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ABSTRACT
The understanding of the degradation mechanisms in perovskite solar cells (PSCs) is important as they tend to degrade faster under expo-
sure to heat and light conditions. This paper examines the temperature-dependent degradation of solution processed triple-cation mixed
halide PSCs (Cs0.05(FA0.95MA0.05)0.95Pb(I0.9Br0.05)3). The PSCs were subjected to temperatures between 30 and 60 ○C for 3 h (180 min) to
evaluate their current–voltage performance characteristics. Temperature-induced changes in the layer and interfacial structure were also elu-
cidated by scanning electron microscopy (SEM). Our results show that thermally induced degradation leads gradually to the burn-in decay of
photocurrent density, which results in a rapid reduction in power conversion efficiency. The SEM images reveal thermally induced delamina-
tion and microvoid formation between the layers. The underlying degradation in the solar cell performance characteristics is associated with
the formation of these defects (interfacial cracks and microvoids) during the controlled heating of the mixed halide perovskite cells. The elec-
trochemical impedance spectroscopy analysis of the PSCs suggests that the device charge transport resistance and the interfacial capacitance
associated with charge accumulation at the interfaces both increase with extended exposure to light.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078821

I. INTRODUCTION

The photoconversion efficiencies of organic–inorganic halide
perovskite (OIHP) solar cells have improved dramatically due to
their unique combination of optoelectronic properties such as
high absorption characteristics, tunable direct bandgaps, excellent

bipolar carrier transport, and long charge diffusion lengths.1–12

Their highest certified power conversion efficiency (PCE) of 25.2%
was achieved during the past decade. Such rapid efficiency, which
is comparable to that of commercial single crystal solar cells, has
stimulated considerable interest in the future application of OIHPs.
However, there are still major concerns about the stability of OIHPs
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under exposure to heat and light.13,14 Such exposure has been shown
to degrade the current–voltage characteristics of OIHPs under
environmental and electric field conditions that stimulate possible
service conditions.15–17

Nevertheless, our current understanding of the mechanism
of OIHP degradation is still limited, although it is well known
that exposure to moisture, oxygen, irradiation, and elevated
temperatures16,18–23 results in significant reductions in OIHP per-
formance/durability. They are major impediments to their large-
scale/industrial commercialization, despite the attractive PCEs that
have been reported for OIHP solar cells with the use of methylam-
monium lead iodide (MAPbI3)24 and other absorber layers contain-
ing formamidinium, bromide, and chloride.25–28 Encapsulation has
also been used to limit moisture penetration, which also reduces the
evaporation of volatile components in perovskite absorbers.29–31

The evolution of stability is closely linked with ABX3 perovskite
structures (where A = organic cation, B = divalent metal such as Pb,
and X = halide ion). Pure MAPbX3 and FAPbX3 perovskite com-
pounds are easy to degrade since they undergo strong temperature-
induced decomposition32 in inorganic and organic compounds. The
final products of decomposition also depend on temperature.33,34

Enhancements in the thermal stability of the perovskite have also
been achieved by the use of more complex and varied mixtures
of A−, B−, and X− site compositions (such as the mixture of both
methylammonium and formamidinium as the monovalent cations)
within the perovskite structure.

By integrating cesium into the perovskite crystal structure, the
resulting triple cation perovskite compositions are more thermally
stable and are less sensitive to processing conditions.35,36 The mixed
halide triple cation perovskite solar cells (with both I− and Br− as
anions) have exhibited higher thermal stability and increased life-
times under operating conditions. They can also have a high initial
stabilized PCE of 21.1%, which reduces to ∼18.2% after 250 h of solar
illumination under normal working conditions.36 Such a device can
also be further improved by interfacial engineering to retain 95% of
the initial efficiency for durations of over 1000 h.37 High temperature
can also lead to the degradation of solar cells, especially those above
85 ○C.38 Such temperatures can lead to solar cell performance degra-
dation due to burn-in, which can lead to chemical changes. Such
instability can also be enhanced by exposure to moisture.39

The degradation in OIHPs has been observed to occur in three
time regimes: an initial period of steep degradation that slows down
with time, a period of relatively constant degradation that lasts for
the majority of the solar cell’s lifetime, and rapid and complete
degradation that results in device failure.40,41 “Burn-in” is the term
used to describe the early phase of rapid decline in the stability of
PSCs. It is a commercial practice to apply a brief thermal treatment
for an acceptable amount of time before delivering electronic devices
to customers.42 This process affects early performance marginally in
solar cells. When burn-in time is short in comparison to a device’s
lifespan, efficiency loss during burn-in is conceptually equivalent
to the loss in initial efficiency. The physical process that causes the
burn-in, which results in a loss of around 25% of the initial efficiency,
remains unknown. However, beyond the solar cell architectures and
perovskite formulations, the performance of PSCs also depends on
the charge transport layers and electrodes.14

Electron Transport Layers (ETLs), Hole Transport Layers
(HTLs), and metal electrodes are also critical to PSC stability. In the

case of Spiro-OMeTAD hole transporting layers that are widely used
in n-i-p PSCs, they undergo crystallization at 80 ○C, which degrades
their PCE. Furthermore, additives such as the LiTFSI dopant, which
are used for the preparation of hole transporting layers, are highly
hygroscopic. They can therefore seriously degrade the perovskite
layer at low temperatures of 65 ○C.43 Previous work has also shown
that during the heating of PSCs to 75 ○C for a very extended period
(6 h), gold from the top electrode migrates through the Spiro-
OMeTAD layer into the perovskite layer. This represents another
degradation pathway at higher temperatures.44 The different ETLs
also result in different degradation mechanisms. For example, tin
oxide (SnO2) and titanium dioxide (TiO2) are two common ETLs.
SnO2 with mismatching ETL/perovskite energy-band levels causes
charge accumulation, which leads to solar cell instability at high
temperature.45 A gradual increase in temperature also has a signifi-
cant effect on crystal structure, phase transition, and the degradation
of PSCs. These are associated with decreasing charge carrier diffu-
sion length and the decrease in charge mobility in PSCs.46 However,
despite the remarkable progress that has been made with the devel-
opment of cesium-based triple cation perovskites, the understanding
of the underlying thermally induced degradation phenomena is
still very limited. There is, therefore, a need for studies on the
degradation mechanisms in cesium-based triple cation perovskites.

Hence, in this study, we explore the temperature-dependent
degradation of a triple-cation mixed halide based perovskite active
layer (Cs0.05 (FA0.95MA0.05)0.95Pb(I0.9Br0.05)3) in an n-i-p solar cell
structure with an FTO/SnO2/perovskite/Spiro-OMeTAD/Au archi-
tecture. The study was carried out on unencapsulated devices in an
environmental chamber that was used to simulate temperatures of
30–60 ○C, which mimic possible operating conditions. The implica-
tions of the results are also discussed for the development of PSCs
with improved stability.

II. MATERIALS AND METHODS
A. Materials

Fluorine-doped tin oxide (FTO)-coated glass, diiso-
propoxide bis(acetylacetonate), tin(IV) chloride pentahydrate
(SnCl4 5H2O—98%, Sigma-Aldrich), diluted SnO2 colloidal
dispersion (15% in H2O colloidal dispersion, Alfa Aesar),
formamidinium iodide (FAI; 98%), methylamine hydrobro-
mide (MABr), cesium iodide (CsI), lead bromide (PbBr2)
(99.9%), lead iodide (PbI2; 99.9%), chlorobenzene (anhydrous,
99.8%) dimethyl sulfoxide (DMSO) (anhydrous, 99.9%), di-
methylformamide (DMF) (anhydrous, 99.8%), acetone, iso-propyl
alcohol (IPA), 4-tert-butylpyridine (tBP), acetonitrile, lithium
bis(trifluoromethylsulfonyl) imide (Li-TFSI), 2,2′,7,7′-tetrakis(N,N-
di-p methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD),
and anhydrous chlorobenzene were all purchased from Sigma-
Aldrich (Natick, MA, USA), while pure gold (99.999%, Lesker)
was purchased from Kurt J. Lesker Company (Edward E306A,
Easton PA, USA). All the materials were used in their as-received
conditions.

B. Device fabrication
The fluorine doped tin oxide (FTO, ∼7 Ω sq−1) coated glass

substrates were cut into dimensions of 12.5 × 25 mm2 patterned and
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partially etched with zinc powder and 2M hydrochloric acid. The
etched substrates were each cleaned for 15 mins in detergent, deion-
ized water, acetone (Sigma-Aldrich), and IPA (Sigma-Aldrich). They
were then blow-dried in nitrogen gas, followed by UV–ozone clean-
ing (Novascan, Main Street Ames, IA, USA) for another 15 mins
to remove organic residuals, prior to the deposition of subsequent
layers.

An electron transporting layer (ETL) (that comprises SnO2)
was deposited onto FTO-coated glass. The compact SnO2 deposi-
tion was made by dissolving 0.016 g of tin(IV) chloride pentahy-
drate (SnCl4 5H2O—98%, Sigma-Aldrich) in 1 ml of anhydrous
iso-propanol (99.5%, Sigma-Aldrich) before stirring at room tem-
perature (25 ○C). The precursor was spin-coated onto the cleaned
FTO-coated glass at 2000 rpm for 45 s. This was followed by anneal-
ing at 180 ○C for 45 min. Subsequently, an additional layer of ETL
(nanoparticle SnO2 layer) from a mixture of diluted SnO2 colloidal
dispersion (15% in H2O colloidal dispersion, Alfa Aesar) and de-
ionized water in the volume ratio 1:4 was spin coated at 4000 rpm
for 45 s. This was then annealed at 150 ○C in the air for 30 min.

Subsequently, the normal perovskite absorber stoichiometry of
Cs0.05(FA0.95MA0.05)0.95Pb(I0.9Br0.05)3, typically referred to a triple-
cation, was prepared and deposited onto the ETL. The triple cation
perovskite precursor was first prepared, following the previous pro-
tocol.47 First, two stock solutions of 0.8M of FAPbI3 and MAPbBr3
perovskite solutions were mixed together in a particular volume
ratio. The 0.8M FAPbI3 stock solution was prepared by dissolving
0.481 g FAI (Sigma-Aldrich) and 1.420 g PbI2 (Sigma-Aldrich) in
a 4:1 (v/v) mixture of dimethylformamide (DMF, Sigma-Aldrich)
and dimethyl sulfoxide (DMSO, Sigma-Aldrich), which contains an
excess of PbI2. In addition, 0.8M of MAPbBr3 stock solution was
prepared by dissolving 0.313 g MABr (Sigma-Aldrich) and 1.130 g
PbBr2 (Sigma-Aldrich) in the DMF:DMSO (4:1 volume ratio) sol-
vent, followed by stirring, with excess PbBr2. Then, 40 μl of the 1.5M
CsI (Sigma-Aldrich) stock solution (in DMSO solvent) was mixed
with 1.5 ml of the previous solution described above. The solution
was then spin-coated onto the mesoporous SnO2 (mp-SnO2) layer
in a two-step process at (i) 2000 for 10 s and (ii) 6000 rpm for 30 s.
Chlorobenzene (100 ml) was poured over the spinning substrate
10 s before the completion of the second step to ensure fast crys-
tallization and good film quality. The films were then annealed at
100 ○C for 30 min. This was performed inside a glove box in a
nitrogen environment.

The hole transport layer (HTL) was deposited using a recently
reported recipe.34 At first, 72 mg of Spiro-OMeTAD was dissolved in
1 ml of chlorobenzene. Later, 35 μl of Li-TFSI solution (260 mg of Li-
TFSI dissolved in 1 ml of acetonitrile) and 30 μl of tBP were added
to the Spiro-OMeTAD solution and stirred. The mixture was then
sonicated for 5 min before spin coating onto the perovskite film at
4000 rpm for 30 s. Finally, a 90 nm thick layer of gold was thermally
evaporated onto the Spiro-OMeTAD film at an average deposition
rate of 1.1 s−1. This was carried out under high vacuum (pressure of
10−6 Torr). A shadow mask was used to achieve the desired device
area of 0.1 cm2.

C. Device characterization
The light absorption behavior of the perovskite films was

characterized (in the wavelength range of 200–1100 nm) using

an Ultraviolet-Visible (UV–Vis) spectrometer (Avaspec-2048,
AVANTES Starline, BV, USA). The morphologies of the perovskite
films and cross section element mapping of the PSCs were probed
using a Scanning Electron Microscope (SEM) (JEOL JSM-700F,
Hollingsworth and Vose, MA, USA) and an Oxford Energy Disper-
sive Spectroscope (EDS), while the crystallographic characteristics of
the perovskite films were determined using an x-ray diffractometer
(Malvern PANalytical, Westborough, MA, USA) that was operated
at 40 kV and 40 mA under a Cu Kα radiation, with a beta nickel
filter.

The current density–voltage measurements (J–V measure-
ments) were obtained using a Keithley source meter unit 2400
system (Keithley, Tektronix, Newark, NJ, USA) that was con-
nected to an Oriel solar simulator (Oriel, Newport Corporation,
Irvine, CA, USA). The intensity of light was calibrated at 100
mW/cm2 using a 91150V silicon reference cell supplied by New-
port (MKS/Newport Instruments, Newport Beach, CA, USA). A
Weiss environmental chamber (WKL 34, Weiss Umwelttechnik,
Reiskirchen-Lindenstruth, Germany) was used to control the tem-
perature in the range of 30 to 60 ○C for perovskite solar devices.
The exposure parameters from pristine (room temperature) to 60 ○C
were chosen based on the environmental operating temperatures
for solar cells that simulate different environmental conditions with
moderate and very high temperatures. Electrochemical Impedance
Spectroscopy (EIS) was then used to study the charge transfer
characteristics, alongside the J–V measurements within the Weiss
environmental. A light gap of 2.24 mm2 (device area) was used dur-
ing measurements with a voltage scan between −0.2 and 1.2 V, while
the EIS studies were performed using a potentiostat (SP-300, Bio-
Logic Instrument, Knoxville, TN, USA) with an AC amplitude of 10
mV in the frequency range between 1 MHz and 10 mHz.

III. RESULTS AND DISCUSSION
A. Microstructure of perovskite film and cross
sections of multilayered structure

Scanning Electron Microscopy (SEM) images of the perovskite
films are presented in Figs. 1(a)–1(e) for perovskite films exposed
to different temperatures for 3 h. Figures 1(a)–1(e) present the SEM
images of the perovskite films at different exposed temperatures. The
results show that at room-temperature (25 ○C), the perovskite layer
has equiaxed grain without pinholes. The grain boundaries are also
well-defined [Fig. 1(a)], and the average grain size is ∼198 ± 9.6 nm.

Figures 1(b) and 1(c) correspond to films exposed to 30 and
40 ○C, respectively. The perovskite grain sizes are ∼209 ± 7.4 nm
(for samples exposed to heat at 30 ○C) and ∼225 ± 8.1 nm (for sam-
ples exposed to heat at 40 ○C). The microstructures were also less
uniform than those of the room-temperature (25 ○C) samples. How-
ever, after exposing to heat at 50 and 60 ○C for 3 h, a significant
difference in microstructural morphology was observed, as shown
in Figs. 1(d) and 1(e). The corresponding average grain sizes also
reduced to ∼248 ± 7.3 and 257 ± 6.7 nm after exposing at 50 and
60 ○C, respectively. The region of “high contrast” is attributed to
the generation of PbI2-rich regions in the perovskite films. Simi-
lar regions have been reported in prior works on perovskites.48–50

The film looks rougher as the grain size increases with increasing
temperature between pristine (room temperature) and 60 ○C.

AIP Advances 12, 015122 (2022); doi: 10.1063/5.0078821 12, 015122-3

© Author(s) 2022

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 1. SEM images of perovskite films before and after exposure to different temperatures for 3 h: (a) pristine, (b) 30 ○C, (c) 40 ○C, (d) 50 ○C, and (e) 60 ○C.

We further investigated the interdiffusion of materials across
the cross section of the layered PSCs at different exposing tem-
peratures using SEM and Energy Dispersive X-ray Spectroscopy
(SEM-EDX). Figures 2(a)–2(e) present the cross-sectional SEM-
EDX images that show the diffusion of elements in the device. The
results show that Si and Sn are aligned with the layers of glass and
FTO/SnO2, respectively. The perovskite layer is indicated by lead
(Pb) and iodine (I) element distribution, while C is from the Spiro-
OmeTAD. Before the thermal exposure [Fig. 2(a)], the distributions
of I and Pb slightly overlap, and a clear boundary line appears
between Pb and Sn, as well as between I and C. Similar images have
been reported by Oyewole et al.34

In the case of the devices that were exposed to temperatures for
3 h, both I and Pb diffuse toward the SnO2 layer as the exposure
temperature increases [Figs. 2(b)–2(e)]. The diffusion of I is more
than that of P, indicating an interpenetration of perovskite diffusion
into the SnO2 layer. We also observed an intermixing of elements
within the layered PSC structure [Figs. 2(d) and 2(e)] that can cause
interfacial reactions. The interfacial reactions can lead to interfacial
defects, which can affect transportation of charges. Recombination
can also take place at the sites of the defects, which can reduce the
performance characteristics of the PSCs.

B. Structure and optical properties
To understand the structure and optical behavior of the

films under exposed temperature, we analyzed the films using
x-ray diffractometry (XRD) and UV–vis spectroscopy. Figure 4(a)
presents XRD patterns of perovskite films exposed at 30, 40, 50, and
60 ○C. The films exhibited diffraction peaks at 2θ angles of 14.01○,
19.86○, 24.35○, 28.19○, 31.65○, 34.78○, 40.31○, and 42.87○. These
correspond, respectively, to the (101), (012), (021), (202), (211),
(122), (024), and (131) planes and the formation of the black (alpha)

perovskite phase.51 The above-mentioned results show that all the
films corresponded to the α perovskite phase, with some trace
amounts of segregated PbI2. The peak at 12.7○ can also be assigned
to be the (001) plane of the PbI2 hexagonal structure.52 The remain-
ing peaks corresponded to the FTO substrate. However, we also
observed that the (101) perovskite peaks had the highest intensities
in all of the samples. This suggests that nucleation and growth of the
perovskite crystals were traced in (101) planes.

However, as the exposing temperature increased, the peak
intensities decreased [Fig. 3(a)]. It is also interesting to note here
that the (001) peak corresponds to the presence of PbI2,13 which is
clearly present at 60 ○C. This suggests that the thermal decomposi-
tion of perovskites (into PbI2) occurs with increasing temperature.15

Finally, it is important to note that the intensity of the main peak
(101) decreases with increasing exposure temperature [Fig. 3(a)].
This is consistent with the above-mentioned observation of the for-
mation of PbI2 with increasing exposure temperature. Thus, the
volume fraction of perovskites should reduce as the incidence of
PbI2 increases.

C. Optical absorption spectra
The optical absorption spectra of the perovskite films are pre-

sented in Fig. 3(b) for films that were exposed for 3 h at temperatures
between 30 and 60 ○C. The shapes of the spectra are largely unaf-
fected for wavelengths between 500 and 850 nm wavelength, indicat-
ing that the bandgaps of the perovskite films were mostly unaffected
by exposing in this temperature regime. However, the absorption
intensity reduced significantly with increasing exposing tempera-
ture [Fig. 3(b)]. Hence, the exposure temperature of the film will
influence optical absorption as the intensity of absorption is closely
related to the photogeneration process. This is consistent with the
trends in the normalized absorbance data present in Fig. 3(b).
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FIG. 2. Cross-sectional SEM image and corresponding EDX elemental mapping of multilayers (Si, Sn, Pb, I, and C): (a) pristine, (b) 30 ○C, (c) 40 ○C, (d) 50 ○C, and (e)
60 ○C for 3 h.

D. Solar cell device performance characteristics
The current density–voltage (J–V) curves and the solar

cell/device performance parameters obtained in forward and reverse
bias conditions under 1 sun illumination (AM 1.5 G) are presented
in Fig. 5(a) for the as-fabricated device. The overall best performing
device yields a photocurrent density (JSC) of 22.76 ± 0.51 mA/cm2,
an open circuit potential (VOC) of 1.06 ± 0.02 V, a fill factor (FF) of
80.1 ± 1.87%, and a photoconversion efficiency of 19.3 ± 0.86%.

J–V curves obtained from solar cells that were exposed to tem-
peratures between 30 and 60 ○C for durations of 0, 0.5, 1, 2, and 3 h
(180 min) are presented in Figs. 4(b)–4(e). In the case of the devices

being operated at 30 ○C, the J–V curves and the device performance
characteristics are presented in Fig. 4(b) for the forward and reverse
scans. The J–V curves obtained from the forward and reverse scans
yield VOC and JSC values of (1.03 ± 0.03 V and 20.21 ± 1.07 mA/cm2)
and (1.05 ± 0.01 V and 21.31 ± 1.06 mA/cm2), respectively. How-
ever, after 3 h of operation, the corresponding values of VOC and
JSC obtained from the forward and reverse scan are reduced to (0.92
± 0.03 V and 17.23 ± 1.20 mA/cm2) and (0.95 ± 0.02 V and 17.77
± 1.09 mA/cm2), respectively. Meanwhile, the device performance
in Fig. 4(c) corresponds to forward and reverse scan results of
(1.02 ± 0.01 V and 21.50 ± 0.86 mA/cm2) and (1.03 ± 0.01 V and
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FIG. 3. (a) XRD patterns. (b) Normalized UV–vis absorption spectra exposed to different temperatures.

21.54 ± 0.73 mA/cm2), respectively, at 40 ○C for 0 h. After 3 h of
operation at 40 ○C, VOC and JSC dropped to (0.87 ± 0.02 V and
17.41 ± 0.82 mA/cm2) for the forward scan and (0.94 ± 0.02 V and
17.61 ± 0.75 mA/cm2) for the reverse scan. Furthermore, the hys-
teresis between the forward and reverse scans was minimal at 0 h, in
contrast with the hysteresis observed after 3 h of operation.

Similar trends in the hysteresis curves have been reported for
PSCs.53 These are typically attributed to the effects of defects in the
perovskite absorbers of the solar cell structures.53 The hysteresis loop

has also been linked to the ion migration or accumulation phenom-
ena. This effect is also suggested for our devices as charge accumu-
lation in the device increases over time with increasing operating
temperature. Table S1 presents the summary of device parameters
for all the devices that were exposed to different temperatures. The
current density decreases with increasing operating temperature of
the PSCs. The current density decreased rapidly in comparison to
the open-circuit voltage in the J–V curves. At this stage, burn-in
decay was most noticeable, especially under short-circuit conditions.

FIG. 4. J–V characteristics of (a) as-fabricated device in forward and reverse scan directions, (b) 30 ○C, (c) 40 ○C, (d) 50 ○C, and (e) 60 ○C for 0 and 3 h.
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The trends in the solar cell performance characteristics are
summarized in Table S1. These generally decrease with increasing
exposure duration and are particularly evident after exposure at 50
and 60 ○C. In the case of the solar cells being exposed at 50 ○C for up
to 3 h, the forward scan values of VOC and JSC were (1.02 ± 0.03 V
and 22.36 ± 0.75 mA/cm2), while the reverse scan values were (1.02
± 0.03 V and 22.56± 0.52 mA/cm2) for 0 h. The recorded values after
3 h were (0.82 ± 0.03 V, 13.26 ± 1.14 mA/cm2) and (0.88 ± 0.03 V
and 14.45 ± 0.85 mA/cm2) for forward and reverse scans, respec-
tively. The differences between the degradation rates at VOC and JSC
are attributed to the differences in the accumulation of charge car-
riers and internal electric fields, as in prior work.54 This suggests a
strong dependence of temperature-induced degradation on actual
operation conditions.

In the case of an operating temperature of 60 ○C [Fig. 4(e)], the
forward and reverse scan (VOC and JSC) values obtained for 0 h are
(0.97 ± 0.03 V and 18.76 ± 1.93 mA/cm2) and (0.99 ± 0.02 V and
20.23 ± 1.15 mA/cm2), respectively. A dramatic degradation in the
parameters is observed after 3 h of operation, with values of VOC and
JSC of (0.63 ± 0.02 V and 2.99 ± 0.93 mA/cm2) for the forward scan
and (0.78 ± 0.02 V and 4.22 ± 0.77 mA/cm2) for the reverse scan.
Therefore, regardless of lighting conditions, the values of VOC and
JSC gradually reduce with both temperature and exposure duration
(Figs. S1 and S2).

Furthermore, beyond the hysteresis effects at operating tem-
peratures of 50 and 60 ○C, we also noticed an S-shaped kink in the
J–V curve in the PSCs after 3 h [Figs. 4(d) and 4(e)]. This was not
observed in devices operated at 30 and 40 ○C. The S-shaped kink is

attributed to poor charge extraction at the interfaces. This may result
ultimately in unfavorable temperature effects55 that are associated
with charge build-up across the interfaces between the perovskite
and the ETL ∼ or HTL.

The solar cell’s performance characteristics obtained from the
J–V reverse scans are also presented in Figs. 5(a)–5(d) in normal-
ized JSC, VOC, FF, and PCE during thermal aging of the devices.
Each result shows the temperature operation ranging from 30 to
60 ○C. Note that the devices exposed to 60 ○C for 3 h exhibited
drastic degradation under these conditions. However, the VOC and
FF at 60 ○C were reduced to 77.2% and 71.1% of their initial val-
ues after 3 h, respectively [Figs. 5(a) and 5(c)]. The overall device
JSC exhibits a significant reduction compared to VOC and FF, which
deteriorated to 17.6% of the initial value after the completion of
3 h operation [Fig. 5(b)]. Consequently, the resulting PCE dropped
rapidly to 12.1% of the initial value during 60 ○C thermal stress for
3 h [Fig. 5(d)].

In an effort to better understand the evolution of short-circuit
current (JSC) with an increasing temperature effect, plots of cur-
rent density vs time are presented in Figs. 6(a)–6(d). Note that the
degradation in current density vs time is initially characterized by
linear degradation. This is then followed by an exponential decay
regime [Figs. 6(a) and 6(b)]. Within 3 h of operation at 30 ○C, JSC
drops to 86% of its initial value (20.31–17.18 mA/cm2). Similarly,
in the case of 50 and 60 ○C [Figs. 6(c) and 6(d)], we noticed a fast
or rapid exponential degradation regime, frequently followed by a
linear degradation, in which performance decreases steadily. This
suggests that the decay dynamics of the initial component are higher,

FIG. 5. Variation in normalized photovoltaic parameters extracted from the I–V curves at different temperatures: (a) VOC, (b) JSC, (c) FF, and (d) PCE with time.
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FIG. 6. Temperature-dependence of photocurrent density (JSC) vs time (min) for PSCs at different exposed temperatures: (a) 30 ○C, (b) 40 ○C, (c) 50 ○C, and (d) 60 ○C.
JSC was measured at 0, 30, 60, 120, and 180 min.

and the subsequent linear loss is limited as temperature increases up
to 50 ○C.

In contrast, at elevated temperature (60 ○C), the sharp decline
in short circuit current degradation is very rapid, and the initial
period of fast degradation is characterized as burn-in decay.40,41

A burn-in loss of up to 17.1% was observed in the initial value
(20.23–3.47 mA/cm2) after a time span of 3 h. The drop in the
short circuit current density corresponds to the primary result

that was obtained from the J–V curves [Figs. 4(a)–4(d)]. We
also attribute the reduction in JSC (as the temperature increases)
to exciton trapping that occurs at the interface between the
SnO2/perovskite layers where the occurrence of the delamination
prevents the splitting of excitons and the collection of charge car-
riers. It is important to note here that the occurrence of burn-
in has also been suggested to be dependent on contact–layer
interfaces.40

FIG. 7. SEM cross-sectional images of FTO/SnO2/perovskite at different exposure temperatures for 3 h: (a) pristine, (b) 30 ○C, (c) 40 ○C, (d) 50 ○C, and (e) 60 ○C.

AIP Advances 12, 015122 (2022); doi: 10.1063/5.0078821 12, 015122-8

© Author(s) 2022

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

E. The role of interfaces in the thermally induced
degradation of PSCs

In an effort to understand the thermally induced decom-
position that occurs across the layers of devices, SEM was
used to characterize cross-sectional views of the layers and their
interfaces. This was carried out before and after exposure to
temperature for half-device configurations of FTO/SnO2/(Cs0.05
(FA0.95MA0.05)0.95Pb(I0.9Br0.05)3). Figures 7(a)–7(e) show the cross-
sectional SEM images of half devices for the pristine and degraded
layers exposed for 3 h. In the pristine case, the stacked multilay-
ers exhibit uniform microstructures with no evidence of microvoids
or cracks at the interface between the layers [Fig. 7(a)]. Similar
microstructures were also observed in the cross sections of the device
that were exposed to 30 ○C [Fig. 7(b)].

However, as the temperatures increase from 30 to 40/50 ○C, evi-
dence of microvoids was observed along the interfaces [Figs. 7(c)
and 7(d)]. The microvoids coalesced to form bigger cracks, as the
size of the grain increases. Evidence of interfacial cracks [Figs. 7(d)
and 7(e)] was also observed in the samples that were exposed at 50
and 60 ○C. The occurrence of interfacial cracks is attributed to the
thermal stress that is induced due to the thermal expansion mis-
match between the layers in the PSCs. Such mismatch stresses can

also be amplified by the crack-tip fields associated with the presence
of interfacial cracks56 that can give rise to crack driving forces that
are sufficient to grow the interfacial cracks in ways that may lead to
the delamination of the perovskite films during exposure at 60 ○C
[Fig. 7(e)]. Therefore, the delamination of the perovskite films may
be the one to restrict charge transfer between the perovskite and the
SnO2 layer, resulting in a decrease in PSCs during operation [see
Figs. 8(c) and 8(d)].

In an effort to relate the occurrence of interfacial microvoids
and crack occurrence of interfacial microvoids to charge transport
and recombination processes in PSCs, Electrochemical Impedance
Spectroscopy (EIS) was carried out to characterize the devices
exposed to different exposure temperatures over time. Nyquist plots
obtained as a function of temperature and time are shown in
Figs. 8(a)–8(d). Two semi-circular features that are typical for any
PSC device with two relaxation processes are clearly observed in
the Nyquist plots. The semi-circle in the high frequency region is
attributed to the charge transport resistance (Rtr) of the device, while
the one in the low-frequency regime corresponds to the recombi-
nation resistance (Rrec) of the device.57 With the evolution of VOC,
it is expected that the decrease in Rrec should be more severe with
temperature. However, an increase in Rrec over time indicates a

FIG. 8. Nyquist plot of PSCs obtained at open-circuit voltage under light: (a) 30 ○C, (b) 40 ○C, (c) 50 ○C, and (d) 60 ○C at 0, 0.5, 1, 2, and 3 h.
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FIG. 9. Capacitance per unit area vs frequency under dark at different temperatures: (a) 30 ○C, (b) 40 ○C, (c) 50 ○C, and (d) 60 ○C.

degradation of the device charge transport properties. After fitting
the impedance spectra to an equivalent circuit shown in the inset of
Fig. 8(a), we extracted Rtr values for the PSCs exposed to different
temperatures for different durations. The results are summarized in
Table S2. Note that the values of Rtr were found to increase with ther-
mal exposure time for each of the temperatures that was considered
in this study.

For the device operating temperature of 30 ○C, Rtr increased
from a value of 62.43 ± 0.82 to 222.43 ± 0.74 Ω while for the
temperature of 60 ○C, it increased from 126.47 ± 0.44 to 663.26
± 0.51 Ω. The increase in Rtr is a clear indication that the
charge extraction and transport phenomena in the PSC devices
decreased with increasing temperature. Since poor charge transport
in PSCs can also lead to ionic or electronic charge accumulation
at the interfaces, we also explored the increase in capacitance that
occurs with increasing exposure temperatures, as shown in the
capacitance–frequency (CF) plots in Figs. 9(a)–9(d).

CF plots obtained from the EIS studies that were performed
in the light are presented in Figs. 9(a)–9(d). In the CF plots, the
capacitance spectral signature is in two steps: the low frequency indi-
cates the ionic and electronic behavior of the perovskite surface,
while the dipole polarization58,59 is noted for the intermediate fre-
quency. During the operating temperature, we clearly see an increase
in the capacitance in the low frequency region with high exposure
temperature (60 ○C) with time. This is attributed to the piling-up
of electronic charges at the interfaces as a result of higher charge
transport resistance [see Fig. 8(d)] or poor charge transport across

the interfaces between the perovskite and the SnO2 layer. This is
consistent with the increased incidence of microvoids and interfa-
cial cracks/delamination that was observed in the devices exposed at
60 ○C, as shown in Fig. 7(e).

IV. CONCLUSION
This paper presents the results of a study of the effects of tem-

perature on the performance of PSCs. The results show clearly that
increasing the operating temperature enhances the formation of
microvoids and interfacial cracks between the perovskite layer and
the ETL. These defects degrade device performance along with the
effects of burn-in at higher temperatures (50–60 ○C). The impedance
spectroscopy analysis revealed an increase in charge transfer resis-
tance due to ionic contributions at the perovskite/SnO2 interface.
The capacitance measurement also revealed that the piling up of
charges during the degradation of PSCs is associated with the pres-
ence of defects that evolve with increasing service exposure to
temperature and light.

SUPPLEMENTARY MATERIAL

The supplementary material contains the summary of device
parameters of PSCs at different operating temperatures for 3 h,
the summary of the impedance spectroscopic parameter of PSCs
extracted from the Nyquist plot, and the intermittent J–V curve for
both forward and reverse scans at different temperatures and times.
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