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In this study we investigate the light and heat-induced degradation of methylammonium lead iodide (MAPbI3)
perovskite films in an inert atmosphere to exclude the effect of oxygen and humidity. Films aged under solar
intensities started to degrade above 75 °C, while films in the dark degraded at 95 °C. To investigate the tem-
perature-induced degradation mechanism, spectroscopic techniques such as Ultraviolet-Visible (UV-Vis) ab-
sorption spectroscopy, X-Ray Diffraction (XRD), Extended X-ray Absorption Fine Structure (EXAFS), and Fourier

Transform Infrared (FT-IR) were used. Results show that the films aged under light at 75 °C degraded to a
mixture of Pbl, and metallic Pb. In contrast, films aged thermally in the dark, or with light and oxygen, degraded
to Pbl, only. MAPbDI; solar cells were aged to show the effect of the metallic lead on the charge transfer me-

chanism.

1. Introduction

Organometal halide perovskites (OMH-perovskite) with the struc-
ture ABX3 (A = organic cation, B = metal cation, and X = halide
anion) have unique properties such as a tunable band gap, easy fabri-
cation process, high extinction coefficients, low recombination rate,
high carrier mobility, and enhanced power conversion efficiency (PCE)
up to 22.1%, indicating that OMH-perovskite has a great potential in
photovoltiacs applications [1-6]. However, the rapid instability of the
material in the presence of environmental elements, such as light,
oxygen, heat, and moisture, limits its application in industry [7-9].
Different types of environmental exposure can induce different de-
gradation pathways, so it is important to examine the degradation of
the OMH-perovskite samples under each condition to have a full as-
sessment of the stability of the material. Many degradation studies have
focused on oxygen and water, however both can be kept from inter-
acting with the perovskite layer using proper encapsulation. However,
solar cells are all subject to operation under light and elevated tem-
peratures. To date, only a few studies have been done on the stability of
OMH-perovskite films and solar cells with light in the absence of water
[10-12]. Based on these studies, oxygen is critical in the light induced
degradation of MAPDI; films, while in the absence of oxygen, the per-
ovskite films were found to be stable. However, the stability of
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perovskites under light at varying temperatures has not been fully ad-
dressed.

In this work, we examined the degradation of MAPbI; perovskite
films and solar cells with light in an inert atmosphere at two different
temperatures (55 °C and 75 °C). In addition, we evaluated the thermal
stability of perovskite films in the dark at three temperatures (75 °C,
85 °C, and 95 °C) to have an accurate assessment of the thermal factor
in the light degradation mechanism. Our data show the MAPbI; per-
ovskite to be stable under intense light of approximately 360 mW/cm>
at 55 °C, but under the same conditions at an elevated temperature of
75 °C, it degrades to a mixture of Pbl, and metallic Pb. The influences of
different degradation processes on the samples were investigated in
detail.

2. Material and methods

The materials used in these experiments include N,N-di-
methylformamide (DMF, spectroscopic grade, OmniSolv), 2-propanol
(spectroscopic grade, Fisher Scientific), Lead iodide (PbI2, 99%, ACROS
Organics, Fisher Scientific), and methylammonium iodide (MAI,
Dyesol), TiO, nanopatricles (Solaronix), and Poly-3-hexylthiophene
(P3HT, Sigma-Aldrich). All chemicals were used as received without
any further purification. The methylammonium lead iodide (MAPbI3)
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films were prepared in air at humidity level of 40% = 2% RH on
cleaned borosilicate glass and quartz slides using a slightly modified
two step method [13]. The films were prepared by spin coating 50 pl of
dissolved Pbl, in DMF (461 mg/ml) at 6000 rpm for 5 s, then dried at
80 °C for 30 min in air. 150 pl MAI solution (10 mg/ml in 2-propanol)
was spin-coated on the films for 1 min at 0 rpm (loading time), then for
20 s at 3000 rpm to remove the excess. The films were dried again at
80 °C for 30 min in air. This preparation method gives MAPbI; thin
films with thickness of ~ 250 nm. MAPDbI; solar cell fabrication is de-
tailed in the Supplementary information.

The degradation process was induced by heating the samples with
light using a mercury lamp (spectrum in Fig. S1), with illumination
intensity of 360 (= 10) mW/cm? (high intensity compared with
100 mW/cm? AM1.5 solar light, though heavily weighted in the UV) in
a nitrogen filled environment with very low oxygen and humidity levels
(< 10 ppm and < 0.1 ppm, respectively). For samples characterized by
temperature degradation without light, samples were placed on a hot-
plate and heated to the desired temperature in an N, glovebox. Surface
temperatures of the thin film were recorded over time, and are con-
sidered the temperature of the sample.

To facilitate the comparison of samples aged at different conditions,
we will use the formula X-Y-Z to label the samples, where X is D (dark)
or L (light) to indicate whether the sample was subjected to light or
kept in the dark; Y is N, or O,, representing whether the sample was
aged in nitrogen or dry air; and Z is the temperature of the sample
substrate, in Celsius. For example, the sample label D-N;,—95 re-
presents the sample aged in a dark, N, filled environment with a sub-
strate temperature of 95 °C, and the label L-O,—22 represents the
sample aged in dry air at 22 °C with light exposure. Table (S1) in
Supplementary information provides the details of each sample ac-
cording to its label.

The optical absorption spectra of the films were measured using a
Jasco V-670 spectrophotometer. XRD analysis (XRD, Rigaku Americas
Miniflex Plus powder diffractometer) was performed at a voltage of
40 kV and current of 44 mA, with a scanning angle range of 10-60° (26)
with a rate of 3°/min. Fourier Transform Infrared (FT-IR) spectra were
recorded with a Perkin Elmer Spectrum One FT-IR spectrophotometer
using KBr pellets as substrates. The Pb Ly; edge EXAFS data were col-
lected at the Stanford Synchrotron Radiation Lightsource (SSRL) on
beamline 4-1 using a Si (220) double monochromator, detuned 50% at
13,200 eV to reduce harmonics. The data were collected in fluorescence
mode with a Ge multi-channel detector at a temperature of 8 K. Slit
heights were approximately 0.4 mm, which gives an energy resolution
of ~1.3 eV. The data were reduced using standard techniques (RSXAP)
[8], converted to k-space, and Fourier transformed to r-space. The
Fourier transform range for all the samples is 3.5-12.5 A~! with a
window rounding of 0.3 A~

3. Results and discussion

The light induced degradation of MAPbI; perovskite films was ex-
amined in a dry, N, environment to exclude the role of oxygen and to
avoid the destructive effect of humidity. The stability of the perovskite
films exposed to light of 360 + 10 mW/cm? was monitored over the
course of 4 days at two different temperatures (55°C + 2°C and
75 °C = 2 °C). The experimental setup is detailed and illustrated in the
Supplementary information. The perovskite films aged at 55 °C were
stable, showing no visible change; meanwhile, films aged at 75 °C were
visibly degraded. We found this interesting, as previous publications
investigating light induced degradation of perovskite material in N
atmosphere concluded that it had either a negligible or no sign of de-
composition [10-12,27]. The film aged at the lower temperature is in
agreement with those previous studies; however, the film aged at the
higher temperature showed the opposite result, indicating an additional
factor initiated this unanticipated decomposition. Furthermore, the
degraded film had a unique gray-yellow color post degradation, which
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Fig. 1. The UV-Vis absorbance spectrum of MAPbI; perovskite films aged with intense
light in N, filled environment in different positions. Top: the curves represent the per-
ovskite film aged facing away from the lamp (face down) with temperature of 55 °C.
Bottom: the curves represent the perovskite film aged facing the lamp (face up) with
temperature of 75 °C.

is uncommon and does not resemble the bright yellow color of Pbl,
films - the typical remnant material after MAPbI; degradation. An
image of the film before and after degradation process, compared with
films aged in different setups, is shown in the Supplementary in-
formation (Fig. S3). By taking the UV-Visible absorbance spectra of the
aged samples for 4 days of continuous illumination, as seen in Fig. 1, we
confirmed that only the sample exposed to light with elevated tem-
perature was degraded and lost the signature perovskite onset at
790 nm that reflects the optical bandgap (E, = 1.56 eV) [14].

To understand the role of heat in the degradation process, the sta-
bility of MAPDI; films were observed at different temperatures (75 °C,
85 °C, and 95 °C) without light exposure. The perovskite films were
aged on a hotplate in a dark, N, filled setup; their UV-Vis absorbance
spectra are illustrated in Fig. 2. It is clear that after 1 day the perovskite
started to show slight degradation at 85 °C, and showed almost com-
plete degradation at 95 °C. This result is in agreement with previous
studies that reported thermal decomposition in MAPbI; at 85 °C in an
inert atmosphere [15,16]. Meanwhile, the sample kept at 75 °C, the
same temperature as the degraded sample under light, did not shown
any sign of degradation. Therefore, it is likely that the intensity of the
light added energetic effects to trigger degradation of the perovskite at
75 °C.

To determine the degradation pathway, the changes in the per-
ovskite structure aged under these various conditions were measured
via XRD analysis, as shown in Fig. 3. For comparison purposes, MAPbI;
films were prepared and aged under light in dry air at room tempera-
ture (22 °C) using the same setup detailed in a previous paper [10]. It is
well documented that O, plays a crucial role in light induced de-
gradation of perovskite, where free radicals such as superoxides are
generated and subsequently interact with the organic cation of the
perovskite molecule, which leads to degradation to Pbl, [10-12]. As
shown in Fig. 3, The fresh sample showed the expected diffraction
peaks assigned to (110), (220), (310) and (330) at 14.23°, 28.47°,
31.85° and 43.08° respectively, with lattice parameter values of a
12.5A,b = 26.6 A,and c = 8.92Aand @ = B = y = 90° that indicate
an orthorhombic structure [17]. The XRD spectra of the degraded
MAPDI; films (light in dry air and in dark with high temperature
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Fig. 2. UV-Vis absorbance spectra of MAPbI; perovskite films aged in dark in an N, filled
environment, at three different temperatures (75 °C, 85 °C, and 95 °C).
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Fig. 3. X-ray diffraction (XRD) spectra of MAPbI; perovskite films in different conditions:
as prepared (black), aged in dark at 95 °C (red), aged under light in dry air at room
temperature ~ 30 °C (blue), and aged under light in N, filled environment at ~ 75 °C
(green). Pbl, peaks at 20 = 12.5° are marked by asterisks; MAPbI; peaks at 20 = 14.23°,
28.47° are marked by solid triangles; and metallic Pb peak at 26 = 31.25° is marked by
the open circle. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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(95 °C)) show only peaks that are assigned to hexagonal Pbl, (20 =
12.5°). Meanwhile, the film aged with light at 75 °C in inert atmosphere
(face up) shows a mixed phase of hexagonal Pbl, (20 = 12.5°) and
cubic metallic Pb (26 = 31.25°, 52,23°) [27].

Degradation to metallic lead has previously been reported in a
studies that involved aging perovskite in vacuum [27,28]. Li et al. in-
vestigated the degradation of MAPDI; films irradiated by a blue light
laser (wavelength 408 nm) with intensity of about 7 times of AM1.5 in
ultrahigh vacuum and conversion to metallic lead was noticed. The
author concluded that the perovskite decomposed due to sensitivity to
laser irradiation rather than heating effects of the laser [28]. Ad-
ditionally, Tang et al. studied the photoinduced degradation of MAPbI;
films at different environmental conditions including air, pure N, gas,
and vacuum. The study confirmed that perovskite was stable under
light in N, and metallic lead formation was only found in the samples
degraded in vacuum. It was deduced that during photostress in vacuum,
highly volatile methylammonium iodide is formed and lost, causing
iodine vacancies that eventually reduced Pb>* to Pb° [27]. However,
since our results show metallic lead formation in an N5 environment
contrary to both of these studies, we conclude that more studies are
needed to fully understand the different mechanisms of degradation.

To further evaluate the Pb metal degradation pathway, extended x-
ray absorption fine structure (EXAFS) analysis of the Pb Ly absorption
edge was conducted. The region starting ~30 eV above the absorption
edge is the EXAFS region where the X-ray absorption oscillates with
energy. A background subtraction is carried out to remove contribu-
tions from other atoms; this isolates the absorption step and the oscil-
latory region. Above the absorption edge,

p= g + % (¢))

where |, is a slowly varying function, and y is the EXAFS function. By
extracting 7, the local crystal structure can be probed. This entails re-
moving the slowly varying function, o, converting from energy to k-
space and performing a fast Fourier transform of k*y (k). The resulting
function in real space (r-space) has peaks corresponding to each shell of
neighboring atoms. For the Pb Ly data the transform window is
3.5-12.5 A7, where:

_ Medge (E) )

k
x(K) D)

(2)

The EXAFS function, (k), can also be calculated for known crystal
structures using FEFF7 [18]. More importantly, the contribution for
each individual pair distribution, corresponding to a neighboring shell
of atoms, can be calculated; when transformed to r-space each function
has a peak at a well-defined distance. These individual standards are
summed to fit the real-space data using the RSXAP package [19].

The EXAFS data are shown in Fig. 4 for three samples aged under
different conditions; the top panel shows data for the sample degraded
under light exposure where the temperature of the film was 75 °C (L-N»-
75). This film is the only one with a significant fraction of Pb metal
present. The other two samples (aged in dark at 95 °C — D-N,-95 — and
with light at room temperature — L-O5-22) show only the Pb-I first
neighbor peak below 4 A. The data above 4.5 A for the sample aged in
the dark at 95 °C (not shown) shows the presence of the Pb-Pb peak
from Pbl,, indicative of the formation of Pbl, as described in previous
work [10]. These data were fit over the range 2.8-4.0 A to a sum of two
FEFF7 generated peaks: a Pb-I peak from a MAPbI; structure and a Pb-
Pb peak from simple Pb metal. For the sample exposed to light in N,
with a film temperature of 75 °C (L-N»-75), the fit yields a non-negli-
gible contribution from the Pb-Pb peak generated from a cubic lead
crystal. For this sample, the resulting aged film contains 39.5% metallic
lead. Alternatively, if the same data are fit using a linear combination of
previously acquired MAPDI;, Pbl, and metallic Pb data, we again obtain
the same fraction — 39.5% metallic Pb. Goodness of fit is better for the
fit with theoretical standards (see Table S2 in Supplementary
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Fig. 4. Left: Real-space EXAFS data for samples aged under different conditions (circles)
and the fit (green line). Right: Peaks (components) for each fit. These fits use FEFF7
generated standards and show the difference between the sample exposed to light in N, at
T = 75°C and the other samples. The fit of the former requires a nearly equal combi-
nation of a Pb-I (perovskite) peak (red) and a Pb-Pb (metallic Pb) peak (blue) near 3.5 10\,
compared with almost no Pb-Pb contribution from Pb metal in the other two samples.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

information).

In contrast, fits of the r-space data for a sample kept in the dark at
95 °C (D-N»-95) and a sample exposed to light and dry air at room
temperature (L-O,-22) had a negligible contribution from this metallic
Pb-Pb peak. The r-space data differ between the sample exposed to light
in N, with a temperature of 75 °C and the other samples near ~ 3.5 A
and 6 A. From Fig. 5, it is evident that the prominent peak positions for
the metallic Pb data occur at these distances.

To analyze the change in the molecular structure of the organic
component of the perovskite films, FT-IR was performed before and
after degradation for the sample exposed to light at 75 °C (Fig. 6a) and
the sample in the dark at 95 °C (Fig. 6b). As demonstrated in Fig. 6, the
characteristic vibrational bands of methylammonium are identified.
The bands are assigned to CHj rocking at 910 cm ™ *; C-H scissoring at
1470 cm ™! for the CH; functional group; N-H wagging at 660 cm™;
NH; rocking at 947, 961, 1252; NHj scissoring at 1654 em™!; and N-H
stretching at 3208 cm ™! for the NH; functional group [20-22]. In the
case of the sample degrading via the combined effect of light and heat
(Fig. 6a), it is clear that the ammonium bands, especially at 660 em™ Y,
947 cm ™!, and 1654 cm ™, have decreased significantly in intensity
compared to the methyl bands. This result indicates that the con-
centration of NH3 functional groups in the sample is declining at a
higher rate than the concentration of CHs. This may be due to a de-
protonation process that converts the ammonium molecules to amines,
or some other mechanism that requires the loss of NH; molecules. In
Fig. 6b, the FT-IR spectra of the film degraded by heat alone also shows
a decrease in the ammonium bands, which indicates that the NH bonds
are the weakest link in the perovskite structure. In a previous in-
vestigation, the thermal degradation of MAPbI; was studied, and NH3
and CH,l gasses were observed by using thermal analytical techniques
such as thermal gravimetric analysis (TGA) and differential thermal
analysis (DTA) coupled with a mass spectrometer [3]. The proposed
degradation mechanism is seen in Eq. (3). Since the boiling points of
NH; and CHsl are —33.34 °C and 42.43 °C respectively, the ammonium
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Fig. 5. Real-space EXAFS data overlaid to show the phase matching (Re{y}) of metallic
Pb (red line) to the data collected for the sample exposed to light in N, at 75 C (black
diamonds). The dashed blue line is Pbl, data which is the expected product of perovskite
degradation. There is a clear phase mismatch in the region at ~ 3.5 A, as seen in the
magnified inset. The metallic Pb data (reference data collected in 1994) are scaled by 0.5
just to make the amplitude comparable. The EXAFS r-space data (L-N2-75) in the other
region of interest, near ~ 6 A, also match well with the peak seen in metallic Pb data.

T T T T T

L-N,-75 P

— —— Fresh
B e Degraded o i
i N
<
~ |
3 N-H
g wagging
-: -
= N
& NH;  cH; |
& rocking  rocking
= | scissoring \

- C-] B

N-H St
scissoring

stretching
1 L

1 1 1 1
3500 3000 2500 2000 1500 1000 500

-1
(a) Wavenumber (cm )
i D-N,-95
L —— Fresh i
g = Degraded
Q
Q
b=t
] F 14
£ " i W i wagging
g i i
b7 / 4
§ S NH; ¥\
= N-H scissoring C-H rocking CH, i
stretching scissoring rocking
3500 3000 2500 2000 1500 1000 500
-1
(b) Wavenumber (cm )
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75 °C and (b) at 95 °C in dark.
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Fig. 7. Conductance values at 1 V applied voltage of MAPbIj; solar cells aged for 4 days in
N, atmosphere under different conditions — dark at room temperature (22 °C), dark at
95 °C, light at 55 °C, and light at 75 °C.

molecule leaves the structure at a higher rate than the methyl iodide
[23,24]. This may explain the greater decrease in N-H bands compared
to the C-H bands in Fig. 6b.
CH;NH;PbL(s) —A> NH;(g)+CH;I(g) + PbL(s) 3)
However, in the case of degradation with light at 75 °C, the solid
resultant product of the mixture of metallic lead and lead iodide might
be attributed to the weak nature of the iodine bonds that can break and
lead to iodine sublimation under the photothermal stress [25]. There-
fore, the degradation mechanism induced by both light and heat could
be initiated with the breakage of the iodide bonds. To further in-
vestigate our proposal, we prepared a lead iodide film (using the first
step of the two steps method mentioned in the experimental section)
and aged it under direct light in N, at 75 °C and noticed the color
transformation from bright yellow to gray, indicting the loss of iodine
and converting a large portion of it to metallic lead. We confirmed the
change in structure by taking XRD before and after degradation (Fig.
S5). This would seem to indicate the breakdown of the MAPDI3 to PbI2,
followed by photodissociation of the Pb-I bonds resulting in neutral
lead and iodine atoms:

PbL(s) e [Pb2*t42I~ — Pb+2e +2I7] v Pb(s)+2I(g). @

It would seem reasonable to assume that the elevated temperature
of the sample provides a drop in the photodissociation energy of the
PbI, molecule, hence allowing the breakdown under the same light
levels of samples above a certain temperature.

To evaluate the impact of the degradation pathway on the device
performance, MAPbI; solar cells were fabricated and aged in an inert
atmosphere under the following conditions: dark at room temperature,
dark at 95 °C, light at 55 °C, and light at 75 °C. The device fabrication
and aging processes, the solar cell parameters, and JV curves are de-
tailed in the Supplementary information. Fig. S7 shows the normalized
values of the solar cell parameters of the aged devices (Js., Vo, FF, and
PCE). The devices kept in dark at room temperature and under light at
55 °C did not suffer a loss in their efficiency or a significant change in
their parameters. Devices kept in dark at 95 °C after 1 day had an initial
drop (~ 23%) in the values of V,. (from 0.89 to 0.69 V), which is in
agreement of reported V,. values of MAPbI; and PbI, solar cells re-
spectively [26], confirming the degradation of MAPbI; to Pbl,. The V.
values remained at the same level for the rest of the degradation process
indicating that Pbl, was the final degradation product of the active
layer. Meanwhile, in the device degraded under light at 75 °C, the V.
continued to drop over time, reaching ~ 75% of its initial value. The
rapid decrease in V. is due to the formation of lead, which leads to
shunting paths through the device. Another indicator of lead formation
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is the conductance (G) values of the aged devices. In Fig. 7, the evo-
lution of conductance values at applied voltage of 1 V of the aged solar
cells is illustrated. This shows that the conductance of the sample aged
at 75 °C under light rapidly increased to over 5 times its initial value,
which is expected to be due to the transition of portions of the MAPbI;
to Pb metal. The other aging conditions do not show a significant in-
crease in conductance values, which suggest no lead metal was forming
in these samples.

4. Conclusion

In summary, we report on the degradation of MAPbI; films and solar
cells in an N, environment with light and found that temperature plays
a crucial role in the degradation mechanism. The film degraded under
light at a temperature of 75 °C contained both metallic Pb and Pbl,, in
contrast to the thermal degradation of the film in the dark beginning at
85 °C resulting in only Pbl,. This indicates two separate degradation
pathways — the former due to a combination of thermal and photo
dissociation, and the latter due to only thermal dissociation, with very
different resultant products.

While the role of high temperatures has been shown to break down
the MAPbI; perovskite to the Pbl, precursor, we show the importance
of the light interaction in the breakdown temperature, and the addi-
tional negative effects of light resulting in the formation of metallic
lead. This has strong implications for the future role of perovskites in
solar applications, especially in current interests in multijunction cells
and in solar concentrators. By understanding this breakdown, the cor-
rect preventative measures can be taken to keep the perovskite active
layer from decaying to even worse conditions than excess lead iodide in
the system.

Further work must be done to understand the temperature/light
relationship and energies involved in the iodine-lead dissociation, and
addition of electrical load to an active perovskite cell under light with
elevated temperature. However, recognizing the resultant films brings
us a step closer to making perovskites a competitive player in the thin
film photovoltaic industry.
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