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ABSTRACT

We have developed a model to calculate the temperature of an illuminated perovskite solar cell (PSC) under the forward bias and that of a
shaded one under the reverse bias at different ambient conditions. The results show that the dissipated power due to the reverse bias (PRB)
should be more than around 6W to have a higher temperature in the shaded solar cell than that in the illuminated solar cell at the solar
irradiance of 1000 W=m2, and this result is almost ambient temperature and wind velocity independent. It is also found that the generated
thermal power due to the nonradiative recombination (PRec) becomes significant at the open circuit voltage (Voc) condition, leading to illu-
minated solar cell temperature (Tcr) higher than that at the short circuit current (Jsc) condition by about 12.7 K, 13.3 K, and 13.9 K at the
ambient temperatures of 270 K, 300 K, and 330 K, respectively. In addition, the influence of the thickness of the illuminated solar cell on its
temperature at the Voc condition is investigated, which reveals that, by increasing the thickness from 100 nm to 300 nm, the solar cell
temperature can increase by 20 K.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5118261

I. INTRODUCTION

Perovskite solar cells (PSCs), which have achieved a power
conversion efficiency (PCE) higher than 23%, have great potential
to meet the increasing world’s domestic and industrial energy
demands.1–5 However, the poor stability of PSCs hinders their com-
mercialization.6 There are four factors such as oxygen and mois-
ture, UV light, solution processing, and thermal effects, which
degrade perovskite films.7,8 Mei et al.9 have fabricated a
hole-conductor-free PSC, which has worked more than 1000 h
under full sunlight and ambient conditions. These studies have
been carried out on the illuminated solar cells that operate under
the forward bias condition. However, only a few research studies
have been carried out about the stability of PSCs under the reverse
bias condition. Bowring et al.10 have investigated the stability of a
PSC of the structure of ITO/NiO/Cs0.17FA0.83Pb (I0.83Br0.17)3/C60/
SnO2/ITO under the reverse bias condition. This structure is found
to have a low breakdown voltage, although the J-V characteristics
are different in solar cells fabricated at different times. If two solar
cells are connected in series, but only one of these is illuminated,
and the other is in the dark, then the dark cell operates in the
reverse bias.10 Silverman et al.11 have studied the thermal and elec-
trical effects of partial shade in monolithic thin-film photovoltaic

modules. When a current flows in the reverse bias in the shaded
cell, it consumes the power to generate heat instead of generating
solar power, and this can damage the cell due to the rise in temper-
ature.11 However, the temperature of the illuminated solar cell,
which is operating under the forward bias can also rise higher than
that of the shaded solar cell due to the incident solar radiation.
Bowring et al.10 have measured the temperature of PSCs under the
reverse bias at a voltage of −5 V without the mention of any
current density in their studies. It is commonly understood that the
shaded solar cells could get damaged in the reverse bias situation
due to the high temperature.10 This is a very well-known old
problem, and by-pass diodes are used to protect the array of solar
cells from the destructive effects caused by partial shading.12–14 It
may be noted that for calculating the operating temperature of both
the forward and reverse biased PSCs, the present work incorporates
all the sources of heat generation and heat transfer in both dark
and illuminated cells, including solar radiation, ambient conditions,
and thickness of the active layer, which has not been done before
in any simulation work.

In this paper, a mathematical model is developed to solve the
energy balance and drift-diffusion equations for determining
the temperature of both the shaded and illuminated solar cells.
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In previous mathematical models used for solving the drift-
diffusion equations, the operating temperature of solar cells has
been assumed to be constant.15 In addition, to the best of the
authors’ knowledge, no other simulation works have considered the
heat generation due to the excess energy absorbed from the sun
above the bandgap and nonradiative recombination of charge carri-
ers within the active layer. However, the model presented in this
paper calculates the operating temperature at each iteration attrib-
uted by the nonradiative recombination of charge carriers to use it
in the next iteration and so on. As a result, our model may be
regarded to be more innovative and produce more accurate results.
We have found that starting from the zero, until the reverse biased
voltage increases to a certain critical value, the temperature of the
illuminated solar cell remains higher than that of the dark cell.
Only after this critical voltage, the temperature of the dark cell
becomes higher than that of the illuminated cell and both cells
operate at the same temperature at the critical voltage. We have
also investigated the influence of environmental factors such as
ambient temperature and wind velocity and found that the critical
voltage is not very sensitive to these factors. As the temperature of
the solar cell under the forward bias can be effected by the gener-
ated thermal energy due to the nonradiative recombination, we
have also calculated the thermal energy generated PRec at the short
circuit current Jsc, open circuit voltage Voc and the maximum
power point Pmax ¼ Jmax � Vmax . Also, the influence of the illumi-
nated solar cell thickness on the solar cell temperature under the
Voc condition (zero current) is investigated. The simulation results
agree well with the available experimental results in the literature.
As the degradation of a PSC depends on the operating temperature,
it is expected that this study will provide crucial conditions for
their fabrication.

II. METHODOLOGY

To calculate the temperature of a shaded (under the reverse
bias condition) and an illuminated (under the forward bias condi-
tion) solar cell, one should solve the energy balance equations as
described below. The heat transfer in a solar cell can occur through
three different mechanisms; conduction, convection, and radiation.
However, in thin film structure solar cells like that of perovskites
considered here, the conduction may be neglected as shown below.
A solar cell operating in a real environment can have heat transfer
through radiation to sky, surroundings and ground and through
convection to the ambient air. In addition, in a shaded solar cell, a
thermal power PRB can be dissipated within the solar cell due to
the reverse bias, and in an illuminated solar cell, a thermal power
PRec is generated due to the nonradiative recombination of charge
carriers photoexcited by solar irradiation leading to an increase in
solar cell temperature.16 Thus, the reverse bias applied to the
shaded solar cell and nonradiative recombination in an illuminated
solar cell can be considered as heat sources. Accordingly, the tem-
perature of a shaded solar cell depends on the power PRB dissipated
through the reverse bias and that of an illuminated solar cell
depends on the thermal power PRec generated through nonradiative
recombination of the photogenerated charge carriers due to inci-
dent solar irradiance. In addition, the temperature of both the solar
cells, shaded and illuminated, in a module depends on the wind

velocity and ambient temperature. Figure 1 shows different
heat transfer mechanisms schematically in shaded and illuminated
solar cells.

The following three assumptions are made in carrying out the
simulation presented here: (1) solar cells operate under the steady
state condition, i.e., @T@t ¼ 0, where T is the temperature and t is the
time; (2) the temperature of the individual solar cell is considered
to be uniform, i.e., no temperature gradient exists within a solar
cell; and (3) the conduction heat transfer from adjacent solar cells
is assumed to be negligible as explained below. Assumption 1 is
justified on the basis that any small change in temperature due to
the solar radiation may occur over a long period of day time and
hence @T

@t may be regarded to be negligible. The conduction heat
transfer equations in the x-, y-, and z-directions (z- toward the sun)
as shown in Fig. 2(a) can be, respectively, written as17

Qx ¼ kAyz
@T
@x

, (1)

Qy ¼ kAxz
@T
@y

, (2)

Qz ¼ kAxy
@T
@z

, (3)

where Qx (Qy and Qz) is the thermal energy transferred through
the conduction mechanism in the x(y and z) direction and
Ayz(Axz and Axy) is the area of the lateral surface of the cell in the

yz- (xz- and xy-) plane. @T@x
@T
@y and @T

@z

� �
is the gradient of temper-

ature along the x (y and z) direction and k is the thermal conduc-
tivity of the solar cell material. According to Eqs. (1) and (2), in
thin film solar cells such as PSCs, as Axz and Ayz are of the nano-
scale and hence very small, leading to negligible conduction heat
transfer (Qx , Qy ! 0) toward the x- and y-directions. In addition,
the conduction heat transfer along the z-axis (toward the sun) is
also negligible because the thickness of PSCs is of the nanometer
scale leading to the gradient of temperature @T

@z

� �
negligibly small,

and hence according to Eq. (3), the conduction heat transfer along
the z-direction becomes negligible (Qz ! 0).

In order to calculate the solar cell temperature, we need to
solve the energy balance equations for the shaded and illuminated
solar cells. In the shaded one, only thermal power generation PRB is
expected to occur due to the reverse biased, and hence the energy
balance equation can be written as

PRB ¼ hc,c-ambAxy(Tc � Tamb)þ hr,c-skyAxy(Tc � Tsky)

þ hr,c-groundAxy(Tc � Tground)þ hr,c-surAxy(Tc � Tsur), (4)

where PRB ¼ JV , with J being the current density and V being
the reverse biased voltage, and Tc is the temperature of the
shaded solar cell. hc,c-amb is the convection heat transfer coefficient
from the solar cell to ambient; hr,c�sky , hr,c�ground , and
hr,c�sur (W m�2 K�1) are radiation heat transfer coefficients from
the solar cell to the sky, to the ground, and to the surrounding,
respectively. Tamb is the ambient temperature; Tsky is the sky tem-
perature, which can be determined by Tsky ¼ 0:0552 T1:5

amb;
18 and
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Tground and Tsur are the ground and surrounding temperatures,
respectively, which are considered equal to Tamb. In the illuminated
solar cell, the generation of thermal power is due to (1) the excess
energy absorbed from the sun above the bandgap and (2) the

nonradiative recombination of the photogenerated electron and
hole pairs PRec. If Ir is the solar radiation, α is the absorption
coefficient, and Tcr is the temperature of the illuminated (radiated)
solar cell, then (IrαAxy � PG) gives the total power absorbed above

FIG. 2. (a) The conduction heat transfer directions in a solar cell and (b) schematic presentation of the generation of heat through the nonradiative recombination.

FIG. 1. A schematic of the heat transfer mechanisms in a module of solar cells.
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the bandgap, where PG is the rate of energy absorbed to generate
the photoexcited electron hole pairs and it can be written as

PG ¼ GEgAxyd, (5)

where G is the total electron hole pair generation, Eg is the
bandgap energy, and d is the active layer thickness. Thus, the
energy balance equation for the illuminated cell can be given by

Irαeff Axy þ PRec ¼ hc,c-ambAxy(Tcr � Tamb)þ hr,c-skyAxy(Tcr

� Tsky)þ hr,c-groundAxy(Tcr � Tground)

þ hr,c-surAxy(Tcr � Tsur), (6)

where Irαeff Axy ; IrαAxy � PG and αeff is a fitting parameter to
experimental results and its value is given in Table I.

The radiation heat transfer coefficients from the cell to the sky
hr,c�sky , to the ground hr,c�ground , and to the surrounding hr,c�sur

can be determined by17,19

hr,c-sky ¼ εcσsb(Tc(cr) þ Tsky)(T
2
c(cr) þ T2

sky), (7)

hr,c-ground ¼ εcσsb(Tc(cr) þ Tground)(T
2
c(cr) þ T2

ground), (8)

hr,c-sur ¼ εcσsb(Tc(cr) þ Tsur)(T
2
c(cr) þ T2

sur), (9)

where εc is the emissivity coefficient of the solar cell and
σsb ¼ 5:67� 10�8 (Wm�2 K�4) is the Stefan–Boltzmann constant.

The convection heat transfer coefficient hc,c�amb(W m�2 K�1)
from the cell to the ambient air is given by the empirical

equation,19,20

hc,c�amb ¼ 5:62þ 3:9 v, (10)

where v is the wind velocity and the numbers 5.62 and 3.9 are
extracted empirically by experiment.

The nonradiative recombination in the illuminated PSC is
found to be the dominant21–24 and it converts the absorbed solar
energy into heat in the active layer of solar cells. Thus, the nonradia-
tive recombination can be considered as a heat source.16 Most
recombination occurring in the tail states are nonradiative and the
thermal power thus generated in an illuminated PSC can be given by

PRec ¼ RtailERAxyd, (11)

where Rtail is the rate of tail state recombination calculated by
solving the Poisson and drift-diffusion equations model described in
Refs. 25–27 and ER is the heat energy generated per recombination.
In the nonradiative recombination, it is assumed that one of the
charge carriers (electron or hole) is trapped in the tail states and the
other (electron or hole) is free in the conduction band (CB) or
valence band (VB), respectively. Thus, the thermal energy released
due to the nonradiative recombination of free electrons in the CB
with the trapped holes in the VB tail states, and free holes in the VB
with the trapped electrons in the CB tail states may be assumed to
be equal to be nearly the bandgap energy Eg , as shown in Fig. 2(b),
and this gives ER � Eg :

In order to determine Tc and Tcr , we have to solve Eqs. (4)
and (6) numerically. For doing this, first we express Tc and Tcr

from Eqs. (4) and (6), respectively, as

Tc ¼ [PRB þ Axy(hc,c-ambTamb þ hr,c-skyTsky þ hr,c-groundTground

þ hr,c-surTsur)]=Axy(hc,c-amb þ hr,c-sky þ hr,c-ground þ hr,c-sur),

(12)

Tcr ¼ (Irαeff þ RtailERdþ hc,c-ambTamb þ hr,c-skyTsky þ hr,c-groundTground

þ hr,c-surTsur)=(hc,c-amb þ hr,c-sky þ hr,c-ground þ hr,c-sur):

(13)

By substituting hr,c�sky , hr,c-ground , and hr,c-sur from Eqs. (7)–(9)
in Eqs. (12) and (13), we get two transcendental equations which
can be solved numerically by iteration.28 In order to solve Eqs. (12)
and (13) by iteration, first we start with a chosen temperature of
both shaded and illuminated solar cells to determine the heat trans-
fer coefficients in Eqs. (7)–(9). Then, use these hr,c-sky , hr,c-ground ,
and hr,c-sur in Eqs. (12) and (13) to get new values of Tc and Tcr

which are then used in the next iteration and so on until a conver-
gence is achieved.

III. RESULTS AND DISCUSSIONS

We have calculated the temperature of the shaded solar cell
for different ranges of PRB and that of the illuminated solar cell at
an incident solar radiation of 1000 W=m2 (AM 1.5G) for different
wind velocities and ambient temperatures.

In order to validate our model, first we have calculated the
J-V characteristics of an illuminated PSC of the structure

TABLE I. Input parameters used in the simulation.27,29

Parameter Value

εc Emissivity coefficient 0.9
Ir(Wm−2) Solar irradiance 1000
αeff Effective absorption coefficient 0.3
G(m−3 s−1) Electron and hole pair generation 3.5 × 1027

Eg (eV) Bandgap 1.6
d (nm) Active layer thickness 300
Nc, Nv (m

−3) Effective concentration of electrons and
holes

1026

μn (m
2 V−1 s−1) Mobility of electrons 0.5 × 10−4

μp (m
2 V−1 s−1) Mobility of holes 0.5 × 10−4

Nc0, Nv0(cm
−3 eV−1) Density of tail state per energy

interval
1020

β0n (cm
3 s�1) Capture rate coefficient for the

conduction band tail
2.5 × 10−10

β0p(cm
3 s�1) Capture rate coefficient for the valence

band tail
5 × 10−10

EUc = EUv(meV) Urbach’s energy of conduction and
valence band tail states

45
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ITO/NiO/Cs0.17FA0.83Pb (I0.83Br0.17)3/C60/SnO2/ITO and compared
with the experimental results. The input data required for this simu-
lation are listed in Table I, and both experimental and theoretical
J-V characteristics of the illuminated PSC are shown in Fig. 3(a),
which illustrate that our simulation results agree very well with the
experimental ones. We have also simulated the dark J-V characteris-
tics of the PSC and compared with the experimental results as
shown in Fig. 3(b), which are in good agreement with experiments.
The simulation results give a breakdown voltage of about −1 V
[see Fig. 3(b)], which also agrees with the experimental results.
It may, therefore, be concluded that the drift diffusion model can
be expected to account for the breakdown behavior in the dark
characteristics as well.

In Figs. 4(a)–4(c), we have plotted the temperature of the
shaded solar cell at three different ambient temperatures 270 K,
300 K, and 330 K, respectively, as a function of the dissipated
power PRB due to the reverse bias and at three different wind
velocities of 0, 5 m/s, and 10 m/s. In Fig. 4, we have also indicated
the corresponding temperature of the illuminated solar cell at the
incident solar radiation of 1000 W=m2 by arrows and at the
maximum power Pmax . We call the intersect of the temperature of
illuminated and shaded solar cells as the threshold of dissipation
due to the reverse bias. According to Figs. 4(a)–4(c), the tempera-
ture of the shaded solar cell under the reverse bias condition is less
than that of the illuminated solar cell under the forward bias condi-
tion when PRB , 6 W at all the three wind velocities and three
ambient temperatures. This implies that the temperature rise in the
illuminated solar cell due to the incident solar radiation is higher
than that due to the heat generated in the shaded solar cell under
the reverse bias when PRB , 6 W and this condition is indepen-
dent of the ambient temperature and wind velocity. Therefore, in
order to prevent solar cells from degradation under the reverse
bias of more than 6W, it is important to use the by-pass diodes.
The by-pass diodes may also protect solar cells operating, at the
reverse bias less than 6W, when the influence of solar radiation is
more pronounced and may induce degradation. Furthermore,

according to Figs. 4(a)–4(c), increasing the wind velocity from 0 to
5m/s leads to a more significant reduction in the solar cell tempera-
ture at any dissipated power PRB . 2W than that due to the
increase in wind velocity from 5 to 10m/s. It may also be noted that
in Fig. 4 at a low PRB the solar cell temperature is nearly wind
velocity independent, but, as the PRB increases, the influence of
wind velocity on the solar cell temperature becomes very signifi-
cant at all the three ambient temperatures. This effect is due to
the fact that, as PRB increases, the temperature rises, but, at the
same time, the effect of the increase of wind velocity will lose the
heat through convection and hence the temperature will decrease.
Bowring et al.10 have measured the temperature of perovskite
solar cells at −5 V and found it to be about 70 °C. However, they
have not provided information about the current and experimen-
tal conditions such as ambient temperature and wind velocity. As
the lab temperature is around 300 K and without wind velocity,
according to the red curve of Fig. 4(b), the solar cell temperature
can reach 70 °C at a reverse biased power of PRB � 12 W.

It may be noted that a solar cell in a module is expected to be
surrounded by four solar cells, and the condition of each adjacent
solar cell may influence the reverse bias condition of the shaded
solar cell. Also, the condition of the four adjacent solar cells
depends on other solar cells in the module. Therefore, the dissi-
pated power due to the reverse bias in a shaded solar cell depends
on the condition of all solar cells in the module.

As the illuminated PSC operates under the forward bias condi-
tion, we have calculated PRec and solar cell temperature Tcr at Jsc,
Voc and Pmax at three different ambient temperatures, 270, 300,
and 330 K and listed them in Table II. In our calculations, we have
assumed that the wind velocity is zero, the area of solar cells is
1 cm2, and the solar cell thickness is 300 nm. The results presented
in Table II show that PRec is less than 0.01W and 0.05W at Jsc and
Pmax , respectively, for all the three temperatures and it does not
increase Tcr significantly. However, PRec becomes significant at the
Voc condition, leading to Tcr higher than that at Jsc by about
12.7 K, 13.3 K, and 13.9 K at the ambient temperatures of 270 K,

FIG. 3. Comparison of simulated J-V characteristics of (a) an illuminated PSC and (b) a shaded (in a dark condition) PSC of structure ITO/NiO/Cs0.17FA0.83Pb
(I0.83Br0.17)3/C60/SnO2/ITO with the experimental results.10
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300 K, and 330 K, respectively. This implies that the influence of
nonradiative recombination in increasing Tcr is significant under
the Voc condition and may lead to faster degradation of PSCs. It is
known that, in PSCs, the interface of the ETL (electron transport

layer) and the active layer and that of the active layer and the HTL
(hole transport layer) act as trapping centers leading to nonradia-
tive recombination.30,31 Thus, by passivating the interfaces and
reducing the nonradiative recombination at the interfaces, not only
the current density would increase but also the operating tempera-
ture of PSCs would decrease, which may increase their stability by
reducing the possibility of degradation. Also, according to Table II,
PRec increases as the Tcr increases, which may be attributed to the
higher recombination rate at higher temperatures and agrees well
with the previous results.32

By increasing the thickness of the absorbing layer in an illumi-
nated PSC, it is expected that the nonradiative recombination and
subsequently the temperature of the solar cell will increase. In
order to investigate the influence of thickness on PRec and Tcr , we
have calculated PRec and Tcr for three different thicknesses of
100 nm, 200 nm, and 300 nm at Voc , Tamb ¼ 300 K, and the zero-
wind condition. Under such conditions, we have calculated
PRec ¼ 1 W, 3.3W, and 5.53W and Tcr = 325.9 K, 335.6 K, and
345.8 K for thicknesses 100 nm, 200 nm, and 300 nm, respectively.

FIG. 4. The shaded solar cell temperature under the reverse bias condition as a function of the dissipated power due to the reverse bias and wind velocity at three differ-
ent ambient temperatures: (a) 270 K, (b) 300 K, and (c) 300 K. The arrows show the temperature of the illuminated solar cell under the forward bias condition at the
AM1.5G solar irradiance 1000 W=m2 for different wind velocities at Pmax.

TABLE II. Tcr and PRec under the forward bias and different ambient temperatures.

Condition Tamb (K) PRec (W) Tcr (K)

Jsc Tamb = 270 0.008 296.6
Tamb = 300 0.009 322.3
Tamb = 330 0.01 350.2

Pmax Tamb = 270 0.03 296.7
Tamb = 300 0.04 322.5
Tamb = 330 0.05 350.3

Voc Tamb = 270 3.3 309.3
Tamb = 300 3.31 335.6
Tamb = 330 3.32 364.1
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The increase in the solar cell temperature for increasing the thick-
ness from 100 nm to 300 nm at the Voc condition is nearly 20 K,
which is very significant.

It may be desirable to assess the assumption that the tempera-
ture of a solar cell remains uniform during its operation. To do
this, we have applied the lumped capacitance method for a PSC.
By using this method, we can assume that the temperature of a solid
is spatially uniform at any instant, and the temperature gradient
within the solid is negligible.17 To validate this method, the Biot
number, which is a dimensionless number for validation of the
lumped capacitance method, should be less than 0.1 (Biot≪ 0.1).
The Biot number can be determined by17

Biot ¼ Lchc,c-amb

k
, (14)

where Lc is the characteristic length and can be determined by
Lc ¼ Vol=Axy , with Vol being the volume of the solar cell, hc,c-amb is
the convection heat transfer coefficient from the solar cell to
ambient. We have calculated hc,c-amb from Eq. (10) and found it to
be in the range of 5.62 to 44:62 W=m2 K for wind velocities in the
range of 0 to 10m/s. Using the thickness of the active layer of
CH3NH3PbX3 as Lc ¼ 300 nm and in a wind velocity of 10m/s, we
obtain Biot � 3:9� 10�5 from Eq. (14) which is much less than 0.1
and supports our assumption of uniform temperature.

IV. CONCLUSIONS

A mathematical model is developed to calculate the tempera-
ture of shaded (under the reverse bias condition) and illuminated
(under the forward bias condition) perovskite solar cells under
various ambient conditions. The results have shown that the dissi-
pated power due to the reverse bias should be more than around
6W to have a higher temperature in the shaded solar cell than that
in the illuminated solar cell at the solar irradiance of 1000 W=m2,
and this result is almost ambient temperature and wind velocity
independent. Using the mathematical model, PRec in an illuminated
PSC becomes significant at the Voc condition, leading to Tcr higher
than that at Jsc by about 12.7 K, 13.3 K, and 13.9 K at the ambient
temperatures of 270 K, 300 K, and 330 K, respectively. The influence
of solar cell thickness on the solar cell temperature is investigated,
and it is found that, by increasing the thickness from 100 nm to
300 nm, the solar cell temperature can increase by 20 K at Voc and
under the same ambient conditions. The results of this paper may be
used in the fabrication of PSCs by passivating the interfaces and
incorporating built-in by-pass diodes. The use of by-pass diodes can
protect PSCs from degradation at both the reverse bias higher as well
as lower than 6W and the passivation of interfaces can also reduce
the operating temperature of PSCs, which may increase their stability.
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