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ABSTRACT: We report on accelerated degradation testing of MAPbX; films (X = I or
Br) by exposure to concentrated sunlight of 100 suns and show that the evolution of light
absorption and the corresponding structural modifications are dependent on the type of
halide ion and the exposure temperature. One hour of such exposure provides a photon
dose equivalent to that of one sun exposure for 100 hours. The degradation in absorption

of MAPbI; films after exposure to 100 suns for 60 min at elevated sample temperature S E—
(~45—55 °C), due to decomposition of the hybrid perovskite material, is documented. Elevated T Degraded to Pbl,
No degradation was observed after exposure to the same sunlight concentration but at a ——
lower sample temperature (~25 °C). No photobleaching or decomposition of MAPbBr;,
films was observed after exposure to similar stress conditions (light intensity, dose, and
temperatures). Our results indicate that the degradation is highly dependent on the Room/ AN
hybrid perovskite composition and can be light- and thermally enhanced. M@EREE; § Elevatecr =

Hybrid inorganic—organic halide perovskites emerged as a
visible-light sensitizer for photovoltaics (PV) in 2009"
and proved to function as an absorber and charge transporter in
both solid-state mesoporous solar cell and standard planar thin-
film PV architectures.” Power conversion efficiency (PCE) of
perovskite-based solar cells has recently surpassed 20%.**
Simple preparation, low cost, and good optical and electronic
properties are some of the advantages of these inorganic—
organic hybrid materials.”~” Their general chemical formula is
AMX; (where A = organic cation, M = divalent metal such as
Pb, Sn, and X = halide ions),*”” and the crystal structure is
based on octahedral metal halide in the form of [MX/]*
surrounded by eight organic cations in a tetragonal or cubic
arrangement (Figure 1). Methylammonium lead halide perov-

skites (MAPbX;) is the most promising class of perovskite Figure 1. Organic—inorganic hybrid perovskite unit cell with [MX,]*
materials for PV applications with the additional advantage of octahedral anion surrounded by organic cations in cubic arrangement.
tuning their properties by varying the type of halide ions.>’ A, organic cation; M, divalent metal cation; X, halide anion.

The current challenge is the development of perovskite-
based PV combining high PCE and operational stability. accelerate the degradation rate relative to degradation under
Published data on the stability and degradation mechanisms of standard operational conditions. Recently we demonstrated the
perovskite-based PV are limited, although sensitivity of these use of concentrated sunlight for organic PV-accelerated
materials to air/moisture and light exposure is evident."’”"> degradation testing."*~'> Here we report the first results of
While the efficiency can be measured within seconds, the time accelerated degradation testing of MAPbX; films (X =T or Br)
scale for stability assessment may be on the order of months or
years, raising the need for relevant accelerated stability tests. Received: December 15, 2014
The introduction of various stress conditions (heat, increased Accepted: December 30, 2014
light intensity, oxygen/moisture environment, etc.) can Published: December 30, 2014
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under exposure to concentrated sunlight of 100 suns (1 sun =
100 mW/cm?). One hour of such exposure provides a photon
dose equivalent to that of one sun exposure for 100 hours. We
show that the evolution of light absorption and corresponding
structural modifications are dependent on the type of halide ion
and the exposure temperature.

Figure 2 shows UV—vis absorption spectra of MAPbI; film
exposed to 100 suns for various times (t = 0, 20, 40, and 60
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Figure 2. UV—vis absorption spectra of encapsulated MAPbI; films
exposed to 100 suns for various times with the thermoelectric platform
set to S (a) and 25 °C (b). The estimated temperatures of perovskite
films T, were ~25 (a) and 45—55 °C (b). The inset in panel b shows
the time evolution of the absorption degradation state (ADS), that is,
the ratio of the number of absorbed solar photons for the exposed film
to that for the as-produced film.

min) with the thermoelectric platform temperature set at S (a)
and 25 °C (b). It should be noted that the temperature of the
film on a glass substrate under concentrated sunlight is always
higher than the set value of a thermoelectric platform. On the
basis of our previous work,'"> we estimate the sample
temperatures to be T, ~25 °C and 45—55 °C when the
thermoelectric platform is set to 5 and 25 °C, respectively. The
typical MAPbI; absorption spectrum shows strong absorption
in the range of 400—520 nm and the onset at ~780 nm
corresponding to the material’s optical band gap E; = 1.58 eV’
The absorption of a MAPDI, film after various exposure times
to 100 suns, where T, was ~25 °C, was found to be
unchanged (Figure 2a). On the contrary, the same sample
exhibited a degradation in absorption after 100 suns exposure at
T. 45—55 °C (Figure 2b). The original dark brown color of
the film started fading in the illuminated area (just beneath the
kaleidoscope) and finally became yellowish. We quantified the
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degradation by calculating the ratio of the number of absorbed
solar photons (from the AM1.5G spectrum) for the exposed
film to that of the fresh sample as a function of the exposure
time'® (for the calculation method see Supporting Informa-
tion). This ratio showed a slight gradual decrease with exposure
time (by ~7% for 60 min) (Figure 2b, inset).

Perusal of the data shown in Figure 2b can shed light on the
photobleaching mechanism. Absorption in the range of 400—
460 nm was found to increase with exposure time, and the
formation of a hump between 400 and 480 nm became more
prominent. Such absorption evolution suggests that decom-
position of the hybrid perovskite material with crystallization of
its inorganic component Pbl, occurs during the exposure.'™ ">
A possible pathway for such degradation under illumination in
the presence of moisture was proposed by Niu et al'' It
includes MAPbI; decomposition to Pbl, and MAI with further
dissociation of MAI to methyl amine, iodine, and water
molecules. Frost et al.'” suggested a slightly different
decomposition mechanism in the presence of water, also
resulting in the release of Pbl,, MA, HI, and H,O. Either
mechanism can explain our observations.

Pbl, crystallization was directly confirmed by XRD measure-
ments. Figure 3a,b shows XRD patterns of MAPbI; film in its
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Figure 3. Normalized XRD patterns of (a,)b) encapsulated MAPbI,
film in as-produced state and after exposure to 100 suns at T ~45—
55 °C and (c) pristine Pbl, powder. The peak intensities were
normalized by the intensity of the highest peak in each case.

as-grown state and after 1 h of exposure to 100 suns at Ty ~
45—5S °C. The former diffractogram (Figure 3a) contains
characteristic reflections of the MAPbI; perovskite tetragonal
phase.'® After exposure, the decreased intensities of these
reflections and the appearance of the intensive reflection at
12.6° can be observed (Figure 3b). This peak is attributed to
the (001) reflection of hexagonal Pbl, (JCPDS-ICDD card 7—
235). This and other peaks (marked by asterisks) in the
exposed film’s diffractogram coincide with XRD reflections
from pristine Pbl, powder (Figure 3c). The increased
background in the exposed film’s diffractogram (Figure 3b)
may be related to the amorphous organic component (MAI,
methylammonium iodide) of the decomposed film. Low-
intensity peaks of tetragonal MAPDI; were also present in the
exposed film’s pattern (Figure 3b), indicating the incomplete
decomposition of MAPbI; during the exposure.

Our results indicate the strong effect of heating on MAPDI;
photobleaching under concentrated sunlight. To verify that the
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degradation was caused by the exposure to concentrated
sunlight, we also measured the absorption after sample
annealing at elevated temperatures in the dark. Figure 4

3.0

1.02
2.54 101 /'/
3 2.0 o /
g
2 1.51 ™
o 720 30 40 50 60 70 80
g 1.04 Temperature (°C)
—— at 25°C|
at 35°C|
051 atssc
——at 75°C
0.0 T T T
400 500 600 700 800

Wavelength (nm)

Figure 4. UV—vis absorption spectra of MAPDI, film before and after
annealing for 1 h in the dark at 25, 35, 55, and 7S °C. The inset shows
the temperature dependence of the absorption degradation state
(ADS), that is, the ratio of the number of absorbed solar photons for
the exposed film to that for the as-produced film.

shows the UV—vis absorption spectra of a MAPbI; film before
and after annealing for 1 h in the dark at 25, 35, 55, and 75 °C.
No photobleaching was observed. Furthermore, some increase
in the absorption at the entire spectral range was evident. This
may be attributed to improved crystallinity of the hybrid
perovskite material after the annealing. These control experi-
ments verify the role of illumination as an enhancing, possibly
crucial, factor for the decomposition of MAPbI,;. We therefore
postulate that the decomposition mechanism of MAPbI; is
light- and thermally enhanced or initiated.

The observed thermal enhancement of the photodegradation
can be a manifestation of thermally accelerated chemical
decomposition mechanisms previously discussed as well as a
result of enhanced penetration of moisture/oxygen into the
encapsulated samples due to thermally enhanced diffusion or
due to degradation of the encapsulation. We note that the
development of stable and efficient encapsulation is a necessary
condition for industrialization of this novel photovoltaic
technology.

Stability tests of the bromide counterpart MAPbBr; were
compared with those of MAPDI;. Figure 5 shows the light
absorption spectra of a MAPbBr; film exposed to 100 suns for
various times at elevated sample temperature, that is, T,
45—55 °C. No photobleaching was recorded. All spectra
include the onset at ~540 nm corresponding to the optical
band gap of MAPbBr;, E, ~ 2.3 eV."” The MAPbBr; stability
was supported by the lack of changes in the XRD patterns of
these films before and after exposure (Figure S2 in the
Supporting Information). A similar stability was observed for
MAPDBr; films exposed at T, =~ 25 °C under similar
conditions (Figure S3 in the Supporting Information). The
demonstrated better stability of MAPDbBr; films under
concentrated sunlight is in agreement with such observations
under 1-sun, which were obtained without encapsulation and
under significantly smaller photon doses.'**

The decomposition of MAPbI; was previously suggested to
be induced by illumination in the presence of water and to be
initiated by breaking one of the Pb—I bonds, followed by
further decomposition steps.'”'” We postulate that the better

Stz
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Figure S. UV—vis absorption spectra of an encapsulated MAPbBr; film
exposed to 100 suns for various times at T, & 45—55 °C.

stability of MAPbBr; perovskite films, compared with their
iodide counterpart, results from differences in bond strengths
and in their crystalline forms. The Pb—Br bond was calculated
to be stronger and shorter compared with the Pb—I bond,**
and hence its breaking is expected to be more difficult. In
addition, hybrid halide perovskites are expected to be stabilized
by halogen-(amine) hydrogen bonds.**** The increased
strength of the H—Br bond compared with the H—I bond,
resulting from larger Br electronegativity, can further contribute
to the relative stability of the MAPDBr; perovskite.
Furthermore, at room temperature, the MAPDbBr; crystal
form is cubic with Pm3m space group, whereas MAPb, is in
a distorted 3-D perovskite structure in tetragonal crystal
arrangement with 4/mcm space group.”**® This structural
difference between the two perovskite materials originates from
the ionic radius difference between Br™ and I” ions with six-fold
symmetry, which are 1.96 and 2.2 A, respectively.'®*® Because
cubic structures may be denser than tetragonal ones, they are
expected to be less prone to attack by external species such as
water. We note that despite the careful encapsulation used here,
residual water may be present in the perovskite films and
contribute to its decomposition.

Despite the better photochemical stability of MAPbBr; films,
the higher optical band gap of this material (E, ~ 2.3 vs 1.58 eV
for MAPbL;) would reduce the PV performance of MAPbBr,
single junction devices.® We propose that MAPbBr; can be
efficiently used as a top sub cell in future tandem architectures
of perovskite-based PV. A mixed halide perovskite, MAP-
bI(3_x)Brx,10’16’18’27 may also have the potential to achieve
perovskite-based solar cells that combine high efficiency and
stability.

In summary, the stability of encapsulated MAPbX; (X =1 or
Br) perovskite films was studied using concentrated sunlight.
We have shown the photobleaching of MAPbDI; films after
exposure to 100 suns for 60 min at elevated sample
temperatures (T, ~ 45—55 °C) due to decomposition of
the hybrid perovskite material and crystallization of its
inorganic component Pbl,. No degradation was observed
after MAPDI; film exposure to the same light intensity and dose
but at lower sample temperatures (T, ~ 25 °C), indicating
that degradation by photoinduced decomposition is thermally
enhanced. Heat treatment of similar films in the dark did not
result in degradation in the absorption or decomposition. We
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therefore postulate that the observed degradation is induced/
accelerated by a combined effect of light and heat during
concentrated sunlight exposure and is possibly related to
penetration of ambient species to the encapsulated samples.

MAPDBr; films demonstrated higher stability. No photo-
bleaching or decomposition was observed after exposure of
these films to similar stress conditions (light intensity, dose, and
temperature). The better stability of MAPbBr; perovskite films,
compared with their iodide counterpart, can possibly be related
to differences in bond strengths and in crystalline forms
between the two perovskites. A mixed halide perovskite,
MAPbI;_,\Br,, with a larger band gap than MAPbBr;, may
therefore have the potential to achieve perovskite-based solar
cells that combine high efficiency and stability.

Our results constitute a basis for further detailed
investigations using longer exposure times and higher photon
doses as well as comparing the effect of various light intensities
with the same doses. Such further research should provide a
deeper understanding of the mechanisms of degradation under
various light intensities (including those for one sun) and a
systematic comparison of the corresponding degradation rates.
It can assist in the development of cross-validated accelerated
stability testing of perovskite-based materials and solar cells
with scaling relations between the degradation rates under
photovoltaic operational conditions (one sun) and under
concentrated sunlight.

B EXPERIMENTAL METHODS

Synthesis of Perovskites and Film Preparation. MAPbI; and
MAPDBr; films were deposited onto glass substrates using a
procedure whose details were reported elsewhere® and
encapsulated using a glass coverslip. In short, glass substrates
were carefully cleaned and the perovskite films were deposited
using the two-step synthesis method in a glovebox. In the first
step, a concentrated solution of Pbl, or PbBr, in DMF was
spin-casted on the glass substrate, followed by annealing for 30
min at 90 °C. In the second step, the PbL,/PbBr, films were
immersed in a 10 mg/mL solution of methylammoniumiodide
(MAI)/methylammonium bromide (MABr), respectively, in
isopropanol for 30 s, resulting in MAPbI;/MAPbBr; films,
respectively. As-prepared perovskite films were annealed at 90
°C for another 30 min. The encapsulation of these films was
done inside the glovebox using a DuPont Surlyn film as a
spacer and sticker for the upper glass by melting it using a
welding pen.

Exposure of Films to Concentrated Sunlight. Sunlight collected
and concentrated outdoors was focused into a transmissive
optical fiber and delivered indoors onto the sample (Figure Sla
in the Supporting Information).”*** Flux uniformity was
achieved with a 2.5 cm long, 0.25 cm’ square cross-section
kaleidoscope placed between the distal fiber tip and the sample
(Figure S1b in the Supporting Information).”* Sunlight
exposures were performed in Sede Boger (Lat. 30.8°N, Lon.
34.8°E, Alt. 475 m) during clear-sky periods around noontime,
where the solar spectrum was found to be very close to the
standard AM1.5G solar spectrum at that time.** The spectrum
of light delivered to the sample was also close to the AM1.5G.**
The concentration of sunlight delivered to the sample was
measured using a spectrally blind pyranometer (thermopile) of
5% accuracy. During the exposure, the samples were thermally
bonded to the top of a thermoelectric temperature controller,
which was set at S or 25 °C. The temperature at the “sample/
thermoelectric table” interface was measured with a thermo-
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couple (T type) connected to the sample using a silver paste;
that is, it measured the real sample temperature rather than that
set for the thermoelectric table. Silver paste is an excellent heat
conductor with high reflectivity, which minimized light
absorption by the thermocouple itself.

Optical and Crystallographic Characterization. The UV—vis
absorption spectra of the films were recorded using a Cary 5000
UV—vis—NIR spectrophotometer (Agilent Technologies). For
control experiments, samples were annealed in the dark at 35,
55, or 75 °C for 1 h. X-ray diffraction (XRD) data were
collected with Panalytical Empyrean powder diffractometer
equipped with position-sensitive X Celerator detector using Cu
K, radiation (4 = 1.5405 A) and operated at 40 kV and 30 mA.

B ASSOCIATED CONTENT

© Supporting Information

Schematic representation of solar concentrator, pre- and post-
exposure UV—vis absorption spectra, X-ray diffraction patterns
of MAPDbBr; perovskite films and the calculation method of the
number of absorbed solar photons. This material is available
free of charge via the Internet at http://pubs.acs.org.
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