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Space Flight on the International Space Station
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Metal halide perovskites (MHPs) have emerged as a prominent new photo-
voltaic material combining a very competitive power conversion efficiency
that rivals crystalline silicon with the added benefits of tunable properties for
multijunction devices fabricated from solution which can yield high specific
power. Perovskites have also demonstrated some of the lowest tempera-

ture coefficients and highest defect tolerance, which make them excellent
candidates for aerospace applications. However, MHPs must demonstrate
durability in space which presents different challenges than terrestrial oper-
ating environments. To decisively test the viability of perovskites being used
in space, a perovskite thin film is positioned in low earth orbit for 10 months
on the International Space Station, which was the first long-duration study of
an MHP in space. Postflight high-resolution ultrafast spectroscopic charac-
terization and comparison with control samples reveal that the flight sample
exhibits superior photo-stability, no irreversible radiation damage, and a
suppressed structural phase transition temperature by nearly 65 K, broad-
ening the photovoltaic operational range. Further, significant photo-annealing
of surface defects is shown following prolonged light-soaking postflight.
These results emphasize that methylammonium lead iodide can be packaged
adequately for space missions, affirming that space stressors can be man-
aged as theorized.

are driven by human life support systems,
scientific exploration and Earth observa-
tion equipment, telecommunications, and
electric propulsion systems. There is great
interest in highly efficient perovskite-struc-
tured thin-film solar cells for space applica-
tions.2l These are promising candidates
due to their excellent optoelectronic char-
acteristics, low-cost, high performance,?
and their facile manufacturability® poten-
tially suitable for in-space manufacturing.
These traits coupled with their defect toler-
ance,”® and radiation tolerancell have gar-
nered interest for aerospace applications.
Prior to the widespread implementation of
metal halide perovskites (MHPs) into the
space environment, solar cells must pass
rigorous American Institute of Aeronautics
and Astronautics Standard 111 (AIAA-S111)
space qualification testing.'”! Low earth
orbit (LEO), 160-2000 km above the Earth’s
surface, is an ideal place to operate MHPs
either on the International Space Station or
on satellites. The harsh environment of LEO
includes thermal cycling (£120 0C), vacuum
(1010 torr), ultra-violet radiation,
exposure to atomic oxygen (flux 108-107

1. Introduction

As NASA readies technologies for Artemis missions with the
goal of a sustained human presence on the moon, there is an
increasing need for power. The expanding power requirements

AO/cm? with collision energy of 5 eV), plasma (10° cm™,
<1 eV electron temperature), and ionizing radiation of elec-
trons, protons, micrometeoroids (60 km s7!) and orbital debris
(10 km s7).M We must demonstrate MHP durability in relevant
space environments to evidence feasibility Implementing
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MHPs in spacel® must be preceded by a systematic evaluation
and understanding of long-term exposure to prevalent extreme
conditions,™ significantly different from those on Earth. Some
investigations done in laboratory settings have indicated that
MHPs are resistant to high-energy radiation! and to chem-
ical instability under ultraviolet radiation in the absence of
oxygen and moisture.’”) However, thermal cycling results in
decreased PCEP! and accelerated lightinduced degradation in
high vacuum.?>2Y This combination of results has not been
clarified any further by the few prior forays of MHP devices into
space.201924-26] DPrevious investigations have promising initial
findings but have been limited to sub-orbital altitudes and very
short flight times, on the order of hours to minutes. Additionally,
as the samples investigated have been full devices, identifying
the exact origin of the performance changes remains unknown.

Borosilicate

SiO,
DC-93-500
Borosilicate

Figure 1. Flight sample pre- and postflight. A) Schematic of the sample
stack. The MAPI film with a SiO, barrier layer is encapsulated with DC
93-500 and enclosed between borosilicate glass layers. B) Photographs
of edges of (top) flight and (bottom) control A samples taken after the
former’s return. Bold arrows indicate the direction of illumination on the
ISS. Photographs of flight sample C) preflight, immediately after fabrica-
tion, D) preflight, 290 h after fabrication, and E) postflight. F) ISS on day
52 of MISSE-13 duration. Yellow arrow highlights the position of the flight
sample aboard the ISS.
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We report the postflight analysis of perovskite thin films
encapsulated using a space-grade, low-outgassing silicone after
being flown on the International Space Station (ISS) as a part
of the thirteenth Materials International Space Station Experi-
ment (MISSE-13) and exposed to the space environment for
10 months, the longest space flight of MHPs to date. The
sample was mounted on the Zenith position of the flight plat-
form and exposed to the sun with the same orbital period as the
ISS (90 min). Control samples were left on earth in a nitrogen-
dry box. Unlike prior investigations, we have focused on the
effect of prolonged space exposure on the MHP film alone,
without the complication of charge transport layers and elec-
trodes. Comparison of static and dynamic photoluminescence
(PL) properties of both MISSE-13 (flight) and an identical con-
trol sample reveals a spectral blue-shift and increased charge
recombination rate in the flight sample. Confocal imaging
shows a higher density of surface defects in the flight film,
which is likely a contributing factor in reducing the structural
phase transition temperaturel”’) down to 56 K and enhancing
the operational range.”! However, under 15 h exposure to
continuous AM1.5 illumination, the flight sample underwent
extensive photo-healing, resulting in reduced surface defects
and a nearly three-fold increase in carrier recombination life-
time, while simultaneously exhibiting excellent photostability.

2. Results and Discussion

2.1. Optical Characterization

Figure 1A displays the composition of the stack used for both
the MISSE-13 flight and control samples. A methylammonium
lead iodide (CH3NH3PbI3, or MAPI) film was coated onto boro-
silicate glass, covered by a 50 nm layer of SiO,, followed by
Dow-Corning space-grade encapsulant DC 93-500, a low out-
gassing silicone elastomer typically used to encapsulate elec-
tronics in aerospace applications. Another borosilicate slide is
placed on the DC-93-500 during curing to complete the stack.
Arrows in Figure 1A indicate the side of the sample that faced
the sun on the ISS. Figure 1B shows side-view photographs of
an identical control (control A) and the flight sample. The top
glass layer of the latter (which faced the sun) shows yellowing,
a typical signature of electron irradiation™ in borosilicate glass.
Ceria-doped borosilicates are radiation resistant and tend to
be used for solar cell cover glasses.?®?’l In a desire to reduce
weight these products tend to be 0.005 in. thick, which is chal-
lenging to use as a process substratel33! therefore borosilicate
glass was more readily sourced and suitable for MAPI deposi-
tion. A second sample (control B) with a similar architecture but
without the SiO, layer was additionally monitored, and neither
control shows any such changes (Figure S1, Supporting Infor-
mation) to the substrates. In photographs of the flight sample
taken prior to flight, immediately after synthesis (Figure 1C),
and 290 h later (Figure 1D), we observe the formation of bub-
bles in the film. During this time the sample had been stored
under ambient conditions, with the goal of assessing any
obvious visual degradation. High-resolution imaging of the
largest gap shows a bubble trapped within the encapsulant
(Figure S2, Supporting Information). The area surrounding it
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is nonemissive, implying degradation of the film driven by the
moisture trapped within the bubble. However, this degradation
is localized and not exacerbated significantly over the duration
of the flight, as confirmed in Figure 1E, which was taken after
the completion of the mission. The control samples did not
suffer from the same problem.

2.2. Photoluminescence (PL) Spectroscopy

Fluorescence imaging via confocal microscopy in Figure 2 offers
a comparison of the spatial uniformity of each sample, obtained
via spectroscopy. Figure 2A-C are spatial maps of control A,
control B, and the flight sample, respectively. All three show the
varying distribution of regions that appear dark in this emis-
sion range (1.6 — 1.62 eV), yet they emit between 2.5 and 2.7 eV
(Figure S3, Supporting Information), likely indicating that they
are lead iodide (PbL,), a typical remnant of MAPI decomposi-
tion under the influence of moisture and oxygen.233 The pro-
tective role played by the SiO, layer is clear in the comparison
of Figure 2A,B. In the latter, 23% of the film surface shows this
degradation, while the dark regions comprise just 4% of control
A (Figure S4A, Supporting Information). However, the flight
sample has =13% of its surface optically inactive (Figure S5A,
Supporting Information), despite the passivation layer. To
assess the effect of the difference in distribution of these dark
spots, we spatially map (Figure S6A-D, Supporting Informa-
tion) emission energy and charge recombination time over a
500 x 500 um? area of all the films using scanning PL micro-
scopy and summarize the results in Figure 2E,F. The first obser-
vation is the difference between the two controls, with emission
energy E significantly blue-shifted in control B. Presence of
Pbl, within the MAPI microstructure has been known to have
this effect.?¥ However, while this may be true of control B, E is
further blue-shifted in the flight sample, which has far fewer
dark regions. The distribution of charge recombination lifetime
7, measured over the same area and extracted from exponential
fits to time-resolved PL data, follow a similar trend: recombina-
tion occurs faster on average in the flight sample than in either
control. Taken together, these data indicate that the origin of
emission energy and recombination rate variation in the flight
sample is unlikely to be Pbl, formation. A more plausible cause
is the residual strain in the thin film that develops resultant of
the rapid 4800 thermal cycles it underwent during its 10-month
stint at the ISS. The thermal strain can be calculated as the
temperature difference multiplied by the coefficient of thermal
expansion difference between each layer ( &, = AcAT). The tem-
perature change is referenced to the annealing temperature
(100 °C), where residual strains are expected to be minimized.
The thermal cycling is modeled by considering a uniform tem-
perature plate exposed to sunlight in low Earth orbit on the top
layer and thermally isolated at the bottom layer. The transient
heat equation is then solved numerically to give a temperature
profile throughout the orbit. Calculations reveal (Figure S7,
Supporting Information) that over the time period of largest
temperature decrease, MAPI experiences microscopic tensile
strains in the x and y-directions, as the material is constrained
by the thermal expansion mismatch with the glass and SiO,
layers. Because of this constraint, the perovskite experiences
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Figure 2. Comparisons of flight and control samples using static and
dynamic spectroscopies. Confocal fluorescence images of A) control A,
B) control B, and C) flight sample. D) Confocal fluorescence image of
flight sample after 15 h light soaking (LS). Scale bars: 250 um. Dark spots
indicate regions of Pbl, (Figure S3, Supporting Information). Distribution
of (E) peak emission energy E and (F) Charge recombination lifetime
7 acquired from spatially resolved emission maps of flight and control
samples (Figure S6, Supporting Information).

microscopic compressive strains in the z-direction due to the
Poisson effect, whereas the corresponding strains in glass and
SiO, are zero. The microscopic strain in the z-direction is com-
puted as the product of twice the Poisson ratio and the thermal
strain ( &, micro = 2VE). As the magnitude of the strains in the
combined x and y-directions are larger than in the z-direction,
the overall strain in the MAPI layer is expected to be largely
tensile. At low temperatures, where the magnitudes are much
higher, the resulting tensile strains could cause the valence
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Figure 3. Evaluating the effect of flight on performance stability. A) Spec-
trally integrated PL intensity and B) Spectral full-width half maximum
(FWHM) of PL emission monitored over time under continuous AM1.5
excitation, broadband and spectrally selected for flight and control sam-
ples. FWHM remains stable for the flight sample. Insets in (A) are photo-
graphs of control B before and after LS, showing extensive photo-induced
degradation as evidenced by the color change from dark grey to yellow,
signifying degradation of MAPI and formation of Pbl,.

band to move lower,?

spectral blue-shift.

increasing the bandgap and causing

2.3. Photostability

Following this initial characterization, the samples were exposed
to AML.5 solar radiation from a solar simulator while the spec-
tral properties were monitored continuously. The effects of long-
term light exposure on MHPs are complicated and vary based
on fabrication method, composition of cations and halides,
encapsulation properties, and duration of illumination.[3¢]
The spectrally integrated PL intensities of controls A and B and
the flight sample, normalized to the values at the onset, exhibit
combinations of photodarkening and photobrightening in
Figure 3A. Control A and the flight sample undergo an initial
darkening, which is then followed by a gradual increase in emis-
sion intensity during the entire LS duration. Emission intensity
of control B also decreases at the start, but does not recover.
Current understanding of photo response of MHPs indicates
both darkening and brightening begin immediately upon
exposure to illumination and proceed simultaneously, with the
dominant effect reflected in the observed data.l®l While pho-
todarkening is a result of MAPI degrading into its constituent
materials, increasing PL intensity can be driven by either pas-
sivation of trap states by photogenerated carriers, light-induced
strain release, or a combination of both.}#* In Figure 3B,
both control samples exhibit spectral broadening to varying
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extents (higher in control B). The large increase in control B is
due to MAPI degrading to Pbl, as the inset photographs con-
firm. While control A does not degrade as visibly (Figure S4,
Supporting Information), the increase in spectral full width
at half maximum (FWHM) attest to the formation of defect
states driven by MAPI decomposition, which is also reflected in
increased recombination rates after LS (Figure S4C, Supporting
Information). The flight FWHM is highly stable, which again
sets it apart from the other two. Light-induced lattice expansion
has been known to cause strain relaxation, improving PCE and
increasing emission intensity.’*) However, typically this is short-
lived and inevitably followed by the expected chemical degrada-
tion. Not only is degradation not observed immediately after the
light-soaking study in the flight sample, but confocal fluorescence
imaging repeated after light-soaking (Figure 2D) shows reduced
defect density on the film surface. The dark regions now account
for only 6% of the film (Figure S5B, Supporting Information).
By the end of LS, control B is entirely degraded and nonemis-
sive, while control A shows no noticeable change (Figure S4B,
Supporting Information). Repetition of spatially resolved emis-
sion and recombination map of the flight sample show not only
a red-shifted emission from the film (Figure 2E) but a signifi-
cant increase in charge lifetime (Figure 2F), on average thrice
the mean 7 prior to light soaking. Both indicate extensive light-
driven changes which are not observed in control A (Figure S4C,
Supporting Information).

2.4. Temperature Dependent PL

This contrast between the samples extend to their behavior at
low temperatures. Repeated and extreme thermal cycling is a
consequence of any space mission, so it is essential that sam-
ples are stable under such conditions. MHPs undergo a struc-
tural transition from tetragonal to orthorhombic crystalline
phase, which is in the range 140 — 160 K for MAPI and is accom-
panied by a change in the bandgap.”””! Figure 4A maps the PL
emission intensity of control A as a function of temperature T
and emission energy. At T = 120 K, the emission energy shifts
from 1.59 eV to 1.64 eV, indicating the transition to the higher
energy crystalline phase, highlighted in Figure 4D. The spectral
FWHM plotted in Figure 4E with temperature decreases steeply
for T < T¢. Tc =120 K is lower than typical temperatures where
this transition is observed, such as in control B, which exhibits a
Tc = 148 K (Figure S8A, Supporting Information), with accompa-
nying changes to emission energy and FWHM in Figure 4D,E. We
attribute the lower T in control A to the chemical vapor deposited
SiO, layer, since interfacial strain has been known to suppress the
phase transition temperature in MAPI by up to 25 K1

The same measurements for the flight sample show sim-
ilar results in Figure 4B, D, and E, except the phase transition
occurs at T¢ = 56 K. This is highly unusual, as the tetragonal
phase is orientationally disordered and, therefore, as thermal
vibrations are suppressed, gives way to the orthorhombic phase
where the methylammonium ions are fully ordered. Prior
instances where the crystal phase has been thermodynami-
cally stabilized at temperatures lower than the transition have
been in MHP nanocrystals.[*”! The high surface-to-volume ratio
in nanoscale structures results in the surface contributions to
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Figure 4. Structural phase transition. PL emission intensity mapped as
functions of temperature T and emission energy E for A) control A and
flight sample B) before and C) after light soaking (LS). The phase transi-
tion from tetragonal to orthorhombic crystalline structure occurs at Tc =
56 K in the flight sample prior to LS. T after LS increases. D) Peak emis-
sion energy E, and E) FWHM of PL emission plotted with T. Dashed
lines at T = T¢ indicate flight and control samples have very similar low-
temperature phase behavior except for the suppressed T of the former
prior to light-soaking.

the Gibbs free energy significant enough that a different poly-
morph can dominate. The charge dynamics with temperature
again underline clear differences between the two films. Time-
resolved PL intensity Ip; at each T is fitted with bi-exponential
fits I, =A; e + A,e™™ and the fit parameters used to cal-
culate an average charge lifetime 7=[A;7] + A,75]/[ATy + AyTy).
A decreasing 7is observed in both control samples (Figure S8B,
Supporting Information) as T is lowered, indicating that recom-
bination has excitonic contributions, confirmed by measuring
the variation of Ip; with excitation power (Figure S9A, Sup-
porting Information). Contrastingly, 7 is consistently shorter
and almost entirely temperature independent in the flight
sample. There is also a larger proportion of free carriers con-
tributing to the recombination in the flight sample than in the
control (Figure S9B, Supporting Information). Repeating these
measurements after light soaking reveal additional impact
of photo-annealing, where T of the flight sample increases
to 130 K, close to the T¢ of control A (Figure 4C-E), while the
increased 7 observed in Figure 2F persists at low temperatures
(Figure S8B, Supporting Information).

3. Conclusion

All the results thus far outline very encouraging consequences
of exposing the MAPI film to space in low earth orbit. The
flight sample is thermochemically stable. It displays a uniform
emission energy and no indication of photodarkening or defect-
induced spectral broadening for the entire 15 h duration of light
soaking. Additionally, the transition to the orthorhombic phase
is suppressed by nearly 65 K, which implies the temperature
range over which the band gap, emission energy, charge car-
rier generation, and recombination properties remain stable
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is broadened. The only potential drawback observed prior to
light-soaking was the smaller lifetime 7 compared to the con-
trol samples. Charge lifetime is a good proxy for gauging photo-
voltaic performance. Short recombination times lead to charges
recombining before arriving at the electrodes in the device
stack, potentially reducing charge extraction efficiency, and
thereby, open circuit voltage. Smaller 7 was most likely a result
of the thermal cycling-induced strain, which was released with
15 h of light soaking, altering both the phase transition temper-
ature and the recombination rates. Strain has been identified as
the most significant factor in altering T in MAPI and inorganic
halide perovskite films, where, either via lattice mismatch with
substrates™ or nano-engineering,®! it has demonstrated the
stabilization of specific structural phases. It is therefore likely
that the flight sample strain allowed the tetragonal phase to
stabilize thermodynamically, creating a unique segregated mor-
phology where microcrystalline regions of both phases coexisted
throughout the film with the lower band gap structure domi-
nating recombination. As the sample photo-annealed, strain-
release resulted in the charge lifetime increasing three-fold and
the phase transition coming closer to the control sample. And
although the lower T prior to light soaking was more desirable,
the average lowest temperature at the lunar surface is =140 K,
where the flight sample retains its tetragonal structure.

A few critical questions remain that require further investiga-
tion, one of which is the cause of the micro- or nano-scale strain
in the flight sample. The repeated thermal cycling resulting
from exposure to space might be introducing local minima in
the energy landscape that activate cooler than usual, arising from
a combination of defect creation and the resulting stress/strain.
A recent study?!l demonstrated significant PL intensity loss and
decreased lifetimes in an encapsulated MAPI film resulting
from 200+ thermal cycles, caused by repeated structural phase
transitions. The flight film undergoes a similar temperature
cycle of 4800 times over the 10-month mission, indicating
thermal cycling as a possible cause. Another candidate could be
strain caused by defects induced by radiation, either UV, which
is more intense on the ISS than on the earth’s surface,' or ion-
izing radiation. The proton flux on the ISS is estimated to be
10° cm™ impacts over the 10-month period*! with low energy
protons (0.05-10 MeV) having higher fluence.>*! A close look at
the photograph of the flight sample in Figure 1B shows that the
interface between the glass slide and the encapsulant is consid-
erably roughened compared to the control. Along with the yel-
lowing of the glass, this is another possible evidence of radiation
impact. However, SRIM (Stopping and Range of Ions in Matter)
and TRIM (Transport of lons in Matter) simulations (Figure S10,
Supporting Information) show that protons with energy up to
15 MeV are stopped at the glass/encapsulant boundary, indi-
cating that for this study radiation damage is unlikely to cause
significant damage.l”) Regardless, while the radiation hardness
of MHPs is well-documented,>” this remains a topic that
requires additional investigation using accurate stack architec-
ture and testing guidelines.[”) Another issue is understanding the
origin of the difference between the thermochemical stability of
the two samples, and how that translates to their varied response
to light soaking. With these questions in mind, we have prepared
hybrid perovskite films and device stacks for the next mission
(MISSE-15), which will provide additional answers.
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Space flight of MHP on the MISSE platform is a valuable
tool that affords the investigation of the combind effects of
LEO environment. From this, we can glean in-situ performance
and inform ground testing protocols. Through ground-based
testing, researchers have observed temperature affects mate-
rial properties and charge generation, transport, and recom-
bination. Photovoltaic performance of devices decreases as
temperature drops from 300 to 80 K.1?®! The device attenuation
at low temperature has been attributed to i) unbalanced charge
transport in the device, ii) charge injection barrier at the elec-
trode interface, and iii) charge separation barrier at the electron
transport layer/perovskite interface.**! Ground-based testing
of perovskite degradation from ultra-high vacuum with illumi-
nation has been conducted.®> However, methylammonium
under a dark ultra-high vacuum did not exhibit similar degrada-
tion, suggesting that light is a key factor.”! The material per-
formance under vacuum will alter as the MHP is surrounded
by other material layers in a device. Ground-based investiga-
tions of the impact of ultra-violet radiation-induced degradation
demonstrate that performance can be managed with photon
down-conversion or materials selection that slow UV-induced deg-
radation.’?>4 Our flight sample has simultaneously experienced
the aforementioned stressors, along with ionizing radiation and
atomic oxygen. Understanding the contribution of each environ-
mental factor on the MHP materials and devices will be of tre-
mendous benefit beyond space PV applications in addressing the
significant longevity challenges faced by MHP devices.

4. Experimental Section

Sample Synthesis and Timeline: All samples were fabricated at Case
Western Reserve University in the MORE Lab User Facility in July 2019.
The perovskite precursor solution was purchased from Sigma Aldrich
and consisted of CH3;NHsl and Pbl, in a 1:1 ratio dissolved at 40 wt.%
in dimethylformamide (DMF). The encapsulant DC 93-500 is a silicone
elastomer purchased from DOW CORNING and prepared by mixing the
precursor with the hardening agent in a 10:1 ratio, stirring thoroughly,
and then degassing at 40 °C in a vacuum oven. 30 pl of the perovskite
solution was drop cast onto glass substrates and spun at 2000 RPM
for 90 s. The resulting MAPI film was annealed on a hotplate at 100 °C
for 60 min. For the flight and control A samples, a 50 nm layer of SiO,
was deposited on top using an Angstrom Instruments Chemical Vapor
Deposition system. For control B, all steps were identical except the
SiO, deposition. In October 2019, after humidity environment testing,
samples were sent to Alpha Space Test and Research Alliance, LLC in
Houston, TX, who has a contract with NASA to provide the MISSE flight
facility (FF) services. The samples were integrated into the MISSE-FF,
and then subjected to environmental testing. The environmental
testing included a 3-axis vibration testing at 4.5 grms, and a high
vacuum bakeout at 60 °C for 25 h. The samples were left in ambient
conditions for =5 months while preparing for space flight. The flight
sample was launched aboard SpaceX Falcon on the 20" Commercial
Resupply Mission (CRS-20) on March 7, 2020. Postlaunch, the control
samples were returned to NASA Glenn for storage. On the ISS, the flight
sample was mounted on the Zenith (sun-facing) position (Figure 1F)
from March 2020 to January 2021, =10-month period, and returned to
Earth aboard SpaceX CRS-21, which landed on January 14, 2021. It was
delivered to NASA Glenn =2 months later. Data collection and analysis
for all samples began in July 2021, two years after initial synthesis.

Confocal Microscopy: LSM 880 was used to take reflection and
emission images of the flight and control samples. Samples were excited
with a 405 nm laser. Reflection images of the samples were collected by
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filtering light between 400 and 410 nm. Emission images were taken by
filtering light between 750 and 800 nm.

Photoluminescence (PL) Spectroscopy: Samples were excited with
a pulsed 532 nm laser light (NKT Photonics SuperK acousto-optic
system) with a repetition rate of 39 MHz into an optical objective. Light
emitted from the samples was filtered by a 650 nm long pass filter
before reaching the spectrometer (Princeton Instruments Acton 2300)
and single photon avalanche diode (SPAD, PicoQuant PDM series).
The Gaussian PL profile was centered at 780 nm. The spectrometer
head utilized a 500 nm blaze grating with 300 lines mm™ to disperse
the collected excitation into the CCD device. PL Maps: were taken with
a 4x Olympus objective while the sample was translated with Newport
300 stages via a custom LabVIEW program. Temperature Dependence:
The flight and control samples were loaded into a Montana Instruments
cryostation for low-temperature measurements. While at a vacuum of
90 uTorr, photoluminescence (PL) and time-resolved photoluminescence
(TRPL) data were recorded every 10 K between 10 and 290 K. Along with
PL and TRPL, photoluminescent excitation (PLE) and power dependent
PL (PDPL) were recorded at 10 K and 200 K.

AMT1.5 Stability: PL was measured every 5 min for 15 h under
continuous illumination of a AM1.5 solar simulator (Newport LSH-
7320 ABA LED Solar Simulator). The simulated sunlight was filtered
with 675 nm short-pass filter before reaching the sample. Additionally, a
750 nm short pass filter was implemented in front of the sample in each
test to filter infrared light that obscured the PL signal. A 675 long pass
filter was used in the collection path in all tests to remove the effects
of the solar simulator and record only light emitted from the sample.
The PL signal was transmitted by fiber optic cable into an Acton 2300
spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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