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1. Introduction

Renewable energies are central in the 
international political discussion around 
the challenge of overcoming the shortage 
in fossil fuels and their climate impact.[1–3]  
According to the previous report, it is pos-
sible to achieve a 100% renewable electric 
supply by 2050.[4] Photovoltaic (PV) will 
be a big player in this renewable future. 
Halide perovskite solar cells (PSCs) are a 
promising technology for high efficiency 
and cost-effective PV. They achieved a 
power conversion efficiency (PCE) of 
25.7%, thus competitive with established 
technologies, owning the advantage of 

Metal halide perovskite solar cells may work for application in extreme 
temperatures, such as those experienced under extraterrestrial conditions. 
However, device performances in extreme temperatures are poorly investi-
gated. This work systematically explores the performance of perovskite solar 
cells between −160 and 150 °C. In situ grazing-incidence wide-angle X-ray 
scattering discloses perovskite phase transition and crystal disordering as 
dominant factors for the temperature-dependent device efficiency deteriora-
tion. It is shown that perovskite lattice strain and relaxation originating from 
extreme temperature variations are recoverable, and so are the perovskite 
structure and photovoltaic performances. This work provides insights into the 
functioning under extreme temperatures, clarifying bottlenecks to overcome 
and the potential for extraterrestrial applications.
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processing from the solution for potential cost-effective man-
ufacturing.[5–7] So far, the stability of PSCs remains the more 
significant challenge to commercialization. In addition to 
stability in standard environments like the earth’s surface, the 
ability to respond to rapid and extreme temperature changes 
can open the way to a series of applications, including integra-
tion into aircraft for aerospace, high-altitude pseudo-satellites, 
international space stations, geostationary satellites, and Mars 
rovers.[8,9] Due to the lack of atmosphere and thus thermal 
transmission, the surface temperature can shift from −150 °C 
in the dark to 130 °C with sunlight illumination.[10,11]

Previous works investigated the temperature-dependent 
device PCE, focusing mainly on relatively narrow tempera-
ture windows.[11–15] For example, Shao et al. reported the 
p–i–n structured device PCE between room temperature and 
−133  °C. They indicated that the charge transport deteriora-
tion within the electron transport layers (ETL) was the leading 
cause of PCE losses at lower temperatures.[12] Similarly, Jena’s 
team proposed that the hole transport layer (HTL) is respon-
sible for PCE losses in n–i–p PSCs at high temperatures up 
to 120  °C.[13] Once the degradation of PSCs caused by the 
charge transporting layers is controlled, the intrinsic stability 
of the perovskite absorber is indicated as dominating in PSC 
operating under extreme temperatures, but it remains poorly 
investigated.[16] Furthermore, the extraterrestrial applications 
required testing the PSC’s efficiency and stability in the air 
mass zero (AM0) solar spectrum, significantly different from 
the most commonly used air mass 1.5 global (AM1.5G) spec-
trum.[8,17] PSCs measured under AM0 solar spectrum have 
a record PCE of 18.8% at room temperature and unexplored 
stability.[18]

Herein, we investigate the performance of PSCs over a broad 
temperature window from −160 to 150  °C. PSCs exhibit only 
6.7% PCE loss increasing the temperature to 150 °C and 27.9% 
PCE loss cooling to −160 °C as compared to PCEs at room tem-
perature. Utilizing in situ grazing-incidence wide-angle X-ray 
scattering (GIWAXS), we directly observe the structure evolu-
tion of the perovskite, including phase transition and lattice 
disordering, which correlates with PCE evolution in tempera-
ture, and it is reversible over multiple temperature cycles. Our 
work demonstrates that PSCs are viable for application under 
extreme temperatures variations.

2. Results and Discussion

2.1. Photovoltaic AM0 Performance

We fabricated inverted p–i–n planar PSCs by employing a con-
figuration of glass/ITO/MeO-2PACz/perovskite/PC61BM/BCP/
Ag to investigate the PV performances of the perovskite in tem-
perature.[19] The corresponding device architecture is displayed 
in Figure  1A and Figure  S1 (Supporting Information). The 
current density–voltage (J–V) curves with reverse and forward 
sweeps are evaluated under AM1.5G and AM0 solar spectra 
to simulate terrestrial and extraterrestrial illuminating condi-
tions. At room temperature, solar cells show an AM1.5G PCE of 
22.1% with short-circuit current density (Jsc) of 23.8 mA cm−2, 
open-circuit voltage (Voc) of 1.131 V and fill factor (FF) of 81.8%, 
see also Figure 1B. As they moved to the AM0 spectrum, PSCs 
reported a PCE of 20.3%, with a Jsc of 29.8  mA  cm−2, Voc of 
1.149  V and FF of 80.3%. The ratio of PCEAM0/PCEAM1.5G is 
≈91.8%, which is perfectly consistent with the ratio between the 
theoretical efficiency limit of AM0 and AM1.5G for single-junc-
tion solar cells.[9,20] The record AM0 PCE of 20.3% is detailed in 
Figure S2 (Supporting Information), and it is the highest ever 
reported.[9,18,21–23] Also, the PV parameter statistics from dozens 
of devices are showed Figure  S3 (Supporting Information), 
demonstrating the performance reproducibility and reliability 
under AM1.5G and AM0 illumination.

2.2. Device Performance against Temperature Variation

To reveal the temperature-dependent parameters of PSCs toward 
extraterrestrial environments, we measured the J–V under 
AM0 illumination at different temperatures within the range of 
−160 to 150 °C, as shown in Figure 2A,B. There are the powerful 
mismatches on the J–V curves. Comparing the reverse and for-
ward sweeps of the J–V, we can see that the hysteresis increases 
as the temperature decreases. The trend in hysteresis with tem-
perature is represented by the hysteresis index (HI) in Figure 2C. 
We can observe that the hysteresis is minimal at high tempera-
tures, but it increases rapidly as cooling down below −50  °C. 
Figure 2D–H displays all the device performance parameters as 
a function of the temperature. Going from room temperature 

Figure 1.  Power conversion efficiency under AM0 and AM1.5G. A) Device architecture. B) J–V curves performed under simulated AM1.5G and AM0 
illumination.
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to −160  °C, the Voc increases and Jsc stays almost constant. At 
the same time, the PCE continuously decreases, in line with the 
substantial drop in FF. On the contrary, increasing temperature 
up to 150 °C, the Voc decreases, leading to a gradual decline in 
PCE. An increase in FF alleviates the PCE degradation. The 
Jsc remains constant with fluctuation between 27.6  mA  cm−2 at 
150 °C and 28.8 mA cm−2 at −160 °C (Table S1, Supporting Infor-
mation). The data point out that temperature-induced variation 

in PCE is mainly due to variations in Voc and FF. We further 
evaluated the PSCs performance evolution under AM1.5 illu-
mination, as shown in Figure S4, S5, and Table S2 (Supporting 
Information). The same trend is observed in this experiment, 
which supports the output of the device affected by temperature. 
Comparing the devices with and without the transport layers 
(Figure S6, Supporting Information), we found that the contribu-
tion of the perovskite layer is dominant in the performance loss.

Figure 2.  Device performance parameters with temperature under AM0. A) Reverse J–V curves, B) forward J–V curves, C) hysteresis index and  
D–G) statistical box charts of Voc, Jsc, FF, and PCE distribution of PSCs at different temperatures.

Figure 3.  Device performance parameters with thermal cycling under AM0. Evolution of A) Jsc, B) Voc, C) FF, and D) PCE of PSCs against 50 thermal 
cycling between 20 and −80 °C at 10 mbar under constant AM0 illumination (blue symbols correspond to the PV parameters on the left, and the solid 
grey lines refer to the temperature on the right).
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We performed thermal cycling (TC) measurements to 
explore the stability of device parameters under temperature 
variation from 20 to −80 °C, simulating the temperature range 
of high-altitude pseudo-satellites (HAPS) approaching a day’s 
Earth’s surface temperature.[9] The measurement setup is pre-
sented in Figure S7 (Supporting Information), where the device 
was placed in a chamber with controllable temperature and 
pressure. As shown in Figure 3, we applied 50 thermal cycles 
with a 30  °C  min−1 rate to track PSCs performance. The cor-
responding forward and reverse sweeps results are recorded 
in Tables  S3 and S4 (Supporting Information), respectively. 
Figure  3A–C illustrates that the device parameters of Jsc, Voc, 
and FF are stable. After 50 thermal cycles, the device retains 
97% of the original PCE (Figure  3D; Figure  S8, Supporting 
Information). This result reflects that the device performance 
was basically recoverable after experiencing temperature 
changes. We also performed maximum power point tracking 
(MPPT) between −10 and 65  °C and checked the operational 
stability at 25, 150, and −160 °C to confirm the result in steady–
state conditions (Figures S9 and S10, Supporting Information).

2.3. Temperature-Induced Perovskite Phase Conversion

To investigate the origin of PCE variation with the temperature, 
we performed synchrotron-based in situ GIWAXS, looking 
at possible changes in the crystal structure of the perovskite 
film.[24,25] In Figure 4A, the characteristic diffraction peaks at 10, 
14.2, 17.5, 20, and 22.2 nm−1 are indexed to (001), (011), (111), (002), 

and (012) planes, corresponding to the cubic phase (α phase).[26,27] 
The perovskite is in a cubic phase at room temperature. As the 
temperature decreases, the diffraction peaks characteristic for the 
tetragonal phase (β phase) localized at q  =  ≈16 and ≈18.5  nm−1 
gradually emerge.[28,29] A clear phase transition temperature can 
be observed ≈ −50 °C. The turning point of the phase transition 
is close to the temperature of a major change in device PCE 
(Figure 2; Figures S4 and S5, Supporting Information). Also, the 
tetragonal phase retains while lowering the temperature from 
−50 to −175 °C. Barone et al. reported that, at low temperatures, 
MAPbI3 possessed two structural phase transitions, a tetragonal 
phase above −113.15  °C and the second one of orthorhombic 
structure below −143.15 °C.[30] However, the second orthorhombic 
phase transition is not observed in our GIWAXS results. The dif-
ferent composition of the perovskite may cause this, considering 
that the tri-cation CsFAMA-based perovskite has a higher tem-
perature tolerance for conversion to orthorhombic phase than the 
pure MA cation-based one. While heating up again, we observe 
that the cubic phase replaces the tetragonal phase above −20 °C 
(Figure 4B). The cubic phase remains stable while heating up to 
150 °C and cooling down to room temperature again, as depicted 
in Figure  4C. This is more clearly visible from the 1D plots in 
Figure  4D,E. To understand the influence of temperature varia-
tion on the device performance behind the perovskite phase tran-
sitions, we plot the integrated area under the (001) diffraction peak 
as a function of the temperature in Figure 4F.[31] The integrated 
area under the peak is positively correlated with crystallinity.[32,33] 
The smaller size at a temperature of ≈  −150  °C is indicative of 
disordering within the crystal structure. Structural disorder 

Figure 4.  Phase transitions with temperature explored via in situ GIWAXS. Temperature-resolved azimuthal intensity patterns during A) cooling,  
B) heating, and C) cooling again to room temperature. The representative 1D plots for D) cooling and E) heating processes. F) Temperature-dependent 
area under the (001) diffraction peak. GIWAXS measurements were performed on perovskite films.
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results in electronic defect states, which decreases the photo-
voltaic performance.[34] Notably, the disorder and the photovoltaic 
performances recover under room temperature. Heating up to 
150 °C, the impact of the disordering is significantly less severe 
than at a low temperature, and it remains reversible. Notice that 
there are the floating integrated intensities jumping between −25 
and −50 °C in Figure 4F. The located temperatures are approxi-
mately coincident with the temperatures at which the perovskite 
phase transition occurs (Figure  4A–E) and the low-temperature 
evolution trend of device performance changes (Figure  2D–G). 
These floating integrated intensities were therefore correlated 
to the phase transition of the perovskite, jointly changing the 
device performance. The corresponding 2D GIWAXS patterns 
and texture at characteristic temperatures are presented in  
Figures  S11 and S12 (Supporting Information), respectively. 
These patterns show consistent peak positions without shift as 
the temperature changes and the close peak intensity. These 
results indicate that the films have no preferred crystallite orien-
tation, and that the texture is not changing with time.

Even more, we extracted the out-of-plane and in-plane direc-
tion GIWAXS patterns by integrating the diffraction area with 
the azimuth from 89 to 91° and from 0 to 2°, respectively. The 
coexistence of tetragonal and cubic phases at low temperatures 
is reflected in Figures  S13 and S14 (Supporting Information). 
However, the cubic-to-tetragonal phase transition temperature 
is not consistent for these. Under cooling down, the out-of-
plane direction has an earlier phase transition temperature 
happening after −25 °C (Figure S15A, Supporting Information), 
compared to ≈  −65  °C in plane (Figure  S16A, Supporting 
Information). During the heating process, the perovskite shows 
a practically identical phase transition termination at −20  °C 

between out-of-plane and in-plane (Figures  S15B and S16B, 
Supporting Information). This turning point is close to phase 
transition temperature during the cooling process in the out-
of-plane direction, farther than that in the in-plane direction. 
This result suggests that the perovskite structure is recovered 
in the out-of-plane direction. Still, the recovery process in the 
in-plane direction is suppressed. Such perovskite phase transi-
tion is also reflected in the linear non-uniformity of scattering 
vector (Figures S17 and S18, Supporting Information).

2.4. Elucidating Perovskite Structural Transformation Mechanism

Figure  5 displays the temperature evolution of the scattering 
vector q. Cycling temperatures, the q along the out-of-plane 
direction evolved from 10.03 to 10.27  nm−1. This was greater 
than the value ranging from 10.07 to 10.19 nm−1 of the in-plane 
(Figure  5A,B; Figure  S19, Supporting Information). The used 
perovskites have initially the same composition and crystallinity. 
The shift of the diffraction peaks is mainly caused by tempera-
ture variation, relating to the formation of macroscopic strain. We 
therefore employed the equation σ  = [E/q0(1 + v)] · Δq instead 
of Williamson–Hall method to evaluate lattice strain, where E is 
Young’s modulus evaluated as 10 GPa, v is Poisson’s ratio evalu-
ated as 0.3, and the scattering vector constant q0 is 10.12 nm−1.[35–37]  
It can be observed that the lattice strain σ is directly proportional 
to Δq, which represents the difference between the out-of-plane 
(q⊥) and in-plane (q∥) scattering vector (Table  S5, Supporting 
Information).[38–40] The perovskite film’s out-of-plane direction 
experiences an entirely reversible q value (Figure 5A), indicating 
that the out-of-plane direction of the film returns to entirely 

Figure 5.  Strain assessment of perovskite film with temperature. The temperature-dependent evolutions of scattering vector q along A) out-of-plane 
direction and B) in-plane direction. C) ∆q is the difference between the out-of-plane (q⊥) and in-plane (q∥) scattering vectors as a function of temperature.
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strain-free after temperature cycling. However, the in-plane direc-
tion shows a certain degree of hysteresis (Figure 5B), and thus a 
residual strain after temperature cycling.[16,41–43]

Plotting Δq as a function of the temperature in Figure  5C, 
we have an overview of the lattice strain as a function of the 
temperature cycling. Perovskite film experiences an increasing 
strain as the temperature is lowered below and above room 
temperature. However, when passing through room tempera-
ture, the strain is almost entirely released regardless of the 
cooling or heating history of the sample.

We summarized the evolution of the perovskite film strain 
under thermal cycling in Figure 6.

I.	 Cooling from room temperature, the perovskite film experi-
ences an in-plane tensile strain since shrinkage along the 
in-plane (dII) was smaller than the out-of-plane (d⊥) direction 
(dII < d⊥ < 0).

II.	 Heating again to room temperature results in an in-plane 
compressive strain since the film does not recover the in-
plane (dII) completely while it recovers the out-of-plane (d⊥) 
dimensions (dII < d⊥ ≈ 0).

III.	Further heating at higher temperatures releases the in-plane 
compressive strain and induces a tensile strain in the same 
direction since d⊥ > dII > 0.

IV.	 Cooling to room temperature again releases strains 
(dII ≈ d⊥ ≈ 0).

3. Conclusion

This work examined the performance evolution of perov
skite solar cells over a broad temperature window from −160 

to 150  °C. Reducing the temperature to below −50  °C, the 
device experiences a considerable PCEs reduction despite a Voc 
increase. While heating the device, the PCEs decline margin-
ally due to the slight drop in Voc. The PCE trend relates well 
to the perovskite phase transition and crystal disordering. The 
tetragonal to cubic phase transition at low-temperature results 
in an abrupt change in PCE. Besides the phase transitions, 
the decrease and increase in temperature, respectively, endow 
an inconsistent cold compression and hot expansion of the 
perovskite film between out-of-plane and in-plane directions. 
Returning to room temperature, the crystal structure releases 
the strain and the PCE recovers systematically. Our work 
highlights the prospects of perovskite-based PV operating in 
extreme temperature environments like those experienced in 
extraterrestrial conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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