contact while keeping the remaining layers unchanged??.
To get right into the PSC’s performance, a correct optical profile
must be obtained. The transfer matrix method combined with
the absorption models is a way to fairly include the optical role of
the various layers and to fairly calculate charge carrier generation
ratesOISI82H85|

During the cell operation, the charge carriers undergo trapping
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Table 1 An overview of grain boundary models used in drift-diffusion simulation of PSCs

Authors, year GB Model Reference
Olyaeefar et al., 2018 Equivalent mobility and carrier lifetimes within perovskite layer 2/
Iftiquar et al.,2018 Equivalent volume defect density within perovskite layer 6]
Sherkar et al., 2017 Fixed trap densities at certain points along the absorber thickness 39
Chuet al., 2017 A thin slab sandwiched between two adjacent volumes in 3-dimensional model 0
An et al., 2021 Effective charge carrier recombination rates in bulk perovskite film 62
Nandal et al., 2019 2nm lines along with the length and perpendicular to the charge flow in perovskite layer 67,
Singh et al., 2020 Distributed lines in various orientations in a 2-dimensional plane of perovskite layer 16
You et al., 2021 Two-dimentional grooves in perovskite layers filled with HTL material A

40

Kaiser et al., 2022
Ali Hajjiah, 2025

Distributed points with different energy levels along the absorber thickness
Horizontal and vertical lines of different thicknesses in a 2-dimensional plane of perovskite layer

72

and/or recombination, which strongly depends on the available
charge carrier density. At a given point, a higher charge car-
rier generation implies a higher recombination probability. The
traps and recombination centers can be non-uniformly distributed
throughout the device stack. Distribution of recombination cen-
ters combined with different carrier distribution can affect the
photovoltaic performance®. If the regions with higher defects
(such as interface traps) and high charge carrier generation coex-
ist at the same point, there will be more trapping/recombination
and vice-versa. Figure[5|elaborates on the scenario by considering
simplified charge carrier generation profiles and recombination
centers.

For simplicity, the effects of ETL, HTL and contact layers are
ignored. Generation profile G1 (G2) is obtained if the cell is illu-
minated from the ETL (HTL) side. Values for the perovskite layer
thickness and charge carrier generation rate are taken as typical
values for PSCs based on the literature. As an example, in the
case of G1 (maximum value chosen based on references©16:52)
electron traps near the ETL/perovskite interface will experience
1 x 10?2 cm~3 electrons. If the light is incident from the HTL side,
the same electron traps will experience 1 x 1020 cm =3 electrons for
a possible trapping/recombination. Therefore, the recombination
losses will be higher in the case of the illumination from the ETL
side. Similarly, hole traps will affect the device’s performance
based on their position and the light illumination side in the cell.
The charge carrier profile and, hence the trapping/recombination
will be modified by the light reflection and interference patterns
while considering the optical effect of CTL and the contacts. Our
recent study explains why illuminating from the TiO, (ETL) side
results in a different loss mechanism than illuminating from the
opposite side®Z. This can also explain why p-i-n and n-i-p struc-
tures have different charge transport mechanisms given the same
absorber quality®8:€2,

Furthermore, local variation in bandgap can modify light ab-
sorption and hence charge carrier generation and their recom-
bination profiles; ultimately, the photovoltaic performance292l,
Also, a difference in the bulk and surface workfunction can mod-
ify the charge extraction and hence the photovoltaic performance.
Canil et al. observed a significant change in the photovoltaic per-
formance upon tuning the surface workfunction of the perovskite
layer=8. Overall, considering appropriate optical models and the
right spatial distribution of bandgap, traps and other properties is
needed to obtain accurate and reliable results in a DD model.

6 | Journal Name, [year], [vol.], 1

2.4 Barrier layers and tunnelling effect

Various architectures employ thin barrier layers to block ionic
transport to the CTL. Surface passivation using 2D MXenes, 2D
perovskites, and via dipole interlayer are well-known practices
in high-efficiency state-of-the-art PSCs202223193]  Op the other
hand, self-assembled monolayers as hole transport layers have
gained great attention in recent years®#, Most existing DD stud-
ies consider the passivating layer properties similar to the bulk
perovskite layer itself. Our simulations for the effect of interface
workfunction tuning found tuning of photovoltaic performance
correlating to the experimental values=. In the study, we approx-
imated the functionalized surface as a 2nm layer similar to the
bulk perovskite except for a different workfunction. For simplic-
ity, we ignored the effect of quantum transports and considered
abrupt junctions between various layers. To fairly include the ef-
fect of 2D passivating layer and self-assembled monolayers, quan-
tum models should be adopted to account for the energy-level
modification and tunnelling-dependent charge transport. For ex-
ample, various p-i-n devices employ a thin BCP (bathocuproine)
layer, which in principle can act as a tunnelling layer for electrons
and a blocking layer for holes®>?%. Depending on the thickness,
the BCP layer leads to an improved fill factor or an "S" shape in the
J-V characteristics. Considering only the blocking nature of this
layer may result in misleading results”??Z, In a thin layer, Fermi-
level pinning moderates charge transport despite huge energy
barriers presented by the balance and conduction band energies.
Tian et al. presented a combined drift-diffusion and quantum
transport for n-type TOPCon silicon solar cell®®, The study found
significant differences in the photovoltaic performance with and
without considering the quantum transports. Similarly, to draw
a complete picture of charge transport in PSCs via various lay-
ers and interfaces, quantum models in combination with the DD
model are needed.

3 lonic transport and J-V hysteresis

Weak metal-halide bonds within the halide perovskites (ABXj3)
form a soft lattice prone to dynamic structural disorders and de-
fects in the crystal?22H101l  The softness of the crystal makes
halide perovskites unstable against temperature variations<9L,
Several charged ionic defects such as interstitials and vacancies
of halide anion, metal cation and organic cation can freely move
within the perovskite absorberl3921028104  [onic defect migra-
tion has been considered to be the main reason behind J-V hys-
teresis (forward bias and reverse bias scan do not follow each
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Fig. 4 2-dimensional DD model corroborating the experimental findings on pore-filling of perovskite into mesoporous TiO2. (a) SEM images and DD
model input geometry for pore filling factor (PFF). (b) Calculated external quantum efficiency (EQE) and integrated current density. (c) Calculated
J-V characteristics with different pore filling and interface trap densities. The traps are considered at the mesoporous TiO;/perovskite interface. The
cell stack consists of FTO/compact-TiO2/mesoporous-TiO2/CH3NH3PbBr3/PTAA/Gold. Reproduced with permission from Ref. 29, Copyright 2021,

John Wiley and Sons.
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Fig. 5 Charge carrier generation profiles and electron traps in a perovskite
solar cell. T, represents an electron trap near the perovskite/ETL inter-
face. G1 and G2 represent generation profiles upon light irradiance from
the ETL and HTL sides, respectively.

other) in PSCs™ISI77005] 1ons can passivate GBs depending
upon the polarity of ions and the location of GBs®7 and modulate
the photovoltaic performancem. Moreover, chemical reac-
tions driven by the ionic defects (such as iodine ions) can lead
to non-reversible degradation of perovskite absorber®Z. Model-
ing the mobile ions’ movement is one of the most complex pro-
cesses to implement within DD models. This is mainly because of
the lack of experimental values for parameters such as the type

of ionic defects, their densities, distribution profiles, mobilities,
diffusion coefficients, and preferred migration channels. Upon il-
lumination, the photo-enhanced ion conductivity makes it even
more complex to determine adequate parameters for ions108

Most of the DD studies consider one positive and one nega-
tive ionic species to investigate the impact of ions on the photo-
voltaic performanceI8B851521109 11 3 real device however, dif-
ferent ionic defects can result in more than two types of mobile
ions moving with different properties including densities, mobil-
ities, end associated energy levels. Considering more than two
ionic species can pinpoint which species are responsible for cer-
tain characteristics. For example, certain mobile ions with a given
density and mobility may not result in J-V hysteresis, while others
can contribute to the same.

Not only the types and densities of ionic defects are under de-
bate, but their distribution and migration channels are also. The
densities and distribution of ionic defects play a crucial role in
determining steady-state photovoltaic performance. Some
studies have suggested that the ionic defects move through the
grain boundaries due to the lower activation energies at the GBs
than the bulk of the grains®3¥%5. One-dimensional DD models
fail to capture simultaneously the GBs and the ionic movements
via them, and therefore several approximations are considered.
Table [2] summarizes some of the key DD studies that have inves-
tigated the role of various ionic defects in PSCs, considering their
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different types, densities, and distribution profiles. Sherkar et al.
considered fixed trap density to mimic ionic defects in their 1D
simulations to investigate the nature of ionic trap states within
grain boundaries®?. Gagliardi et al. defined fixed electrostatic
potential within mesoporous TiO, layer to mimic ionic distribu-
tion1Y Canil et al. modeled steady-state photovoltaic perfor-
mance by considering ions distributed within 2 nm interface layers
between the perovskite and CTL”®, Some studies considered the
uniform ionic distribution within the perovskite layer=2Z38:2159]
Overall, the combined role of ionic defects and grain boundaries
in photovoltaic performance is not very well understood. To get
the real picture, a two or three-dimensional (both transient and
steady-state) model consisting of GBs and multiple ionic species
is desired.

Another important aspect to consider while modeling the im-
pact of ions is their interactions with electrons and holes. Le
Corre® modeled transient behavior by neglecting the effect of
ions and SRH recombination, assuming that the ions do not move
significantly at the microsecond timescale. In the model, includ-
ing traps and SRH recombination or fixed ions resulted in identi-
cal outcomes as when only bimolecular recombination was con-
sidered. To note that the scenario when only bimolecular recom-
bination is similar to the open-circuit condition when the cell de-
livers no power. In a real solar cell, it is (almost) impossible to
avoid non-radiative recombinations. Neukom et al. modeled the
steady-state and transient behavior while considering no inter-
action of the ions with electrons, holes and traps®Y. Calado et
al. implemented a one-dimensional time-dependent DD model to
study the role of ionic migration on the J-V hysteresis®222, [
their model, ions were considered to only screen the built-in po-
tential, while trapping of charge carriers is neglected. However,
several studies have pointed out the trapping nature of the accu-
mulated iodine vacancies at GBs and interfaces114116 Trapping
by ionic defects might be one of the essential factors in the J-V
hysteresis, as modeling without traps can result in hysteresis-free
J-V profiles®3752111 1n 3 joint experimental-theoretical study by
Domanski et al., DD model included the recombination of elec-
trons at mobile anions to investigate the transient behavior of
the photocurrent12, This study was the first (to our knowledge)
to analyze electrons’ recombination at anions using a simplified
bimolecular recombination model. Our previous study included
electron trapping (and electron-hole recombination) at the mo-
bile cation sites=Z. The study found that "ions-led built-in field
screening only" leads to very low hysteresis than the experimen-
tally observed values. Adding cation-mediated electron-hole re-
combinations results in hysteresis values similar to those experi-
mentally observed. To our knowledge, trapping phenomena led
by the anions have not yet been studied. Figure [6] shows calcu-
lated J-V profiles for various cases, i.e., with and without ions,
with ions and traps, and, with ions, traps and cation-mediated re-
combination. Considering various possible trapping and recom-
bination processes, it is still difficult to pinpoint the exact mecha-
nism leading to the J-V hysteresis. Possibly, multiple phenomena
contribute to the effect, and it is hard to experimentally mea-
sure independent contributions of various processes. DD models
can help decoupling the contributions of various phenomena re-

n
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sponsible for the hysteresis. However, the material and device
parameterization is not coherent throughout the proposed stud-
ies. Therefore, appropriate parameterization on types and the
number (could be more than just two) of ionic species, and their
energy levels, densities, mobilities, migration channels, and inter-
actions with charge carriers is necessary to draw a fair conclusion
on the complex role of ionic defects.

4 Mobility models

Several DD models employ constant mobility models in perovskite
absorber and CTL. In hybrid perovskite films, charge carriers and
ionic defect mobilities depend on various factors, such as film sto-
ichiometry, self-doping, energetic disorder, grain size, and ionic
defect scatterings1177120, Moreover, during the operating condi-
tions, temperature variations, degradation and other factors may
lead to changes in charge carrier and ionic defect mobilities. More
studies are needed to investigate the behavior of charge carriers
and ionic mobility within the perovskite absorbers. On the other
hand, charge carrier mobilities in transport layers depend on tem-
perature, doping and electric field}2l. Therefore, modeling PSCs
with constant mobility models may result in misinterpreting the
calculated data. The inclusion of factors such as doping and tem-
perature dependence is very important while modeling PSCs.

4.1 Temperature-dependent mobility

In a semiconductor crystal, lattice/phonon scattering and ionized
impurity scattering affect the charge carrier mobilities1221123|
Both the lattice scattering and ionized impurity scattering de-
pend on the operating temperature. A generalized temperature-
dependent mobility can be defined as:

m
wr=no () ©

where, T =300 K is the reference temperature. m is a constant
governed by the scattering mechanisms in the material. The in-
elastic scattering of optical phonons results in a power law of p o
T-1/2, and the elastic scattering of acoustic phonons results in a
power law of y o< T=3/2, Charge carrier scattering of ionic defects
and impurities result in a power law of u o< 773/2, In a hybrid
perovskite film, mobility (for both the charge carriers and ionic
defects) depends on various factors, such as film stoichiometry,
self-doping, energetic disorder, grain size, and ionic defect scat-
terings1171120 Therefore, a mixture of various effects can lead to
a different power law dependence. Biewald et al.124 obtained a
power law dependence of pt o< 7" with m = —(1.8+£0.1) for MAPI
perovskite. A theoretical study by Mayers et al. proposed a power
law dependence of y o< 72111123 gavenije et al. proposed band-
like dependence of mobility with u o< 716128 Moreover, hybrid
perovskite may undergo a phase change and the charge carrier
mobility can differ in different crystalline phases124.

4.2 Doping dependent mobility
In PSCs, CTL are doped to efficiently extract the charges from the

absorber to the electrodes. Both organic and inorganic CTL have
been used in perovskite solar cells12Z128 In widely used organic
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Table 2 Various drift-diffusion modeling studies on investigating J-V hysteresis and the role of ionic defects in PSCs

Authors, year Ionic density Ionic distribution Remarks and findings Reference
Free to move within per- J-V Hysteresis is combined effect of mo-
Reenen et al., 2015 1 x 105 cm™3-1 x 10'? cm—3 . P bile ions and traps. No hysteresis without ~ II1
ovskite layer traps
. _ Free to move within per- Slow moving ions lead to the J-V hystere-
17 19 3 17
Richardson et al., 2016 1 x 10'7 and 1.6 x 10! cm ovskite layer sis.
Distributed within perovskite = Combination of mobile ions and recom-
15 o —3 52
Calado et al., 2016 X107 em layer bination centres leads to J-V hysteresis
_ Distributed within perovskite Ions can fill grain boundary traps and
15 3 39
Sherkhar et al., 2017 1107 cm layer and at the GBs change the J-V hysteresis profile.
Distributed at the Increased surface area dilutes the effect
Gagliardi et al., 2017 1x10%cm=3-1 % 102 cm =3 perovskite/TiO, mesoporous . X 110
: of ion accumulation.
interface
A o . Trapping of electrons at mobile cations
Domanski et al., 2017 1x107cm™3 al;;lbmed within perovskite may lead to reversible performance 112
losses.
. _ Fixed charge density at per- Ion accumulation at interface affects the
17 3 58
Canil et al., 2019 X107 em ovskite interfaces steady-state performance.
_ Distributed within perovskite  Charge injection is affected by ion accu-
17 3 51
Neukom et al., 2019 5 x 107 em layer mulation at perovskite interfaces.
_ _ Distributed at the grain Ions can passivate the effect of grain
17 3 18 3 67
Nandal et al., 2019 1x10”cem™ and 1 x 10'® cm boundaries boundary losses.
Fixed in the bulk, at the grain Steady-state performance changes with
Singh et al., 2020 1x10"%em™3-1x 10" em™3 boundaries and at the per- . . y-state p 8 16
L ionic distribution.
ovskite interfaces
Cation-assisted recombination enhances
. _ Free to move within per- J-V hysteresis to experimentally observed
18 3 37
Singh et al., 2021 X107 cm ovskite layer values. Nominal J-V hysteresis without
cation assisted recombanation.
Distributed within perovskite Ionic redistribution screens the electric
Calado et al., 2021 Ocm3-1x 10" cm™3 laver P field and determines the steady-state per- 52
Y formance.
_ Distributed within perovskite = Dielectric constant of charge transport
17 3 59
Zhou et al., 2021 5107 em layer layers affects the hysteresis.
. . _ Distributed within perovskite Inverted hysteresis is obtained when ions
16 3 109
Minbashi et al., 2022 9107 em layer accumulate at the perovskite boundaries.
Distributed within perovskite  Different recombination mechanisms are
15 am—3_ 18 o —3 113
Almora et al., 2024 1x107 em™-1 % 10" cm layer present at different ionic densities.
_ _ Distributed within perovskite  J-V hysteresis is linked to device degra-
16 3_ 18 3 18
Wang et al., 2024 1x10°cm™-1 x 10" cm layer dation.
911139H141

CTL (such as Spiro-OMeTAD, Spiro-TTP, PolyTPD, PEDOT:PSS,

fect the short-term and long-term stabilities of PSCs

C60, BCP, PCBM, PTAA, etc.), the charge carrier mobility is a
complex function of the host-dopant interactions. Several groups
have investigated doping-dependent mobility in various organic
semiconductors1221132 - Arkhipov et al. presented an analytical
model to calculate charge carrier mobility in weakly and heav-
ily doped organic semiconductors123134, Koopmans and cowork-
ers studied the electrical conductivity of fullerene derivatives13>,
Doping-dependent charge carrier mobilities for inorganic semi-
conductors can be found using empirical models similar to the
ones proposed for silicon13¢137 Along with the CTL, intentional
or self-doping in the hybrid perovskites can lead to change charge
carrier mobilities in the absorber layer:17ILI9138]

Overall, to fairly capture the role of varying mobilities, ap-
propriate temperature- and doping-dependent mobility models
should be employed.

5 Stability

5.1

One of the major concerns hampering the commercialization of
PSCs is their poor stability. Intrinsic factors such as ionic de-
fects, surface and interface defects, grain boundaries, nanoscale
phase impurities, and inhomogeneities have been reported to af-

Ionic defects and grain boundaries driven instabilities

Moreover, extrinsic factors such as exposure to light, tempera-
ture, and moisture affect the operational stability of PSCs. Nandal
and Nair presented a modeling of ionic-migration-induced perfor-
mance degradation in PSCs142, The origin of ionic defects can be
both the intrinsic and extrinsic factors involving chemical pro-
cesses leading to the creation and annihilation of ionic/neutral
speciesd43H145 Bitton and Tessler combined the DD model with
iodine chemistry to investigate the annihilation of electrons and
holes%Z, The study points out that certain chemical reactions can
lead to mobile ionics defects and, hence, deterioration of the pho-
tovoltaic performance during the cell operation. The study con-
sidered only radiative recombination losses and the SRH recom-
binations were ignored. Theoretically, a negative ionic defect can
capture a hole to become electrically neutral or can remain nega-
tively charged via facilitating electron-hole recombinations. Sim-
ilarly, a positive ionic defect may facilitate electron-hole recombi-
nation by capturing an electron. In the case of cation-assisted and
anion-assisted recombination of electrons and holes, the electron
and hole continuity equations should be updated with additional
recombination processes. The updated electron and hole conti-
nuity equation can be written as:

Journal Name, [year], [vol.], 1 l9
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the same to maintain charge neutrality. The arrows denote the sweep direction. Subfigures (a) and (b) have been adapted with permission from
Ref. 111 Copyright 2015 American Chemical Society. Subfigure (c) has been adapted with permission from Ref.5Z, Copyright 2021, Elsevier B.V.
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Where, Rt and Rap represent the net electron-hole recombi-
nation rates led by cations and anions, respectively. The ions-
assisted recombination rates can be modeled as defined in refer-
enceZ,

Creation and annihilation of new charged species will lead to
disrupt the perovskite absorber crystal and hence drop in photo-
voltaic performance. DD model can help predicting photovoltaic
performance losses by accounting for the new charged species.
If new charged species are created and annihiliated (without in-
volving free electrons and holes), additional continuity equations
need be defined for each charged species. The continuity equa-
tions for the newly created/generated cations and anions in equa-
tior{1] can be defined as:

BNC new
V. .uct,necht,new (kBT#> = Gct,new - Rct,new

aNan new
V- { Han,newNan,new <kB T—52=

} = Ran,new - Gan,new
(1n
Where, Get new, Ret,new, Gan,new and Ran new represent the rates
of creation of new cations, annihilation of new cations, creation
of new anions, and the annihilation of new anions, respectively.
To note that the continuity equations for new charged species
(ct,new and an,new) will be there in addition to the existing con-
tinuity equations as defined in equation[I] (electrons, holes, exist-
ing cations and existing anions). At the same time, the Poisson
equation (defined in equation[I)) should be modified by including
new charged species as following:

V- (eV¥) =
—-q (n*p+Na_*N(;L*th +Nan+n{*n:r*th,new+Nan,new)
(12)

Overall, by including the creation of electrically charged and
neutral species and the ionic-assisted recombination processes

10 | Journal Name, [year], [vol.], 1

can help predicting instantaneous as well as long-term fluctua-
tions in photovoltaic performance.

Many DD models presented in the literature ignore the GBs-
assisted degradation in PSCs. By visualizing the spatial evolution
of local photoconductivity, Chu and co-workers reported that the
degradation process is triggered by the disintegration of grains
rather than nucleation and propagation from the visible grain
boundaries”?. This leads to the evolution of the shape and size
of GBs over time. This GBs-led change in the distribution of de-
fects and ionic species will change photovoltaic performance'l®,
Moreover, spontaneous grain coalescence in the dark can enable
the reduction of grain GBs-led photovoltaic losses®>. By account-
ing for grain boundaries and evolved concentrations of static and
mobile defects at GBs, DD models will help to investigate the role
of GBs’ evolution in the short-term and long-term performance of
PSCs.

5.2 Thermal instabilities

Hybrid perovskites are shown to degrade under high tempera-
tures and can be mediated via chemical reactions. The tempera-
ture influences the rate of chemical reactions and, hence, the rate
of annihilation and creation of ionic defects. Variations in the
ionic defect density and distribution change the ionic-electronic
interactions and built-in field screening, and hence, the solutions
to the Poisson and continuity equations. Moreover, the charge
carrier (electronic-electronic) trapping and recombination times
depend on temperature, defined as14°\

o, r
rn=7:,(,) (1) Sl

T (13

Thermal variations also influence the charge carrier and ionic
defect mobilities as discussed in previous sections. Furthermore, a
temperature change can change the bandgap of a semiconductor,
especially the absorber layer. The temperature-dependent mate-

rial bandgap is defined as the following'14Z;
Eo(T) = Eg(0) — - r (14)
e T+p
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where, Eg(0), o) and B are material constants. The change in
bandgap leads to a change in equilibrium charge carrier concen-
trations, defined as:

Es —E, —E,+FE
n:NCexp<%) and p:Nvexp(]‘;Binp)7 (15)

where, N, the N, are the temperature-dependent effective den-
sity of states of the conduction and the valence bands, respec-
tively, defined as123:

3 3
2amikgT \ 2 2amkpT \ ?
M;z(’”%‘?) and szz(%> (16)

Similarly, the position of the Fermi level in doped semicon-
ductors (i.e., the electron and hole transport layers) strongly de-
pends on the operating temperature23, Therefore, during the
cell operation, the temperature-dependent charge carrier concen-
trations should be updated in the continuity as well as the Poisson
equations. Along with carrier concentrations, the temperature
change can induce change in charge carriers’ and ionic mobili-
ties as explained in an earlier section. Overall, the temperature
variation can change the concentrations, mobilities, and inter-
action patterns of various charged species within a PSC. To ac-
curately consider the temperature dependence (especially while
modeling the time-dependent performance evolution), the ionic
defects creation and annihilation rates, carrier densities, mobili-
ties, and their interaction should be implemented in appropriate
equations.

6 Further Improvements

6.1 Inclusion of optical models and photon recycling

Optical modeling within DD governs the the light absorption
and the spatial distribution of photogenerated carriers, which di-
rectly influences recombination dynamics and device efficiency.
Transfer matrix Method in conjunction with Lambert Beers model
nicely defines optical generation rate in a homogeneous absorber
with no bandgap variations. Hetero interface-driven instabilities
can however lead to bandgap variation and hence change in the
light absorption (hence the charge carrier generation) profile lo-
cally?92l, Optical models accounting for local variation are de-
sired in such cases. In high-efficiency devices where the defect-
assisted non-radiative losses are nominal, radiative losses become
the dominant loss mechanism. When the cell is producing non-
zero output power, radiative recombination of electrons and holes
result in photons that can be absorbed in different regions of the
absorber layer. This phenomenon is commonly known as photon
recycling. In the case of bandgap inhomogeneities and graded
bandgap structures, photon recycling becomes even more promi-
nent as the photon emitted by the high bandgap region can be ab-
sorbed by a low bandgap region. Incorporating photon recycling
models within the DD can help improve the accuracy of the calcu-
lated data similar to the one reported in GaAs solar cells148 and
all-perovskite tandem solar cells14?. Zedar et al. have demon-
strated a coupled photon-recycling DD model for PSCs12Y, The

View Article Online
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model incorporated Green’s function formalism with a charge-
carrier DD model to account for reabsorption of internally emitted
light. Improvement in both V,. and PCE was observed upon in-
clusion of photon recycling. Brenes et al presented a combined
experimental and detailed balanced model to calculate the effect
of photon recycling on PSC’s J-V performance>L., Upon account-
ing for the effect of light scattering in a photon recycling model,
the study found increase (77mv) increment in Voc. The study
however does not account for local variation in bandgap and non-
radiative near-field coupling to the nearby perovskite. However,
both the studies point out the underestimation of photovoltaic
performance while simulating PSCs while ignoring the photon re-
cycling. Inclusion of in bangap inhomogeneities and photon recy-
cling in DD models remains largly explored. Thereby, the studies
integrating wavelength (bandgap)-resolved optical models and
photon recycling mechanisms into DD frameworks are critical for
accurately capturing the local and global carrier generation and
recombination in PSCs.

6.2 Time/frequency dependence

Steady-state DD modeling cannot capture the effect of several ki-
netic phenomena occurring in PSCs at short time scales, espe-
cially those linked to ionic defects. Since the ions remain within
the perovskite layer itself and cannot be transported to the exter-
nal contacts, accurately capturing their interactions becomes very
important. To capture such phenomena, time- and frequency do-
main analysis are needed for the stacks with and without charge
transport layers. Incorporating light intensity-dependent open-
circuit voltage and photocurrent, capacitance-voltage, transient
photocurrent and voltage-step responses give deeper insights into
various phenomena not captured by simple DD models?!. Bou
et al. 1> have pointed out the importance of combining drift-
diffusion and frequency dependence analysis to reproduce exper-
imentally observed data in PSCs. Balaguera et al. implemented
time-dependent capacitive current equations to calculate how the
PSC performance evolves with J-V scan frequency!>3. The ca-
pacitive behavior is governed by the geometrical capacitance as
well as the movements of ions and charge carriers. The study
goes beyond simple DD equations and captures kinetic processes
linked to the ions and J-V hysteresis. As reported by Riequelem
and co-workers, combining impedance spectroscopy (IS) with DD
model can reveal the underlying device physics and mechanisms
responsible for recombination losses and charge collection effi-
ciency in PSCs24. By investigating high-frequency IS spectra and
DD calculations, the study suggested that the steady-state perfor-
mance governed by is the distribution of mobile ions within the
perovskite absorber layer. Nuekon et al.>! presented steady-state,
transient, and frequency-domain analysis for PSCs by using Set-
fos 4.6 from Fluxim. Using transient current analysis under dark
conditions (applied voltage), the steady revealed interface recom-
bination process modulated by the accumulation of mobile ions.
The study however failed to explain a raise in delayed current
while reversing bias (+3V to -3V). The study speculated mobile
ions driven chemical reactions to cause the effect. Clarke et al.1>>
implemented time-dependent degradation factor to the recombi-
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nation rate in modified DD software lonMonger. By combining
current-voltage and impedance measurements, the study pointed
out the possibility of charge carriers and the ion vacancies in per-
ovskite layer. Almora et al. proposed a short-circuit IS combined
with DD modeling to investigate instability in PSCs. The study
found that the ionic conduction is led by different pathways for
at different mobile ion concentrations.

Clarke et al.%! employed approximated DD model to explain
multi-feature Nyquist plot for PSCs. The model pointed out the
possibility of creation of a small population of ‘excess ionic de-
fects’ at DC voltage, leading to neutralise electronic charges in
the bulk perovskite layer at a different time scale than the ionic
movements. The mid-frequency spectra suggests ion-modulated
recombination rate in the perovskite bulk. Both the observa-
tions are helpful in understanding the role of creation of new
ionic defects and electronic-ionic interactions leading to J-V hys-
teresis and instability in PSCs. More of such studies at different
time/frequency scales will help in drawing a clear picture on the
underlying phenomena responsible for short- and long term in-
stabilities in photovoltaic performance of PSCs.

6.3 Combining Density-Functional Theory and DD

DD needs various input parameters to perform charge transport
calculations. Some of the parameters can be obtained from ex-
periments. However, changing the environment (i.e., employing
multilayers, using thin passivating layers, interface modifications,
microscopic inhomogeneities, etc.) can alter the parameter’s val-
ues while fabricating a complete device. Moreover, fabrication
conditions (deposition methods, temperature, humidity and oxy-
gen levels, post-deposition processing, storage, etc.) are crucial
in determining electronic, optical and optoelectronic properties of
different layers. Density-functional theory (DFT) is a well-known
and versatile method to calculate (but not limited to) physical,
thermal, mechanical, electronic, optical and optoelectronic prop-
erties of materials’>°127, In PSCs, DFT can help in incorporating
the roles of crystal structures, spin-orbit coupling, bandgap tun-
ing by substitution/mixing, dielectric constant, photoabsorption
coefficient, phonons and material stability, defect formation, ion
diffusion, and surfaces and interfaces>8. DFT has been indepen-
dently used to calculate material properties1221161l investigating
ionic defects1>2162 and investigating interfaces and other com-
ponents of PSCs81201163] - gti]] several phenomena taking place
within a perovskite solar cell (especially at the atomistic level in
ABXj3 perovskites and at the interfaces) are not very well under-
stood and hence are not captured while simulating PSCs. Com-
bining DFT and DD offers a way to simulate a PSC from ma-
terial to device levels. 184 Marimuthu el al. presented a com-
bined experimental, DFT and DD study to investigate the pos-
sibility to use dimethyl ammonium metal formate-based crystals
[(CH3)2NH5]C01., M, (HCOO)3 (M = Fe, Ni and n = 0, 0.1) as
absorber in PSCs. DFT calculations were utilized to used to ex-
amine the structural stability, band structure, and electronic con-
tribution of the constituent elements, and the DD modeling was
used to predict PSCs performance. The combination of DFT and
DD model can incorporate defect formation (and hence degrada-
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tion) and grain boundaries4?, and, therefore, can predict short

and long-term performance degradation in PSCs. Overall, the in-
tegration of DFT with DD enables a multiscale simulation frame-
work to captures both atomistic-level material properties and
macroscopic device behavior, thereby enhancing the accuracy and
predictive capability of perovskite solar cell simulations.

6.4 Machine learning for accelerating

Machine learning (ML) is emerging as a novel and powerful tool
in material science thanks to its ability to (i) generate more ex-
pressive and lower dimensional representations of complex data
and (ii) connect different classes of data in multimodality (e.g.
text and images). Thus ML models can be used to connect very
different data sets and to accelerate on the fly well-established
numerical models. For example, ML techniques have achieved
great success in Molecular Dynamics®? to accelerate numeri-
cal simulations by generating force fields on the fly or making
a smart sampling of the configurational space1€®. Similarly, in
the last decade, new methods based on the synergy between nu-
merical schemes, like Dynamical Mode Decomposition (DMD) or
Koopman operatorsi®”Z have been refined and merged with data-
driven methods to accelerate the simulation of partial and ordi-
nary differential equations. All these methods are fundamentally
aimed to simplify, reduce the dimensionality of the system or to
accelerate current numerical simulations. Moreover, ML methods
can be used to generate from simulation data surrogate models
that can directly bypass the full simulation for input-output rela-
tions. An example of such a surrogate model is presented in168,
where a Gaussian model was used to generate a surrogate model
for a kinetic Monte Carlo simulation of a supercapacitor. Overall,
ML is emerging as a very powerful and versatile set of tools that
can work in perfect synergy with current numerical models.

6.5 Interfacing experimental data

Machine Learning as a toolset has started to gain importance in
the field of perovskite research and applications in analyzing and
coupling experimental data. ML can be used for novel perovskite
discovery, classification and characterization of samples, opti-
mization of fabrication processes, and analysis of sample-related
time series®?, Li et al. have presented a method using Gaussian
Processes to search for high-performing cubic perovskites1?Y, Be-
hara et al. published an ML-based classification approach for per-
ovskite crystal structuresiZY, Characterization of samples based
on Machine Vision (MV), a subset of ML with images as the main
focus, has also been demonstrated to investigate film homogene-
ityl72 grain characteristics1Z3 and some optoelectrical proper-
ties, such as bandgap and absorption behaviorl”#, A promis-
ing workflow for the optimization of perovskite nanoplatelet syn-
theses using a mixture of ML models was reported by Lampe et
al.172 Time series data methods were used by Kouroudis et al.
to predict the long-term outdoor performance of perovskite solar
cells78, While ML as a tool in perovskite material research is still
relatively new, it has already demonstrated great promise due to
its flexible use cases, relatively quick deployment, and fast and
fairly accurate predictions. Additionally, new methods in the field
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are still being developed, which may lead to the improvement of
model performances in the future. The core problem hindering
ML for experimental data is the lack of available and well-curated
databases. Therefore, the amount of training data is limited and
very small compared to more publicly known ML models, such
as large language models or image generators. To address this
core issue, the scientific community should discuss what data is
relevant and how best to store it, for which the FAIR principle
can serve as a guidelinel”Z. The use of automated experimenta-
tion setups may help with the rapid production of data and may
also provide opportunities to couple ML models to the setup itself,
either for on-the-fly characterization or optimization purposes.

Conclusions

Despite excellent power conversion efficiency of 27%, PSCs face
persistent challenges including instability, current-voltage (J-V)
hysteresis, and interfaces and grain boundary-induced perfor-
mance degradation. Drift-diffusion (DD) modeling has proven
to be a powerful tool for probing the complex charge transport,
recombination mechanisms and ionic defect migration in PSCs,
especially where experimental techniques fall short. However,
conventional DD models often rely on oversimplified assumptions
and lack the fidelity to capture dynamic phenomena such as role
shape and size of grains, ionic-electronic interactions, and espe-
cially the degradation of PSCs. Simplified approximations can
result in misinterpretation of the calculated data despite nicely
fitting with J-V curves.

This review critically examines the evolution and limitations of
DD modeling in PSCs, highlighting key areas where accuracy and
predictive power can be improved. We explore strategies for in-
corporating sub-models for traps, recombination, grain bound-
aries, mobility, ionic-electronic interactions, photon recycling,
and quantum effects, and emphasize the importance of integrat-
ing experimental to minimize approximations. The possibility to
include degradation pathways and time/frequency domain anal-
ysis has been discussed to probe insight into instability. For the
modeling parameters not directly accessible through experiments,
the synergy between DD and Density Functional Theory (DFT) is
discussed as a pathway to bridge atomistic and device-level simu-
lations. Furthermore, the possibility to combine machine learning
and interfacing experimental data has been presented to speed up
the simulations and improve robustness and reliability. By map-
ping the evolution of DD modeling and identifying key areas for
refinement, this work provides a foundation for future efforts to
develop predictive, high-fidelity simulation tools for perovskite
photovoltaics.
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