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Abstract

In this paper, we developed a opto-electro-thermal model using the
3D finite element method (FEM) in order to assess the temperature-
dependent performance of perovskite solar cells (PSCs). The FEM-based
model we developed is fully coupled, allowing us to model the optical
absorption, charge transport, and heat generation processes all at once,
which will provide a more precise evaluation of device performance. Four
perovskite absorber materials (MASnl3, MAPbIs, CsPbls, and CsSnls)
were evaluated based on three heat generation mechanisms: Joule heating,
non-radiative recombination, and thermalization. Based on the proposed
model, the extent of temperature rise within the device and its impact on
device performance-primarily open-circuit voltage (Vo) and power con-
version efficiency (PCE) are assessed.

The simulation results show that the temperature-dependent perfor-
mance of the PSC, varies according to the absorption layer material, as
each type of absorber showed unique thermal behavior. In particular,
CsSnlj exhibited notable temperature-dependent performance under ther-
mal coupling, with a V,. reduction of only 2.38% and a PCE variation of
9.12%, showing a high photovoltaic response but higher temperature sen-
sitivity under temperature variation compared to CsPbls.

keywords: PSCs, temperature-dependent performance, Joule Heat, Non-
radiative Recombination Heat, Thermalization heat, Opto-electrical-Thermal
Simulation.



1 Introduction

Perovskite Solar cells (PSCs) have emerged as promising candidates in next-
generation photovoltaic technologies, offering both high power conversion effi-
ciency (PCE) and inexpensive fabrication for potentially large-scale applications
[1]. The stability and performance of PSCs is significantly affected by the ab-
sorber layer as it is vital to absorb light and generate free charges. However,
the accumulation of heat produced in the absorber layer of the PSC negatively
influences operating efficiency, accelerates materials degradation, and reduces
the time in service/lifecycle. To increase the stability and desired operational
life of PSCs in relevant applications, understanding the thermal performance of
the absorber layer is essential [2].

Good thermal management is a key factor that affects both the performance
and lifespan of PSCs. Elevated temperatures lead to undesirable effects such
as enhanced ion migration, instability of the phases, and higher rates of non-
radiative recombination, all of which negatively impact the efficiency of the solar
cell over time [3]. As of now, thermal mitigation of PSCs has focused mainly
on advancing material properties and device encapsulation techniques [4]. In
improving the thermal management of PSCs, there is a need for a deeper under-
standing of the exact heat generation mechanisms taking place in the absorber
layer. For improving stability of PSCs, it is important to analyze the mech-
anisms of heat generation from first principles [5]. Current studies highlight
the importance of thermal modeling in PSCs. A 3D simulation using finite ele-
ment method (FEM) demonstrated that high thermal conductivity electrodes,
such as reduced graphene oxide (RGO), led to a significant reduction in thermal
degradation and accumulation of temperature in active layers of the cell [6].

The influence of grain size, grain boundaries, and grain orientation on heat
dissipation in PSCs is explored, with optimization strategies proposed for en-
hancing heat dissipation and temperature-dependent performance management
[7]. An opto-electro-thermal model for perovskite/CZTSSe tandem solar cells
is presented in [8], demonstrating that the majority of heat generation occurs
in the bottom cell due to various loss mechanisms. Studies have shown that
higher temperatures and thermal cycling enhance carrier recombination and
reduce charge extraction from interfacial layers, leading to decreased efficiency
and stability of the solar cells during extended thermal stress [3]. The scattering
process of high-energy carriers in the conduction and valence bands generates
heat, which can be a significant cause of early solar cell degradation [9].Studies
have shown that the resistive heating and non-radiative recombination present
in PSCs can result in device operating temperatures of 73—76°C with ZnO elec-
tron transport layer (ETL) and 80-84.5°C with TiOy ETL. Consequently, the
effects of these processes may lead to further degradation and reduced stability
of these devices [10].

Despite extensive research on heat generation in PSCs, prior studies have
predominantly focused on Joule heat and heat from non-radiative recombina-
tion.

Joule heat is associated with ohmic losses of charge carriers moving through



resistive layers/interfaces in the device. In contrast, non-radiative recombina-
tion heat involves the relaxation of excited charge carriers without emitting
photons, usually through defects or traps. Although these mechanisms are well
known in the literature, they do not fully cover all thermal effects in the ab-
sorber layer [11]. Thermal heat, generated from environmental influences and
internal lattice vibrations, is one type that has received limited attention. This
limitation emphasizes the need for a comprehensive preliminary assessment of
all major heat sources that affect the performance of PSCs [12].

In this paper, we present an extensive approach for analyzing the heat gen-
erated in the absorber layer of PSCs by concentrating on three major sources:
Joule heat, heat from non-radiative recombination, and thermalization heat.
A simulation-based opto-electro-thermal coupling model is used to accurately
simulate PSCs thermal behavior, thus providing an extensive account of ther-
mal heat dissipation as well as heat generation in the absorber layer of PSCs.
Previous studies, such as [13], [14], frequently used free triangular meshes to
discretize the structure for modeling PSC. However, in our proposed model-
ing technique, a mapped mesh method is employed. A mapped mesh enhances
modeling precision and elevates resolution, as the quantity and distribution of
elements across layers are manually specified, hence refining interface modeling.
The overall framework allows us to study the thermal behavior of PSCs with
different absorber materials in a systematic way. We find that CsPbls has the
most stable temperature-dependent performance, showing minimal reductions
in PCE and V. under temperature variation, whereas CsSnls demonstrates a
strong photovoltaic response with higher temperature sensitivity, exhibiting a
V., decrease of 2.38% and a 9.12% variation in PCE. This paper is structured as
follows: Section IT describes the theoretical basis and the modeling methodology
we developed, Section IIT describes and systematically examines the simulation
results, and Section IV concludes the paper and summarizes deal with improve-
ment of thermal management of PSCs.

2 Theory and modeling

Our multilayer device configuration is shown schematically in Figure 1. The top
layer is the transparent conducting electrode (FTO), which is fluorine-doped
SnOs. Next comes the titanium dioxide (TiOz) layer, thinned to be the ETL
to assist with the extraction and flow of electrons. The perovskite material
serves as the active layer, functioning as the light-absorbing layer responsible for
charge generation. Located beneath the perovskite layer is the hole transport
layer (HTL), composed of copper(I) thiocyanate (CuSCN), which allows the
extraction and transfer of holes.

The metal electrode at the bottom is made of Au to assist with the collection
of charge. The thickness of each layer can be seen in Table 1.



Table 1: The electrical and thermal parameters of PSC. [15],[16], [17],[18],

[19],][20],[21]

Parameter FTO TiO2 CH3NH3Pbl3 | CH3NH3Snl; | CsSnls CsPbls CuSCN Au
Thickness [nm] 50 50 200 200 200 200 600 100
&r - 9 6.5 8.2 8.4 6.3 10 -
N, (em™3) 1x 10 | 1.66 x 10'8 1x 108 2% 10 | 2.5 x 108 1.79 x 109
N, (em™?) 1x 10" | 5.41x10'8 1x 108 2% 10" | 2.5 x 108 2.51 x 10'°
tie/pn (cm?/V s) 20/10 50/50 1.6/1.6 2/2 10/10 1x107* ~ 0.01
X (eV) 4 3.93 417 4.2 3.9 1.9
E, (eV) 3.2 1.55 1.3 1.3 1.73 3.4
Ny (cm™3) - 5x 1013 3 x 1016 2 x10' | 5x10' 5x 108
Np (em~3) 5 x 1018 - - - - -
Tn/Tp (18) - 5/2 25/25 25/25 25/25 25/25 5/5 -
p (kg/m?) 5560 | 3900 4286.4 4500 4600 4700 2840 19300
K (W/mK) 31 4.8 0.59 0.6 0.7 0.8 2.39 129
Cp (J/kgK) 128 683 308 320 330 340 800 318

2.1 Optical modeling

The optical properties of PSC are modeled by utilizing the FEM-based wave
optics, as outlined in [22]. The Helmholtz equation, derived from Maxwell’s
equations, governs the propagation of electromagnetic waves in the device:

V x (VxE)—kie,E=0, (1)

where E is the electric field, ko = 27” is the wave vector in free space, and
e, = (n —ik)? is the complex relative permittivity, with n and » being the
refractive index and extinction coefficient, respectively. The optical generation
rate Gphoto(A) is calculated as:

¢ €H|E|2
Cphoto(N) =~ (2)

where €” is the imaginary part of the dielectric permittivity and 7 is the re-
duced Planck constant.The total generation rate Gy, is obtained by integrating
Gphoto(A) over the solar spectrum (300-1000 nm) [23]:

Al’l’la/)(
Gtot :/ Gphoto()\)d)\' (3)
A

min

Perovskite

CuSCN

Au

Figure 1: Schematic of the desired structure.



2.2 Electrical modeling

The electrical performance is simulated by solving the Poisson equation and the
carrier continuity equations in a drift-diffusion model [24]:

V- (e06+V@) = —q(p—n+ Np — Na), (4)
on 1
a == QV'Jn‘i’Gtot*Un; (5)
Op 1
EZ_QV’Jp"’_Gtot_Upa (6)

where ¢ denotes the electrostatic potential, n and p are the electron and hole
concentrations, Np and N4 are donor and acceptor densities, and U, and U,
are recombination rates for electrons and holes, respectively. Current densities
J,, and J, are provided by the drift-diffusion model:

Jn = qupnE + qD,Vn, (7)

Jp = quppE — qD,Vp, (8)

where i, and pu, are the electron and hole mobilitics, and D, and D, are
electron and hole diffusion coefficients.

2.3 Thermal model

The heat transfer model is used to simulate the thermal properties of the PSC.
The heat equation is solved to determine the temperature profile [25]:

0Oy oLV (hVT) = Q (9)

where p is the material density, C), is the specific heat capacity, k is the thermal
conductivity, and @ is the rate of total heat generation. In the thermal model,
natural convection and radiation are considered as heat dissipation mechanisms
due to the cell’s contact with air [26]:

Qconv = h(T - Tamb) (10)
Qraa = EU(T4 - T:mb) (11)

where h is the convective heat transfer coefficient, € is the emissivity, and o is
the Stefan-Boltzmann constant and T, ambient temperature.

Heat Sources in the Thermal Module

Three primary heat sources of Joule heat, non-radiative recombination heat,
and thermalization heat are considered in the thermal module [27]:



Joule Heat

Joule heat arises due to resistive losses as carriers move through the device
under an electric field. The Joule heat density H joule is given by:

Hjone =E-J (12)

where J = J,, + J,, is the total current density.

Non-Radiative Recombination Heat

Non-radiative recombinations, such as Shockley-Read-Hall (SRH) recombina-
tion, release energy as heat. The non-radiative recombination heat density
HSRH is:

Hsru = (Eg + 3kpT)Usru (13)
where E, is the material bandgap, kp is the Boltzmann constant, and Usgy is
the SRH recombination rate:

np — n?

mp(n+mn1) + Tu(p + 1)

Usru = (14)
where n; is the intrinsic carrier concentration. 7, and 7, are electron and hole
lifetimes, and n; and p; are the electron and hole densities when the quasi Fermi
level matches the trap energy.

Thermalization Heat

Thermalization occurs when hot electrons, arising from high-energy photons
that promoted them to the conduction band, lose their surplus energy and relax
to the edge of the conduction band [11]. Thermalization heat density Hyy is
given by:

Hyp = / (hv = B, — 3k5T)Gynoo(A) dA (15)

where v is the light frequency.

These heat sources collectively contribute to the total heat generation @ in
the thermal model, enabling the analysis of temperature effects on PSC perfor-
mance.

2.4 Coupling Method of the Three Modules

The coupling approach used in this study involves four steps. In our model, the
starting temperature is set to ambient temperature (293 K). The first step is to
use the optical model to calculate the wavelength-dependent photogeneration
rate Gphoto(A). The total photogeneration rate Gyoy is calculated by integrat-
ing the photogeneration rate across the solar spectrum. The second step is to
apply the electrical model. This step includes utilizing the Gio; and solving
the Poisson and drift-diffusion equations to determine the distributions of car-
rier densities, electric fields, and current densities. Using these quantities, heat



sources including Joule heat, non-radiative recombination heat, and thermaliza-
tion heat are calculated.The third step is employing the thermal model, which
incorporates the previously indicated heat sources, to calculate the temperature
profile through the device structure using the heat transfer equation. The fourth
and last step is to use the electrical model again to incorporate the new tem-
perature profile calculated by the thermal model and update PSC’s electrical
characteristics. Using this systematic coupling approach, we can properly assess
PSC performance by taking into account generated heat in the PSC structure.

To improve transparency and credibility, the intermediary outputs from each
module are included in the “Supplementary Data”: (i) Optical model: refractive
index and extinction coeflicient of perovskite materials, generation rate profile
G(z) as function of depth z; (ii) Electrical model: carrier densities as function of
depth z, n(z), p(2), electric field and current density distribution; (iii) Thermal
model: temperature map. Each of these is referenced in detail in Figures (S1-
S6). In this present coupled opto-electro-thermal model, several simplifying
assumptions were made to allow the simulations to be performed. The bandgap
energy (E;) and carrier mobilities (fn, ptp) were assumed to be invariant with
temperature, and our approach did not incorporate defect or trap states of
interfaces in the electrical simulations.

2.5 Mesh Structure

The tetrahedral meshing method has typically been employed as mentioned be-
fore in prior studies to model the performance of solar cells. This study employs
a mapped meshing technique to enhance control over element distribution in the
computational domain. This techinique improves simulation performance by en-
hancing the quality of optical, thermal, and electrical models, increasing layer
interface resolutioi, and facilitating solver convergence. The element sizes in our
simulations vary from 52.2 nm to 2.24 nm, guaranteeing appropriate resolution
levels needed

We uses skewness and growth rate as the two parameters to assess the quality
of the mesh. They are illustrated in Figure 2 As it is shown the skewness values
were consistently close to 1, indicating that suitable quality mesh elements had
been created. The growth rate remained constant at 1.35 to accommodate
smooth transitions to neighboring elements. The mapped mesh divided the
complete geometry into 14,756 elements and had an element quality of 0.85 on
average, thus giving a high level of quality and an acceptable balance between
solutions and computation cost. Not only does this approach improve fidelity
in simulations, but it also allows for improved computation performance in
comparison to free meshing methods; as such, this approach is appropriate for
coupled optical-electrical-thermal studies in complex 3D structures like PSCs.
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Figure 2: Mesh quality assessment showing (a) skewness aud (b) growth rate
distributions.

3 RESULTS AND DISCUSSION

Figure 3 illustrates the distribution of heat sources (Joule heat, non-radiative
heat, and thermalization heat) in PSC with various absorbers: in V' = 0 and
Ve for MASnlI3, MAPbDI;, CsPbls, and CsSnls. According to the computed re-
sults, Joule heat phenomenon is the primary heat source in all of the simulated
structures for V=0 (V), with heat primarily aggregating at the absorber/TiO4
junction (900 nm) and thermalization heat is the main source of heating in the
bulk of the absorber layers for V' = V,. (V). Among the explored materials,
MASnI3 and CsSnls have more thermal variation as heat generation increases
rapidly in the absorber region (around 900 nm) especially in Joule and ther-
malization components in V' = 0. Furthermore, as the voltage increases toward
Voe, the Joule heat component gradually decreases (according to Eq. (12) and
E = —V¢) since the current density tends to zero V = V. conditions. In con-
trast, the carrier recombination increases for V' = V. (higher forward bias), it
leads to a rise in non-radiative recombination heating.

Figure 4 and Table 2 show the effects of thermal coupling on the electri-
cal performance of four PSC types: MASnl3, MAPbI3, CsPblz, and CsSnls.
The simulation results presented in this figure are the current density—voltage
(J-V) characteristics and the values of key output parameters such as short-
circuit current (Js.), open-circuit voltage (V.), filling factor (FF), and PCE,
with and without thermal coupling. There is a noticeable decrease in the V.
from 0.874 V to 0.845 V in the MASnI3 PSC with reasonable thermal influence.
The PCE is reduced from 18.424% to 17.552%. In this structure the J,. is not
affected significantly (28.328 to 28.193 mA /cm?), indicating that the loss in this
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Figure 3: Heat generation sources within perovskite solar cells, including Joule
heat, non-radiative recombination heat, and thermalization heat for different
perovskite absorbers: (a) MASnls, (b) MAPbDI;, (¢) CsPbls, and (d) CsSnls
for: A) V=0 (V),B) V=V, (V)
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Table 2: Comparison of key photovoltaic parameters (Voe, Js., FF, and PCE)
for perovskite solar cells with and without thermal coupling.

Cell/characteristics Joe (mA.cin~?) | V. (V) | FF (%) | PCE (%)
Initial study with MASnI3 28.328 0.874 74.41 18.424
Coupling study with MASnI; 28.193 0.845 73.67 17.552
Initial study with MAPbI3 19.035 0.925 84.42 14.407
Coupling study with MAPbI; 18.981 0.899 79.87 13.63
Initial study with CsPbl; | 9.466 0.951 81.31 7.32
Coupling study with CsPbly 9.423 0.937 80.61 7.15
Initial study with CsSnls 21.98 0.84 81.35 15.02
Coupling study with CsSnls 21.98 0.82 75.73 13.65

material is dominated by the decrease in the value of V,.. In the MAPDIj3 struc-
ture, the V,. is reduced from 0.925 V to 0.899 V, indicating that an increase in
temperature leads to a reduction in V,.. The decrease in PCE is from 14.407%
to 13.63% in MAPDbI;. It is still lower in comparison with the loss in the perfor-
mance of MASnl3. The variation in the value Js. in this structure is negligible
(19.035 to 18.981 mA /cm?). The CsPblj structure is stable in the sense that the
Ve is decreased from 0.951 V to 0.937 V, with the lowest decrement among the
three materials. The value of the decrease in the PCE is from 7.32% to 7.15%.
This shows that this material is the least affected by heat. The variation of J,
is negligible (9.466 to 9.423 mA /cm?) in this structure. V,. decreased from 0.84
V to 0.82 V in CsSnl3, and the PCE decreased from 15.02% to 13.65% after
thermal coupling. The variation in PCE indicates noticeable thermal influence
compared with CsPbls. For a more detailed analysis of the temperature effects
on the performance of PSCs, the changes in V,. and PCE were calculated and
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reported separately.
Variations in V,. (AV,.) and PCE (APCE) are defined as:

Voe,initial = Voc,cou
A‘/oc _ Yo, tial oc,coupled % 100 (16)

Voe,initial

PCEinitial - PCEcoupled
PCEinitial

where the initial parameters are calculated without the thermal effect feed-
back (T=293 K) and the coupled parameters are calculated by considering ther-
mal effects.

A detailed analysis of the variations in V. and PCE as a function of temper-
ature has been performed based on Figures 5 and 6, and the corresponding data
for four perovskite absorbers: MASnl3, MAPbI3, CsPbls, and CsSnlz. Also,
the changes in V,. and PCE are provided in the Tables3 and 4. For all mate-
rials, V,. decreases with increasing temperature; however, the rate of decrease

APCE =

x 100 (17)



Table 3: Changes in open-circuit voltage (AV,.) for different perovskite ab-

sorbers.
Material | AV,. (%) | AV, (V)
MASnI3 3.32% 0.029
MAPDI; 2.81% 0.026
CsPblg 1.47% 0.014
CsSnl; 2.38% 0.020

Table 4: Changes in power conversion efficiency (APCE) for different perovskite

absorbers.
Material | APCE (%) | APCE
MASnI; 4.73% 0.872
MAPDbDI; 5.39% 0.777
CsPbls 2.32% 0.17
CsSnl; 9.12% 1.37. |

differs among them. MASnI3 and MAPbDI3 show the largest drop in V., respec-
tively, while CsPbl3 presents the most temperature-stable performance with the
least decrease. CsSnls displays apparent temperature-dependent behavior un-
der thermal coupling, showing a 2.38% drop in V,. and a 9.12% change in PCE,
indicating higher temperature sensitivity than CsPbls despite its high photo-
voltaic response. Similarly, the PCE of all absorbers declines with increasing
temperature. While MASni3 has the highest initial efficiency but suffers de-
terioration at high temperatures. CsPbls remains the most resistant against
thermal degradation. These results confirm that the temperature-dependent
performance of perovskite solar cells strongly depends on the absorber mate-
rial. CsPblj provides the best thermal resilience and CsSnljz suffers from high
temperature sensitivity despite higher efficiency than CsPbls.

4 Conclusion

In this study, a detailed thermal analysis of perovskite solar cells (PSCs) was
performed with special attention to three major heat generation mechanisms:
Joule heat, non-radiative recombination heat, and thermalization heat. A cou-
pled Opto-Electro-Thermal simulation framework was developed to study the
thermal characteristics of the devices and their influence on photovoltaic perfor-
mance.A comprehensive temperature-dependent analysis has been carried out
to evaluate the variations in open-circuit voltage (V,.) and power conversion ef-
ficiency (PCE) linked to four different perovskite absorbers: MASnI3, MAPbDI;,
CsPbls, and CsSnls. The analysis demonstrates that both parameters decrease
with increasing temperature; however, the degradation rate strongly depends on



the absorber composition. Among the studied materials, CsPbl3 shows the high-
est thermal stability with the smallest decrease in both V,,. and PCE, confirming
its superior resistance to temperature-induced performance losses. On the other
hand, MASnl3 and MAPbI3 show the largest decrease in V. and efficiency due
to their high sensitivity towards thermal degradation. CsSnls exhibits higher
temperature sensitivity despite its high photovoltaic response; its V. drops by
2.38% and PCE varies by 9.12%, suggesting that its optoelectronic behavior
under temperature variation is influenced by temperature-sensitive mechanisms
such as carrier recombination and thermalization. In general, the results point
out that the choice of the absorber material dictates the thermal stability of the
PSC. CsPbls is the most promising candidate for stable performance operation
at elevated temperatures, while CsSnlz represents higher thermal sensitivity
despite its high photovoltaic response.
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