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ABSTRACT: Formamidinium cesium (FACs) perovskites solar
cells have been shown to be among the most stable metal halide
perovskites. Here, high-temperature data are presented which
systematically and statistically demonstrate the high thermal
operation of this system to temperatures in excess of 200 °C.
Device measurements between 250 K and 490 K show that
while some loss of performance is evident at higher temper-
ature, this is driven by reversible halide segregation with no
evidence of a structural phase transition over the measurement
range probed. Moreover, upon reduction of the temperature

back to ambient the power conversion efficiency is retained.

P I etal halide perovskites have received considerable
attention as a low-cost terrestrial photovoltaic (PV)
technology. Perovskite PVs also display unique

properties that may allow this technology to be commercially

viable as a space PV technology, particularly their high
radiation tolerance."”” However, survival under space con-
ditions requires more than just tolerance to radiation. One of
the other high-risk areas for operation in space is the ability of

a technology to withstand the high temperatures experienced

in space—with satellites even in the Low Earth Orbits regularly

experiencing temperatures as high as 120—140 °C (393—413

K).” Therefore, despite this tolerance to high-energy particle

irradiation, questions remain with respect to the thermal

stability of perovskite solar cells (PSCs). Several perovskite-
specific phenomena such as ion motion, phase segregation,
and/or outgassing of the constituent organic molecules raise
questions with regard to thermal stability,” so there is a need to
assess and stabilize their thermal response at high temperatures

(>358 K, 85 °C) in the context of practical space

applications™ as well as to enable accelerated lifetime testing

and stability assessment of perovskites for practical terrestrial
applications, in general.

Triple halide and formamidinium cesium (FACs) based
perovskite solar cells have been shown to be among the most
stable perovskites to date.””” While there have been a large
number of studies on single gap PV applications, the triple
halide systems have shown considerable promise—and are
more appropriate—as the high energy junction in perovskite-
perovskite,' "' silicon-perovskite,'”'*> and CIGS-perov-
skite' "> tandem solar cells. Earlier work has also demon-
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strated the high radiation tolerance of the metal halide
perovskite systems for potential space power applications.”' '
Here, high-temperature data are presented which systemati-
cally and statistically demonstrate the high thermal stability of
this system at temperatures in excess of 200 °C.

In this study, the remarkable thermal operation of the FACs-
triple halide perovskite solar cells is demonstrated. This is
attributed to the specific design of the perovskite solar cells
assessed, which were designed to survive severe high-
temperature conditions using a cell architecture comprising
three main components. First, a double cation (FACs)
composition is used which has been shown to be among the
most stable perovskite systems by the community. Second, a
transparent conductive back contact was used to eliminate
metal-induced degradation which may occur through metal
migration or iodine—metal corrosion.'® Finally, a conformal
atomic layer deposition (ALD) of an alumina-based nano-
laminate was deposited to prevent thermal decomposition via
loss of volatile species. When combined, this creates a bifacial
cell allowing independent assessment of transparent front and
back surfaces optically, while correlating this to the PV
performance of the solar cell at various radiation levels and
temperatures between 250 and 490 K (—23 to 217 °C).
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Figure la shows the schematic structure of the solar cell.
The perovskite solar cells utilize a spin-coated
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Figure 1. (a). Schematic of perovskite solar cell investigated in this
study. Light is shown entering through the back Al,O;-based
nanolaminate layer. (b) Representative dark (black) and light
(red) J-V curves at 1 sun AM1.5G.

FAg5Cs02Pby 051,4Br6Clogy (~1.67 eV band gap, thickness =
200 nm) absorber layer integrated upon an indium tin oxide
(ITO) back contact, a poly(N,N’-bis-4-butylphenyl-N,N’-
bisphenyl)benzidine (Poly-TPD) hole transport layer, with a
poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethylammonium)-prop-
yl1)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) |dibromide
(PFN-Br) interface layer to improve perovskite crystallization.
The back of the cell architecture consists of a SnO,/Cg,
electron transport layer separated from the back ITO contact
by a thin LiF interfacial layer. A final 50 nm Al,O;-based
nanolaminate layer encapsulates the device structure. Here,
light is shown entering through the back (in Figure 1a) AL, O5-
based encapsulant layer.

The absorber thickness here is lower than that of
conventional perovskite solar cells to allow assessment of
absorption. To assess the stability of the perovskite
independently of any device stack degradation, the thermal
stability of devices was also confirmed in devices with a more
conventional 400 nm perovskite layer (see Figure SI 1 in the
Supporting Information).

Initial assessments of the current density—voltage (J—V)
responses of the devices were tested in the dark and under 1
sun AM1.5G illumination (see Figure 1b). The quality of these
devices was confirmed via the lack of hysteresis and the high
yield and reproducibility of a large series of (~100) solar cells
comprising three generations of devices processed independ-
ently over 18 months (see Figure SI 2 in the Supporting
Information).
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Here, the focus is on measuring the J—V characteristics for a
series of devices from 250 K (=23 °C) up to 490 K (217 °C)
in steps of 10 K under a vacuum of ~107> Torr. At each
temperature, both 1 sun AM1.5G and dark ]—V measurements
were performed in both forward and reverse directions, with
the devices held at each temperature for ~5 min. 300 K
(approximately room temperature) is treated as the benchmark
for the PV parameters. The study includes a 250—300 K range
to show the typical behavior that has been previously reported:
e.g., the steady increase of V. as a function of temperature that
is due to the normal temperature dependence of the
perovskite’s band gap.'””” What is quite remarkable is the
change in V. trend above 300 K from the normal low-
temperature trend which is shown for the 250—300 K region.

The inset to Figure 2a shows temperature-dependent J—V
measurements taken using reverse voltage sweeps between 250
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Figure 2. (a) The inset shows temperature-dependent J—V results
swept in the reverse direction from 300 K to 490 K. The main
panel is a plot showing the temperature dependence of the
remaining factors for PV parameters J,, V., FF, and PCE
extracted from the J—V curves shown in the inset. (b) The inset
shows the J—V curve for 300 K under 1 sun AM1.5G measured
before (black) and after (red) thermal cycle, demonstrating
retention of performance despite the extreme thermal load
under which they were exposed. The main panel is a plot of the
remaining factors for room-temperature PV parameters post
heating.

K (=23 °C) and 490 K (217 °C). When assessing both
forward and reverse sweeps, evidence of hysteresis (Figure SI 3
in the Supporting Information) is observed above 400 K,
indicating ion migration-halide segregation and appears as a
loss of V.. Despite these high-temperature effects, the devices
do not experience prohibitive degradation. Instead, upon
returning to ambient temperatures they retain/reproduce their
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original performance—in some cases there is a slight
improvement after this high-temperature exposure.

The main panel of Figure 2a shows the temperature
dependence for the remaining factor of key photovoltaic
parameters extracted from the J—V measurements shown in
the inset to Figure 2a. The fill factor (FF: gray symbols Figure
2a) shows high tolerance to extremely high temperatures,
retaining ~90% of its initial value at 490 K (217 °C). Typically,
the FF of a perovskite solar cell is particularly sensitive to
external perturbations, but here the stability of the FF indicates
that the structural properties of the junction(s) and the device
structure are not significantly affected by higher temperatures.
Indeed, the absorber material and interfaces apparently remain
intact at the high temperatures to which the devices are
exposed. While V. (red triangles) is the PV parameter most
affected by the increased temperature exposure above T > 300
K, it retains 80% of its initial value, and the combined effects of
the PV parameters to high temperature is a loss of power
conversion efficiency (PCE) that retains 70% of its initial
ambient value at 490 K (217 °C).

On exposure to elevated temperatures, V . typically
contributes to the reduction of solar cell efficiency as a result
of the variations in the band gap and the consequential
increase in the dark saturation current, as the band gap for
conventional solar cells decreases.”’””> However, since the
band gap of perovskite systems increases—rather than
decreases—with increasing temperature (as is illustrated by
the temperature-dependent EQE in Figure 3a), the origin of
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Figure 3. (a) Temperature-dependent external quantum efficiency
between 300 K and 490 K showing an expected increase in the
perovskite band gap. (b) Temperature dependence of the
temperature coefficient between 350 K and 490 K.
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the V. loss shown in Figure 2a at higher temperatures is
subtler in perovskite solar cells than more traditional
semiconductor solar cells such as silicon or the III-V systems.
This is further supported by the constant J. (black squares) at
elevated temperatures also shown in Figure 2a, which would
also be perturbed if the dark current increased over this
temperature range.

Although this V. loss at higher temperatures requires
further investigation, one possible explanation would be the
onset of reversible halide segregation at higher temperatures
under illumination. Such reversible halide segregation would
result in iodine-rich regions in the absorber that have a reduced
band gap, thus opening a pathway for lower V. This is
supported by the temperature dependence of the external
quantum efficiency (EQE) described below (see Figure 3a),
while the reversible nature of this process and the absence of
prohibitive degradation of the solar cells studied after exposure
to the high thermal stress are also supported by the absence of
prohibitive degradation observed at 300 K at high excitation
powers (up to 0.5 W, Figure SI-4 in the Supporting
Information). Specifically, under high photoexcitation (~500
mW) reversible halide segregation is also observed as the
lattice and carrier distribution heats with a local lattice
temperature in excess of 450 K, returning to the original PL
energy/linewidth at lower power.

This reversible behavior is also supported by the return to
the original performance of the solar cells after this thermal
cycle. The J—V measurements at 1 sun AML.5G at 300 K
before and after the extreme high-temperature stress are shown
as an inset to Figure 2b. The J—V values retain much of their
performance, and the devices appear relatively unaffected after
high-temperature cycling, illustrating the reversible nature and
lack of prohibitive degradation of the devices under such stress.

The main panel of Figure 2b depicts the remaining factor of
the key PV parameters from the 1 sun AM1.5G J-V
measurements performed at 300 K after the solar cells were
exposed to temperatures up to 490 K. These results reflect the
data from multiple pixels on the device, and the error bars
indicate the distribution in the results of all pixels/devices
assessed.

As seen in Figure 2b, after undergoing the thermal stress not
only do ], and ], remain undegraded—they are apparently
improved by 4%. It appears that not only is the stress received
by the samples nondestructive or prohibitive to performance
and stability, but also the thermal load provided to the devices
appears to improve the performance presumably via “anneal-
ing” of the solar cells. This “annealing” serves to improve the
quality of the interfaces and/or the transporting layers or
absorber in the solar cell structure. The V. and V,,,, remaining
factor values while degraded (Figure 2b), are by as little as 3%
absolute, which can be attributed to the minor changes in the
perovskite lattice due to annealing and the low crystallization
temperature of these systems, or possibly to effects such as
material homogenization and strain relaxation upon exposure
to high temperature.”

The stability and resilience of the devices and the absence of
degradation upon exposure are further supported by an
assessment of the dark J—V from the solar cells at 300 K
(both before and after thermal cycling as shown in Figure SI-S
in the Supporting Information). These data show that not only
does the dark ] not increase after high-temperature exposure
but also that the dark J experiences a reduction in the current
level after high thermal stress. Moreover, these data did not
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indicate significant increases in nonradiative processes at a
higher temperature.

In these specific samples, it is possible that J is relatively
unaffected, since the thickness of the absorber layer is small,
~200 nm. This provides a sufficiently short path length for
collection, compensating for reduced diffusion length that may
be induced due to defects and decomposition at high
temperatures. Such effects are also observed in ultrathin ITI—
V solar cells under high-energy irradiation.”’

However, it must be stressed once again that the stability
and ability of these systems at T &~ 490 K is also observed in
identical structures in which the thickness of the absorber was
400 nm as per conventional structures—see Figure SI-6 in the
Supporting Information. As such, the stability presented
cannot be attributed to the thinness of the absorber layer
assessed here.

The unusual J,. can also be understood in terms of the
collection efficiency and band gap renormalization as a
function of temperature. This can be further elucidated from
the temperature-dependent EQE shown in Figure 3a. When
extracting the ], values from the EQE data at room and high
temperature a value of ~12 mA/ cm? is determined, similar to
the J,. recorded in Figure 2a.

The high-temperature stability presented here is assessed
under illumination only after the solar cells reach the
temperature of assessment. Notably, thicker samples assessed
under constant illumination (and held at V, or ], prior to J—V
measurements—Figure SI-7 in the Supporting Information)
during the temperature sweep also displayed remarkable
tolerance to the thermal stress applied, further demonstrating
the high stability of the double cation, triple halide systems
under investigation here.

In previous high-temperature studies of perovskites it has
been shown extensivelyy'_27 that there is some degradation/
segregation and removal of the organic components (FA)
around 473 K (200 °C). These studies have been mainly on
films of the perovskite material (and not solar cells), since most
previous perovskite solar cell technologies were not able to
function consistently even at around 100 °C. Nevertheless,
these high-temperature studies on the bulk perovskite materials
(not solar cells) provided the PV community valuable
information indicating that tailored perovskite systems may
be capable of withstanding temperatures as high as 200 °C.
Based on these works on high-T degradation mechanisms, one
might expect severe decline of device performance above these
temperatures, although having ultrathin (less than a micro-
meter) perovskite material layers sandwiched in tight
structures changes the dynamics. Moreover, the time scales
of FA degradation at high temperatures have been relatively
unexplored.

Interestingly, Figure 2a indicates high-temperature tolerance
for this perovskite composition (and the designed solar cell in
total) specifically for ], that is relatively unaffected by this
extreme temperature stress and remains relatively constant up
to 490 K (217 °C). This is attributed to the thermal and
structural stability of FACs-triple halide perovskites®® and the
effectiveness of the on-cell encapsulation used to package this
system. Although the temperatures assessed here (up to 217
°C) exceed those in some other studies of perovskite solar cells
(80 °C),” the robust nature of the performance observed is
not unique to the perovskite studied. Rather, it is attributed to
a combination of the absence of Spiro-OMeTAD, the
implementation of ITO as the hole extraction contact, and
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the incorporation of an Al,O;-based encapsulation layer that
appears to serve as a chemical barrier—presumably preventing
the loss of even FA, which would be expected to be removed at
such high temperatures.”' Indeed, less stable MAPbI, thin films
have been shown to withstand high temperatures (~150 °C)
when encapsulated in %lass and laminated to prevent the loss of
constituent materials.”

The ability of encapsulation to increase the stabilization of
perovskite devices, in general, has also recently been observed
under high-fluence a and proton irradiation for devices
encapsulated with a silicon oxide layer.”’ Those encapsulated
devices demonstrated considerably higher stability than
reference solar cells subjected to direct irradiation of the
perovskite absorber without encapsulation. All of these studies
indicate that when the constituent elements that comprise the
perovskites are prevented from escaping, the dynamic nature of
these systems facilitates self-healing and prevents prohibitive
decomposition.'

When considering the EQE, the longer wavelengths display a
reduced absolute EQE that reflects the thin absorber
(nonoptimum thickness) used in this study. The high-
temperature EQE (red curves) in Figure 3a has an absorption
edge (therefore, band gap) at higher energy than the low-
temperature EQE. This is as expected, considering the
temperature dependence of the perovskite absorber. Impor-
tantly, the EQE spectra presented in Figure 3a indicate no
evidence of a structural phase transition shift. Such effects serve
to significantly and abruptly result in a red shift of the band gap
(rather than the blue shift evident here). This is further
support that the loss of performance or reduction in V,_ with
increasing temperature is the result of halide segregation and
ion migration. While the EQE measurements do not appear to
indicate the presence of a structural phase transition, as the
band edge does not show a sudden shift in energy, a structural
phase transition cannot be totally excluded. These data also
provide further evidence'””° of the stability of these systems as
compared to single cation perovskite compounds. Hopefully
these results will inspire further high-temperature elemental
investigations of these less characterized perovskite composi-
tions.

Interestingly, while the visible region of the EQE is almost
unaffected at higher temperatures, the minor change occurs
only at the expense of loss of longer wavelength absorption
(tail of the EQE curve). This reflects the strong absorption due
to excitons that dominate the optical properties of these
systems, especially below ~200 K.**7** With an increase in
temperature, the contribution of excitonic absorption sub-
sequently reduces systematically as exciton ionization occurs;
these states blue shift and merge into the continuum as the
thermal energy (ksT) increases. The transition from EQE
dominated by excitonic complexes at low temperature to
increased extraction at the shorter wavelengths at elevated
temperatures results in an almost constant J. throughout this
temperature range, as observed in Figure 2(a).

The unusual temperature dependence of the PV parameters
in perovskite solar cells has led to temperature coefficients for
maximum power (Tpcg) as low as —0.08% °C~" which exceed
those of typical commercial solar cell technologies such as
silicon, CdTe, GaAs, and CIGS.*” The temperature coeflicient
reflects the percentage of power lost by a solar cell as the
temperature increases above the industry standard of 25 °C.*’
While the temperature coefficient is typically calculated with
respect to room temperature since there is a larger reduction of
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efficiency at higher temperatures, the upper limit of the
temperature has a greater impact on the value of the
temperature coeflicient. Consequently, the higher the temper-
ature, the larger the magnitude of the temperature coefficient.

Here, over a temperature range of 75-217 °C the
temperature coefficient is determined to span —0.08 to
—0.15% °C™". This compares favorably with previous analysis
in perovskites and to that of other solar cell technologies™ (see
Table 1 in the Supporting Information) despite being
evaluated at temperatures as high as 490 K (217 °C).

FAG:s triple halide perovskite solar cells with two thicknesses
were exposed to extreme thermal stress ranging from —23 to
217 °C. The numerous solar cells assessed retained their
performance when returning to ambient conditions after the
very high temperature to which they were exposed, due to the
choice of perovskite FACsPbIBrCl, transparent conductive
back contact, and nanolaminite encapsulation. These devices
retained more than 90% of initial efficiency at 400 K (127 °C),
even with the onset of halide segregation at the highest
temperatures assessed.
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