Downloaded via UNIV OF TURKU on May 22, 2024 at 04:57:10 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IESAPPLIED
ENERGY MATERIALS

This article is licensed under CC-BY 4.0 @ @

Www.acsaem.org

Self-Heating of Planar Perovskite Solar Cells Depending on Active
Material Properties

Aleksi Kamppinen,* Heikki Palonen, and Kati Miettunen

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsaem.4c00077

ACCESS |

ABSTRACT: The effect of perovskite material properties on the >~

[l Metrics & More | @ Supporting Information

power conversion to electricity and, especially, to heat and the . goj: . T
operation temperature of perovskite solar cells (PSCs) was _*° ans ’
simulated. The operation temperature is topical because the £*° 5 o8 ’
technology is progressing toward commercialization: first, because ~ §*° —_ Z 078 ¢

cells are subject to varying outdoor conditions, and second,
because commercial use benefits from accurate power production
prediction, in which the cell temperature is an influential factor.
This article products insights into how perovskite absorber — 2®
properties, including the band gap (E,), diffusion length, and  =¢, —,
layer thickness, affect the heat production and temperature Band gap (V)

coeflicient of planar PSCs based on optoelectronic simulations.

The change in heat production with an increasing band gap was observed to be quasi-linear: self-heating decreased by approximately
—0.38 W/(m?* meV) until E, = 1.7 eV, after which the slope slightly relaxed. Over the studied band gap range of 1.2—2.2 eV, the
change in heat production as a function of the band gap resulted in the self- heatlng of a small band gap (E = 1.2 eV) device, 575 W/
m? to be more than twice that of a large band gap (E, = 2.2 eV) device, 253 W/ m”. Further, the steady- state operating temperature
at the maximum power point was modeled and shown to significantly vary between 30 °C for a large (2.2 €V) band gap device and
44 °C for a small (1.2 eV) band gap device in the example outdoor conditions of 1000 W/m? irradiance, 20 °C ambient temperature,
and ca. 1 m/s wind speed. The self-heating-induced temperature increment subsequently affected the power production predictions
of different band gap devices, from —6 to —1%. The results presented here can improve the operation temperature and power
production predictions of PSCs with alternative perovskite absorbers.
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1. INTRODUCTION

Perovskite solar cells (PSCs) make up a fascinating group of
emerging solar cells. Their power conversion efficiency has
exceeded 25%" in less than 15 years since their first application
in solar cells.” The high efficiency arises from the extraordinary
material properties of perovskites, such as strong light
absorption and long charge carrier diffusion length.* Further-
more, the material properties of perovskites are tunable by
changing the composition. For example, a wide range of band
gaps can be obtained.™®

In this paper, the focus is on the effect of perovskite properties
on the self-heating, temperature coeflicient, and operation
temperature of PSCs. The operation temperature is important
for PSCs because it affects both their efficiency and stability. The
effect of temperature on device operation originates not only
from temperature-dependent material properties but also from
the fact that temperature affects the charge carrier concen-
trations in semiconductors in general, that is, even without a
direct dependence of material properties on the temperature. A
higher temperature increases recombination and limits open-
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circuit voltage, which typically dominates the temperature
coeflicient of power production.7’8 On the other hand, an
elevated temperature’”'" and temperature variations'~ present
challenges for the device stability of PSCs. Although the thermal
stability of PSCs is under active development,'”~'® a higher
operation temperature is likely to accelerate material degrada-
tion, even in devices that are regarded very stable, such as silicon
solar cells."” Thus, operation temperature matters, even if the
critical issues of thermal stability”'* are solved.

Self-heating is used to describe the parasitic heat generation in
the device during normal operation. When considering heat
production in solar cells, it is good to remember the fundamental
energy conservation: solar irradiation could be reflected away,
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Figure 1. Initial energy levels and layer thicknesses of the simulated device. Ethylene vinyl acetate (EVA) encapsulation and back side glass were added
into the device structure for the cell temperature calculation to consider realistic heat flux. Figures are not to scale.

transmitted, or absorbed, and the absorbed energy is then
converted to either electricity or heat. Heat production in
general and the detailed heating mechanisms are directly related
to the operation and, especially, the loss mechanisms of solar
cells. The heat production mechanisms in semiconductor solar
cells'®™*° and specifically in PSCs*' are described in the
literature. They include parasitic absorption, thermalization,
Joule heating, Peltier heating at electrodes (here called Peltier
heat) and at heterojunction interfaces (here called hetero-
junction heat), and recombination heating. Parasitic absorption
is absorption that occurs in a substrate or transport material,
where it does not generate charge carriers and converts light to
heat. Thermalization is the relaxation process of photogenerated
electrons (holes) to the bottom (top) of the conduction
(valence) band, and the excess energy of the absorbed photon
becomes heat. Joule heat is the loss of electrical energy when a
current is driven in a resistive material. Peltier heat describes the
energy change when a current is driven over an energy level
gradient at material interfaces. Recombination heating is the
heat from nonradiative recombination. However, detailed
heating mechanisms are seldom considered in PSC modeling.

In the current study, heat generation in planar PSCs is studied
with coupled optoelectronic and coupled optical, electrical, and
thermal (OET) simulations based on a one-dimensional transfer
matrix and finite element methods. Specifically, the effects of the
perovskite band gap, diffusion length (controlled by the bulk
trap density), and layer thickness on the heat production and
temperature coeflicient of a planar PSC at a predefined cell
temperature are simulated with the coupled optoelectronic
model. Furthermore, the steady-state operation temperature
and its effect on the power production in PSCs are investigated
using the OET model to elucidate how the thermal differences
induced by varied material properties are expected to affect the
cell temperature and power production estimation under
outdoor conditions. Detailed consideration of cell temperature
is important because it could affect energy yield modeling over
10%.”> The results can help estimate how changing the
perovskite absorber affects the operation temperature and
power production of a PSC.

The simulated device had a planar structure of glass/ITO/
electron transport layer (ETL)/perovskite (PVK)/hole trans-
portlayer (HTL)/Au with different layer thicknesses and energy
levels, as shown in Figure 1. The device models, including
optical, electrical, and thermal operation and model couplings,
are described in the Methods section. Applied optical, electrical,
and thermal material properties are introduced in the
Supporting Information (Table S2). The perovskite band gap

and charge carrier mobility depend on cell temperature (Table
S$2), and band gap temperature dependence also affects the
complex index of the refraction spectrum (which can be
converted to the complex dielectric constant) in optical
frequencies. The material properties of the ETL, PVK, and
HTL were, respectively, based on those of SnO,, CH;NH,PbI,
(MAPI), and Spiro-OMeTAD. In later sections, material
properties are varied to find their effect on the heat generation,
temperature coefficient, and cell temperature.

2. RESULTS AND DISCUSSION

2.1. Device Operation at Different Cell Temperatures.
The current—voltage operation of the PSC in different
predefined cell temperatures (Tqs) was simulated to investigate
the temperature dependence of device operation. An irradiance
of 1000 W/m? with a standard AML.S spectrum was applied.
Other ambient conditions and heat exchange of the device with
the environment are considered in Section 2.3.

As is common for solar cells and previously reported for PSCs
in computational”' and experimental”’ studies, the open circuit
voltage (Vo) was found to decrease and the maximum power
point (MPP) was found to shift to a smaller voltage as T,
increased, as shown in Figure 2. The short circuit current density
(Jsc) also slightly decreased.

The temperature coefficient of power production (fp)
provides a quantitative tool for comparing the temperature
dependence of the power production in different devices.®
Furthermore, 3, can be divided into its components

'BP = ﬂ]sc + ﬂVOC + ﬁFF (1)

if all current—voltage (IV) performance parameters depend
linearly on the temperature,® which gives additional information
on the origins of the dependence. Here, all IV parameters
changed linearly enough under the temperature variation that
the slopes of the linear fits described their temperature
dependence (Figure S5). The temperature coefficients of
power production, V¢, and Jsc were negative, while that of
the fill factor (FF) was slightly positive, as shown in Table 1. The
open circuit voltage declined the most, and the effect on the
short circuit current density and FF was 1 order of magnitude
smaller. It is typical for V¢ to have the strongest temperature
dependence because of higher temperature accelerating
recombination.”® Values of a similar order of magnitude for
experimental fps for PSCs with different materials and
configurations have been reported in the literature, varying
from fp = —0.08%/°C to fp = —0.18%/°C.>>"*° The
temperature coeflicient of power production obtained here
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Figure 2. (a) Current density, (b) power production, and (c) heat production as a function of the voltage bias at different cell temperatures. (d)
Voltage bias dependency of different heating mechanisms (obtained in 25 °C). (e) Power conversion to electricity and heat, respectively, at MPPs

[marked with circles in (a)—(c)] with linear fits.

was slightly larger (more negative) at f, = —0.23%/°C because literature.”>*>*® Because the carrier concentration and
of By, , which was somewhat larger than the values found in the recombination significantly affect fy = and P, it is possible
C https://doi.org/10.1021/acsaem.4c00077
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Table 1. Temperature Coefficients of the IV Parameters

FF
0.01

parameter

B (%/K)

Jsc
—-0.03

VOC
-0.21

n
—0.23

that the obtained, slightly larger fy,  than the experimental
values was because of the applied value of the interface trap
density (see Table S2), which was on the higher end of reported
interface trap densities.'® However, the obtained Pv,. was

smaller than typical By s of conventional semiconductor solar

2427 . L.
cells, as is characteristic for PSCs.

One distinct feature of perovskites contributing to the small
Pv.. is their property of the band gap increasing with the

temperature, which is usually the opposite for most semi-
conductors.® Here, it was defined that dEg/ dT = 0.25 meV/K*®
The temperature dependence of the band gap only had a minor
effect on the power production temperature coefficient of the
standard device because of opposing effects on different IV
parameters, which effectively canceled each other out (Figure
S6). However, a smaller absolute /3, could be obtained with a
larger dE,/dT value in the case of low band gap devices and with
a smaller dE,/dT in the case of large band gap devices (Figure
S6).

Considering the heat generation in solar cells, it is important
to note that the harvested energy is converted to either electrical
power or heat. Thus, like power production, self-heating also
depends on the voltage bias.””*" This power conversion balance
in the cell is visible in Figure 2b,c: self-heating decreases as much
as power production increases for each temperature when
increasing the voltage bias toward the MPP and vice versa after
the voltage exceeds the MPP. Increasing heat production around
Voc (Figure 2¢) is because of strongly increasing recombination
while Joule heating, Peltier heating, and heterojunction heating
approach zero because they are proportional to the current, as
shown in Figure 2d. Thermalization and parasitic absorption
mainly depend on the optics, that is, absorption in the perovskite
and other materials, respectively, and do not directly depend on
the voltage bias (Figure 2d). However, temperature affects the
band gap and optical constants of PVK, so the harvested energy
also changes as a function of temperature, causing the reflection
to slightly increase with the increasing temperature (Figure S7).
The change in reflection explains why the sum of power and heat
production slightly decreases with increasing temperature in
Figure 2e, which shows how electric power production and heat
generation depend on T.
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Figure 3. (a) Power conversion to electricity and heat and reflection of the PSC as a function of the band gap. The PVK layer thickness for each band
gap was chosen separately to maximize the electric power production of the specific point. (b) Total heat production with a linear fit over the band gap
range of 1.5—1.7 eV. (c) Heat source terms as functions of the band gap.
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Figure 4. (a) Power and (b) heat production as a function of the PVK layer thickness for different diffusion lengths. The points of maximum power
production are highlighted with circles in (a,b). (c) Optimal PVK layer thickness as a function of diffusion length. (d) Power and heat productions,
respectively, as functions of diffusion length when diffusion length-specific optimal PVK layer thicknesses were applied.

2.2, Effect of Active Material Properties on Device
Operation. The perovskite band gap was found to significantly
affect heat production in the modeled device. The band gap
varied over a wide range, 1.2—2.2 eV, while other material
properties were maintained as constants apart from the HTL
band gap, which was varied along the PVK band gap to maintain
a constant valence band offset. A predefined T = T = 25 °C
was applied to specify the first order effects of the band gap. The
second order effects, including the change in Ty and its
repercussions on heat production itself, are discussed in Section
2.3.

Over the studied band gap range, electric power production
reached a maximum at 1.52 eV, while heat production decreased
and reflection increased monotonically, as shown in Figure 3a.
The presented behavior of the electricity and heat productions
and reflection (non-absorption) of different band gap devices
agrees qualitatively with the reported theoretical efficiency limit
calculations.””*

The obtained power production maximum around 1.5 eV is
larger than what is typically found in detailed balance
calculations. The difference is because the recombination is
dominated by nonradiative Shockley—Read—Hall recombina-
tion. A similar shift of the maximum to a larger band gap than the
radiative limit optimal band gap with the increasing share of

nonradiative recombination was already shown in the original
paper by Shockley and Queisser.”’

Heat generation of the E, =12eV device, 575 W/m?, was
more than twice than that of the E, = 2.2 eV device, 253 W/ m?,
as shown in Figure 3a,b. The decrease in heating was faster at
lower band gaps and slowed with the increasing band gap. A
quasi-linear range of heat production in the most common band
gap range of single junction PSCs, 1.5—1.7 eV, was observed,
and a slope of —0.38 W/(m” meV) was obtained from the linear
fit (Figure 3b). Three kinds of behaviors in the individual heat
terms can be noted in Figure 3c: (1) parasitic absorption is the
only term that increased with the band gap, (2) recombination,
Joule, Peltier, and heterostructure heating decreased with the
increasing band gap as photogeneration (Gph) decreased, and
(3) thermalization decreased with the decreasing Gy, and more
energy was extracted per excited electron from the remaining
Gypy so its change was more pronounced than that of the other
decreasing heat terms.

The total power was closely conserved at approximately 880
W/m?” instead of 1000 W/m?® as it should be because the
wavelength range of 300—1300 nm that was applied in the
calculations includes 88% of the total power of the standard
AML1.5 spectrum. The wavelength range was restricted because
of the availability of optical constant data for large wavelengths.
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Considering the low energy irradiance outside the applied range
(4 > 1300 nm), most of the power should be reflected, as is the
case for all below the band gap irradiance (Figure S8). However,
some near-infrared irradiance is expected to be absorbed, for
example, because of free electron absorption in the contact and
transport layers, thus increasing the parasitic absorption and
total heating.

In Figure 3, band gap-specific optimal PVK thicknesses were
applied (Figure S10c). The variation of the optimal thickness
was mainly because of variations in photogeneration, which
originated from the (partial) coherence of light in thin layers
(Figures S1 and S9). Local power production maxima shifted to
smaller layer thicknesses with the increasing band gap, but the
global optimum shifted back from a local maximum of a smaller
layer thickness to another of a larger thickness as the band gap
increased (Figure S10a). Overall, the effect of the band gap on
the optimal layer thickness was minor compared with that of the
diffusion length, as will be discussed later. The relative difference
in power production between the band gap-specific optimal
PVK thickness and a constant thickness of 700 nm was less than
1% with all the band gaps (Figure S10d). The material
parameters applied here give a diffusion length of approximately
1.0 pm.

An increasing trend in heat generation as a function of the
PVK layer thickness was noticed, but the effect was more
moderate than the effect of the band gap, and the self-heating of
large band gap devices even slightly decreased with the
increasing PVK thickness (Figure S10). This growth was
because of stronger recombination and increments in heating
mechanisms that are proportional to the current, that is, Joule
heat, Peltier heat, and heterojunction heat, which increased with
higher photogeneration (Figure S11). The decrease for the large
band gap devices was due to reduced parasitic absorption. A
thicker PVK layer has been reported to increase the
recombination and cell temperature at Voc,*” but the effect on
cell temperature was much more restrained in the current work.

The band gap was also found to affect the temperature
coeflicients of the cell. A larger band gap produced smaller fy,
and f3 than a lower band gap, while the effect on ) was mostly
the opposite but much smaller (Figure S13). The FF
temperature coefficient increased with the band gap and PVK
thickness at first but saturated between —0.05 and 0%/K for a
PVK thickness larger than 500 nm with all band gaps.
Altogether, fp mostly followed the changes in Sy, , and a larger
band gap resulted in a smaller fy, as suggested in the refs 7 and 8.

Although the band gap had little effect on the layer thickness
dependence of PSCs, the diffusion length was found to notably
affect the PVK thickness dependence, as shown in Figure 4.
Here, the diffusion length was controlled by the bulk trap density
according to eqs 2—4"

Ly = Dz @)

kT
D=pu-2-

- 3)
L= 1

Ntvth<6> (4)

where L, is the diffusion length, D is the diffusion constant, 7 is
the carrier lifetime,  is the carrier mobility, kg is the Boltzmann
constant, T is the temperature, ¢ is the elementary charge, N, is
the trap density, vy, is the thermal velocity of carriers, and (o) is

the average capture cross-section of carriers. The trap density
was defined as a function of the position, and the effect of
changing the bulk trap density on the diffusion length is
presented in Figure S3. Mobility, thermal velocity, and average
capture cross-section could also affect the diffusion length, but
they were kept as constants for comparability.

As already observed with the different band gap devices, there
was an increasing trend in electric power production with the
increasing PVK layer thickness until reaching a maximum, after
which the production decreased for all of the diffusion lengths, as
shown in Figure 4a. The diffusion length, however, showed a
more interconnected effect with the PVK thickness than the
band gap. For shorter diffusion lengths, the maximum was
reached with a smaller thickness, and the decrease in power
production after the maximum was steeper than with longer
diffusion lengths, as presented in the literature.**** The
logarithmic proportionality of the optimal PVK thickness to
the diffusion length is shown in Figure 4c. The stepwise increase
in the optimal thickness is because of the local maxima, which
followed the oscillations in G, as discussed earlier. Maximum
power production also showed an increase that is proportional
to the logarithm of the diffusion length, but the benefit of a
longer Ly, decreases because the improvements in absorption
and G, become smaller and smaller with increasing layer
thickness (Figure 4d).

For the heat production, the longer diffusion length resulted
in reduced heating and also milder dependence on the PVK
thickness (Figure 4b). An increasing trend in heat production
for thicker PVK layers was noticed for all diffusion lengths, but
stronger growth was obtained with shorter diffusion lengths. Of
the specific heating terms, shorter diffusion length mainly
increased Joule heating and recombination heating, which
caused an accelerating heating rate with the increasing PVK
thickness (Figure S12). Peltier and heterojunction heating even
decreased with a shorter diffusion length, which may be because
of a reduced current, but their changes were smaller than those
of Joule and recombination heating (Figure S12). Reflection,
parasitic absorption, and thermalization were constants under
diffusion length variation (although not for different PVK
thicknesses) because bulk trap density, and subsequently
diffusion length, was considered independent of optical
constants. Considering the total heat production in diffusion
length-specific optimal PVK thicknesses, a decreasing trend was
noticed with longer diffusion lengths despite the subsequently
thicker optimal PVK layers, as shown in Figure 4d.

Diffusion length mainly affected fp via fpg, and the effect
depended on the PVK thickness (Figure S14). There was no
difference in fpp between different Ljs with 200—400 nm thick
PVK layers, but with a thicker PVK layer, L, made a small
difference: fpp = 0.03%/K (Lp = 2.3 um) and fgr = —0.02%/K
(Lp = 0.6 um) were obtained with a PVK thickness of 1000 nm.
B and Py, maintained their respective values within roughly

0.02%/K with different diffusion lengths. Overall, the diffusion
length affected the temperature coefficients far less than the
band gap did.

The results in Figure 4 were calculated for a band gap of 1.57
eV. The effect of the diffusion length on different band gap
devices was essentially analogous, but smaller band gap devices
were affected somewhat more strongly than large band gap
devices (Figure S15). The difference could be because of
stronger absorption because both power and heat productions
depend on the photogeneration.
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Figure S. Steady-state operating temperature as a function (a) of voltage for different band gaps and (b) of the band gap in the respective MPPs [MPPs
marked with circlesin (a)]. (c) Temperature increment above the ambient temperature per heat production at the respective MPPs as a function of cell
temperature above the ambient temperature. (d) Power production as a function of voltage for different band gap PSCs, each in specific steady-state
temperature. (e) Respective maximum power production estimations at the STC (25 °C) and at simulated steady-state operation temperatures for
different band gap PSCs. (f) Temperature-induced difference in efficiency estimates between the STC and steady-state temperatures as a function of

the band gap.

2.3. Cell Temperature and Power Production Estima-
tion of Different Band Gap Devices. The coupled
optoelectronic model at a predefined cell temperature was
applied to show first how temperature affects the operation of
planar PSCs and then how self-heating in these devices depends
on the active material properties. In this section, the heat transfer
model is coupled to the optical and electrical ones to simulate
the effect of these two phenomena on the operation temperature
and power production of PSCs in outdoor conditions.
Exemplary weather conditions with the irradiance of 1000 W/
m* with the standard AM1.5 spectrum and additionally the
ambient temperature of T,,;, = 20 °C and convection
coefficients of 10 W/(m?* K) and 5 W/(m?* K) for the front
and back side, respectively, corresponding to a wind speed of ca.
1 m/s* were applied.

Steady-state temperature followed the behavior of heat
production under a voltage bias, as shown in Figure Sa. The
temperature decreased until the MPP and then increased rapidly
toward V. The obtained steady-state operation temperatures
at respective MPPs varied from 30 °C of the E, = 2.2 eV device to
44 °C of the E,=12eV device, as shown in Figure Sb. Here, the
focus is on the effect of perovskite properties on the heat
generated within the cell, but it is good to remember that the cell
temperatures are subject to varying ambient conditions. Cell
temperature is expected to depend almost linearly on both
irradiance and ambient temperature, respectively, as has been
reported for silicon solar cells.”” A difference between the cell
types would be expected in the linear dependence on the

irradiance. Irradiance scales the heat production in the cell, but
the slope is determined by the device properties because of their
effect on heat production in the cell, as presented in Section 2.2.
Ambient temperature affects the cooling and is expected to
influence PSCs like silicon solar cells.

The difference between the minimum (at the MPP) and
maximum (at 0 V or V) temperatures reached the maximum
of 7.1 °C with the same band gap as that for the maximum power
production was obtained (1.52 eV), and similarly, the smallest
difference of 4.8 °C was obtained with the smallest maximum
power production (2.2 eV). The band gap-specific difference
between temperature minima (at Vypp) and maxima (at 0 V)
resembled the band gap-specific power production in general
(Figure S16). This is thought to follow from the facts that (1)
the band gap determines the light harvesting efficiency and gives
the maximum absorbed power, which equals the maximum
heating, and (2) all the absorbed power is converted to either
electricity or heat. The band gap-specific optimal PVK
thicknesses were again applied here.

The second-order effects of the band gap-dependent self-
heating in an elevated T,y were observed to magnify the
difference in heat production between the devices of different
band gaps (Figure S17). However, the change was rather small
under the applied ambient conditions. For example, the slope of
the heat production as a function of the band gap, fitted in the
quasi-linear range, steepened from —0.38 W/(m?* meV) (Figure
3b) to —0.39 W/(m* meV) (Figure S17b). Thus, the most
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significant effect on heat production arose from the first-order
effects of the band gap.

The “cost of self-heating”, that is, how much 1 W/m? of
heating increases the operation temperature above the ambient
temperature, was found to be approximately 0.04 °C/Wm™
This value basically describes the cooling rate, which depends on
the environmental conditions, especially wind speed, whereas
irradiance affects heat generation. Because both the radiative and
convective heat exchange rates increase with a larger temper-
ature gradient, the value in general depends on the operation
temperature so that it takes progressively more and more heat to
increase the temperature by one degree, as shown in Figure Sc.
However, the effect is very small, and the aforementioned factors
affecting the cooling rate dominate in the practical range of PSC
operation temperatures. The cooling rate can also be affected by
device installation®® and active or passive cooling technolo-
gies,” for example, advanced optical techniques*”*' or heat
sinks. The application of an additional cooling technology could
decrease the cell temperature. However, many factors, such as
panel size and technology as well as climate conditions, should
be considered when evaluating and comparing different cooling
technologies.39

The power production of all devices decreased when changing
from the standard test conditions (STC) to outdoor conditions
because of the higher operation temperature and negative
temperature coefficient of power production, as shown in Figure
Se/f. Because low band gap devices experienced the strongest
heating and highest operation temperature, their efficiency
deviated the most from the STC prediction, up to —6% relative
change. The relative difference was approximately —3%, with a
band gap of around 1.6 eV, while the effect on large band gap
devices was smaller at —1%. The difference originates from the
temperature increment and temperature coeflicient of power
production, both of which were found to be smaller for large
band gap devices.

Performance advantage of larger band gap materials in hot and
humid climates has been reported in the literature.”” The
presented results fit into this picture, but detailed device
optimization in specific locations and climates requires
comprehensive consideration of irradiance, temperature, and
other weather conditions, and this has been left for the future
work.

Altogether, the cell temperature is a combined product of the
heating and cooling. The focus in this article was on the heating
because cooling and the effect of environmental conditions are
more investigated topics, probably because they are the variables
affecting Ty once the cell has been manufactured and is up and
running. It is indeed important to consider cooling and its
dependence on different environmental conditions. Detailed
consideration of cell temperature in specific environmental
conditions and its effect on energy yield modeling has been
highlighted in the literature.”> Considering the defined environ-
mental conditions here, the present results provide neither the
minimum nor the maximum limit of the operating temperature
of PSCs but give an estimation of the common operating
conditions with an installation that also allows back-side cooling.
However, perovskites offer a unique opportunity to modify the
properties of the active material, and thus, it becomes important
to predict all of the effects arising from the potential changes in
the absorber. Most importantly, the presented results provide a
tool for estimating such changes in the heat generation and
subsequently the temperature of PSCs. Interestingly, there was a
larger than a factor of 2 change in the self-heating over the whole

range of the investigated band gaps (Figure 3a,b). Therefore,
under different cooling conditions resulting in a higher cell
temperature, the difference between T_.;s would be expected to
increase from what was already a substantial difference, as
presented in the current results.

3. CONCLUSIONS

In the present study, computational simulations were carried out
to investigate how the band gap, diffusion length, and layer
thickness of the absorber affected the self-heating and IV
parameter temperature coefficients of a planar PSC. Self-heating
decreased with a slope of —0.38 W/(m?* meV) as the band gap
was increased in the quasi-linear range from 1.2 eV to 1.7 eV,
after which the slope slightly relaxed. Over the entire range of the
studied band gaps, the total heat production monotonically
declined from 575 W/m? (E, = 1.2 eV) to 253 W/m” (E, = 2.2
€V), and the effect of the band gap on the heat production was
similar for all layer thicknesses. On the other hand, the effect of
the varying diffusion length was not as significant and depended
also on the PVK layer thickness. A larger band gap was also
found to improve the temperature coefficient of power
production, that is, decrease the absolute temperature depend-
ence, while a longer diffusion length showed a clear but less
significant improvement. The effects of the band gap and
diffusion length on the temperature coeflicient of power
production were mainly seen via the temperature coefficients
of the open circuit voltage and FF, respectively. Furthermore, it
was shown how the difference in self-heating between different
band gap devices propagated to their steady-state operation
temperatures and power production predictions in the modeled
example outdoor conditions. Over a 10 °C difference in the
steady-state operation temperature between different band gap
devices and over 5% relative differences in band gap-specific
power productions between realistic conditions and STC were
observed over the studied band gap range of 1.2—2.2 eV. Based
on the results, it is suggested to consider the dependence of self-
heating on active material properties in device temperature
modeling and, further, its effect on operation temperature and
outdoor power production predictions.

4. METHODS

4.1. Optics. A net-radiation method® based on transfer matrix
formalism™*~*® was applied to solve the normalized optical electric field
at material interfaces for each wavelength. The local optical electric field
in each layer was then calculated as a sum of contributions from both
adjacent interfaces propagating in different directions.*>*” The
normalized local optical electric field [E’(x, 1)] gives the local absorbed
power per unit volume and wavelength by

A, 4) = BDaDnDIE G, )P )

where P;,(4) is the solar irradiance, a;(4) is the absorption coefficient of
layer j, n;(4) is the real part of the refractive index of layer j, and all are
functions of wavelength 4. Photogeneration as a function of the position

was calculated from the absorption in the perovskite [Apyx(x, 1)] as

& APVK(x) /1)
Gon(%) = fo hen 6)

where A, = hc/E, corresponds to the band gap E, and h and ¢
respectively, are Planck’s constant and the speed of light.

4.2. Charge Transport. Electrical operation of the PSC was
modeled by drift—diffusion equations.”® The Poisson equation was
solved for electric potential V and free electron (n) and hole (p)
densities
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2
& e )
where q is the elementary charge, €, is the relative permittivity, and Ny
and N, are, respectively, the donor and acceptor doping densities.
Steady-state electron (J,) and hole (]P) currents were defined by
photogeneration and recombination (R) rates, as stated by current

continuity

2T _ (6, - )
-——=—= x) — R(x
dx dx A5 (8)
4.3. Heat. Device temperature (T) was solved from the steady-state
heat equation*’

9°T(x)

ox* 9)
where k is the material-specific thermal conductivity and Q is the total
heat generation. The total heat generation was calculated as the sum of

individual heat source terms presented below. Boundary conditions
were defined by convective

—k(x) = Q(x)

Hconv = h(Tb - Tamb) (10)
and radiative
Hrad = €U(T{: - T:mb) (11)

heat exchanges with the environment, where h is the convection
coefficient, € is the emissivity of the surface material, o is the Stefan—
Boltzmann constant, T, is the ambient temperature, and Ty, is the
device temperature at the (front or rear) boundary.

4.3.1. Heating Mechanisms. Parasitic absorption in layer j was
defined as

Q—ParAbs,j(x) = AwAi(x’ ) dA (12)

where A; is the absorption in any layer and at any wavelength except
PVK and 1 € [0, 4]. Thermalization:*°

A E, + 3ksT
cherm(x) = A A(x, A)(l - W) dA

= /Olg Gpn(x, 2)(he/ = (E, + 3k5T)) dA (13)

Joule heating:'**°

-

Q=JE (14)

where 7 is the total current density and E is the electric field.
Recombination heating:"’

Qp(*) = R(x) (E. — E, + 3k;T) (15)

where E_ (E,) is the energy level of the conduction (valence) band.
Here, a position-dependent carrier lifetime based on trap density
distribution was applied for recombination to include both bulk and
surface recombination in one term. Peltier heating:*°

Qp]n = ] (Ec + 15kBT - Efn) (16)
Q,, =7 (B — E, + L5kT) (17)
where Ey, (Eg,) is the quasi Fermi level of electrons (holes) at the

electrode. Heterostructure heating is a type of Peltier heating
originating from driving a current over an energy level change at

heterojunctions interfaces and is defined as'”*'
- dy
Qun=hg, ()
Qup = Ty + B
Hp P odx 8 (19)

where y is the electron affinity of a material.

4.4. Numerical Computation. COMSOL Multiphysics was used
to solve the drift—diffusion and heat equations. The optical model was
implemented in Matlab. The calculation of temperature and temper-
ature-dependent optical properties, including, for example, band gap
and photogeneration, was iterated until less than a 0.1 K change in the
perovskite temperature was reached. Other model coupling, for
example, including the temperature-dependent electrical operation of
the cell, was incorporated in the COMSOL model. Solution
convergence analysis for different mesh sizes (spatial discretization)
is shown in the Supporting Information.

4.5. Perovskite Optical Constants for Different Band Gaps
and Temperatures. The optical constants # and k of different band
gap perovskites have been modeled based on those of another
perovskite by shifting the n and k spectra via calculating new
wavelengths for data points of n and k**°'

new = f(AZ) (20)

where Al refers to the wavelength change of the band gap. Different
functions f have been proposed,””*" and the idea was also extended to
calculate n and k of perovskites at different temperatures.”’
Here, the n and k spectra for different band gap perovskites were
produced based on those of MAPI with the following shift function
he he he

=E, =E+AE =—+
Anew A AL (21)

given a band gap shift of AE, defined by intentional band gap
determination or arising from temperature change.
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