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Intrinsic Behavior of CH;NH;PbBr; Single Crystals under

Light Illumination
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Single crystal CH;NH;PbBr; samples are exposed to light illumination, with a
light intensity about seven times stronger than the sun while under ultrahigh
vacuum (UHV) conditions, in order to investigate their chemical and struc-
tural stability from prolonged light illumination. X-ray photoemission spec-
troscopy measurements show that within 10 h of illumination, about half of
the initial C, N, and Br elemental concentrations leave the surface and about
half of the perovskite’s Pb is converted into metallic Pb. Light exposures while
in the UHV system also significantly roughen the surface, and surprisingly,
empty voids form =1 to 3 um down in the light exposed region. A framework
based on the Kirkendall effect is put forward to explain the observed void
formation. This proposed model may be relevant to the slow degradation of
perovskite solar cells, which is sometimes attributed to irreversible chemical
reactions from undesired diffusion. These measurements and observations
reveal the intrinsic behavior of the CH;NH;PbBr; single crystals under light

to impressive improvement to the device’s
power conversion efficiency (PCE), with
the most recent highest certified report
at 23.3% in 2018.2) While there has been
rapid growth in the PCE of the HOIP-
based solar cells, they still face numerous
challenges to their ultimate long term
operational use including the ecotoxicity
of the device materials over their life-
cycle,’! various operational phenomena
that appear to deteriorate device perfor-
mance such as hysteresis!*l and ion migra-
tion,P’! and perhaps the most concerning
matter, their degradation due to various
environmental exposures. The most well
documented perovskite device degradation
pathway has been attributed to moisture

illumination while in a UHV system where volatile species are free to leave,
in contrast to existing device studies on the photostability of perovskite solar

cells.

1. Introduction

Since their first use in a dye-sensitized solar cell back in 2009
by Miyasaka and co-workers,[! hybrid organic inorganic perovs-
kites (HOIPs) have been the focus of considerable and intense
research efforts due to their potential use in a next generational
solar cell. This fierce research effort by the community has led
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exposure, and indeed we have previously
seen that CH3;NH;PbI; and CH;NH;PbBr;
perovskites are sensitive to moisture and
begin to decompose at a certain threshold
of water exposure.l®’] External heating has
also been suggested as a potential stability
issue, and substantial heating has been shown to seriously
deteriorate device performances as the various layers, including
the perovskite layer, decompose.®”l Reasonably small applied
voltages have also been seen to directly induce poling and ion
migration, and ionic migration has widely been discussed as a
main contribution to the observed hysteresis phenomena.'%1]
Another potential degradation pathway that has not received
enough attention and discussion is the possible influence of
light illumination on the HOIP layer. Indeed, the perovskite
layer makes up the very heart of the solar cell device and it is
ultimately responsible for the generation of charge carriers. It
is therefore imperative to understand the stability of the pero-
vskite layer under solar irradiation.

Early on in 2013, Snaith and co-workers attributed the illumi-
nation induced degradation of perovskite solar cells to the ultra-
violet light induced desorption of oxygen from the mesoporous
TiO, used as the hole transport layer in their devices, they then
further suggested Al,Oj3 as an alternative.'” Then later in 2015,
Murugadoss et al. further confirmed that various perovskite
films under visible and ultraviolet illumination were indeed
more stable on Al,O; compared with TiO,.l3] While the TiO,
hole transport layer is still widely used despite this instability
issue, more recent high performance devices are opting for
alternative materials such as La doped BaSnOs;.'* The influ-
ence of light on the degradation of HOIP material in various
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gas environments including ambient air was shown by Bryant
et al. in early 2016."") Near the same time, two slightly con-
flicting reports came out by Yuan et al.l'® and Merdasa et al.l'”]
While both reports showed strong material degradation under
illumination, the first report saw very little photoluminescent
(PL) spectral shifts, but the second report saw a continuous
blue PL spectral shift. The differences in the observed spectral
shifts could most likely be attributed to the amount of light flu-
ence and the bulk versus surface decompositions seen in the
two cases.

Very recently, we presented our surface analytic study on
the degradation of coevaporated CH3;NH;PbI; thin films by
light exposure, which provided evidence that perovskite degra-
dation by light is limited and restricted by the diffusion pro-
cess to the surface.’ This would certainly suggest that the
discrepancy observed in refs. [16] and [17] was at least partially
due to the difference in sample geometry and surface area. It
also demonstrated that important insight may be obtained with
surface analytical probes. Though, sample preparation that is
compatible with surface analysis is not easily obtained for per-
ovskite materials, especially with the common spin coat film
formation techniques.' Other investigations into mixed halide
perovskites samples with compositions similar to those used
in high performance devices have also reported photoinduced
changes. A surface analytical investigation?” revealed distinctly
different photobleaching behavior between mixed halide spin
coated CH;3;NH;PDbI; Cl, and CH;NH;PbBr; Cl, films, where
no metallic Pb was produced in their mixed Br/Cl halide
film study. This result remains strikingly different than their
mixed I/Cl halide film, our previous I thin film investigation,
and the following report on a purely Br halide single crystal.
Meanwhile, optical and structural investigations?!?2l on mixed
halide thin films and single crystals, which are more sensitive
to the bulk of the sample than the surface, suggested reversible
photoinduced physical and electronic structural changes
including segregation into Br and I rich regions. The numerous
photoinduced reports beg further investigations of the pero-
vskite films and full devices for a more complete understanding
of the underlying physics and chemistry that is occurring under
illumination and potential impacts on device applications.

Here we present our investigation on the stability of
CH;NH;PDbBr; single crystals under light illumination in an
ultrahigh vacuum (UHV) system. Due to their large mobilities
and carrier lifetimes, the HOIP single crystals have been sug-
gested to have applications as photodetectors or the active laser
material. In particular, the CH;NH;PbBr; single crystals have
previously been shown to be a highly efficient X-ray detector.[?’]
Pristine fresh surfaces of the high quality crystals were created
by cleaving the top layer off in the UHV system, which was
primarily used to eliminate other possible environmental fac-
tors. A blue continuous wave (CW) semiconductor laser with
a wavelength of 408 nm and intensity about seven times the
AM 1.5 standard irradiation (=1000 W m™2) was used to illumi-
nate a region of the crystal for fixed timed periods, and X-ray
photoemission spectroscopy (XPS) measurements were then
made immediately after each timed exposure. Strong chemical
degradation was observed after the light exposures in the UHV
system, and a new spectral component appeared in the Pb core
level spectra and was attributed to metallic Pb. The crystal's
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surface changed from a translucent orange to a dull metallic
silver after the full exposure of 44 h, and these surface mor-
phological changes were investigated with a scanning electron
microscope (SEM) and with microscopic trenches milled by
a focused ion beam (FIB). The FIB milled trenches revealed
that large voids had formed 1-3 um down into the material in
the light exposed region. A thin vertical slice, or lamella, was
removed from the sample by an FIB liftout process in order to
investigate these structural changes with a transmission elec-
tron microscope (TEM). The TEM images, energy dispersive
X-ray spectroscopy characterizations, and electron diffraction
patterns further confirmed the chemical and morphological
changes seen by the XPS measurements and SEM images.
These combined observations strongly suggest that the light
illumination in the UHV system induced substantial material
and structural degradation, and a purely diffusion based model
is then proposed to explain the void formation. The model is
contextualized with relevant HOIP diffusion and ion migra-
tion discussions, and the phenomena’s potential wider impli-
cations are briefly discussed. These experiments revealed the
intrinsic behavior of the CH;NH;PbBr; single crystals under
light illumination while in a UHV system where the degraded
volatile components could readily leave the surface. By contrast,
a real HOIP device’s structure and packaging may inhibit the
degraded components from leaving the perovskite layer.

2. XPS Results and Discussions

The high quality CH3NH;PbBr; single crystals used in the
following investigations were grown by the antisolvent method
and have previously been studied by powder X-ray diffrac-
tion,?24 but they were additionally characterized here with a
textured X-ray diffraction (XRD) study. The results revealed that
the samples were indeed (100) oriented crystals with the (110)
plane at 45° to the surface plane, and they further confirmed
that the crystals had a cubic structure with an associated lattice
constant of 5.92 A. The samples were prepared and mounted
in such a way that the top surface could be cleaved off in the
UHV system (in situ), and this cleaving created a pristine sur-
face necessary for reliable photoemission spectroscopy studies.
The freshly cleaved surface was initially measured by XPS, and
then it was exposed to light for a fixed amount of time, before
repeating the measurements and exposures contiguously. The
light source used for exposure was a small semiconductor
diode laser with a wavelength of 408 nm and an intensity about
seven times the standard AM1.5 solar irradiance. The higher
illumination intensity was selected to ascertain that effects due
to light exposure, as any light induced effects were initially
thought to be quite small as some devices have remained stable
for 1000 to 10 000 of hours of continuous illumination. Addi-
tional information regarding the samples and the measure-
ment processes are described in the Experimental Section, and
the XRD results are displayed in Figures S1 and S2 of the Sup-
porting Information.

A striking visible change in the crystal's surface was observed
in the microscope during the measurement process, but was
fully revealed when the sample was removed. In the region that
was exposed to the illumination, the crystal surface changed
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Figure 1. a) A photograph of a light exposed CH3;NH;PbBr; single crystal, the red dashed circle represents the region exposed to the illumination.
b) It shows how the spectra were fitted with four distinct Voigt profiles. c) A stack plot of the Pb 4f;; and 4f5; core levels with increasing light
exposure. Each spectrum was normalized to one for perspective. d,e) The ratio of perovskite Pb to metallic Pb with increasing light exposure and X-ray

exposure, respectively.

from a translucent orange to a dull and opaque metallic color
and the transformed region was the same approximate size and
position of the laser spot. Meanwhile, the surrounding regions
appeared largely unchanged in appearance. The XPS analysis
of the Pb 4f core levels is shown in Figure 1, and an image of
a sample taken after the full exposure can additionally be seen
in Figure la. For clarity, the silver around the orange crystal
in the image is the conductive epoxy used for mounting and
the red dashed circle highlights the illuminated position on the
sample.

The most notable change in any of the core levels observed
with XPS occurred in the lead spectra, and it can be seen
in the Pb stacked plot shown in Figure 1c which specifically
shows the Pb 4f;,, and 4f;), spectrum with increasing light
exposure. The initial perovskite Pb 4f;, and 4f5;, core levels
were located at 138.27 and 143.17 eV, respectively. After light
exposure, a new component began to develop for each Pb core
level =2 eV lower in binding energy (BE) from the perovskite
species. The new and the original perovskite Pb components all
shifted to a lower BE that occurred within the first hour of light
exposure. The other perovskite core levels, including those of
C, N, and Br, also had a similar initial downward BE shift and
can be seen in Figure 2a. This initial shift was therefore consid-
ered a rigid one corresponding to the movement of the Fermi
level within the bandgap. This type of movement indicates a
p-doping of the perovskite, which may be attributed to the reduc-
tion of n-type traps on the surface from photogenerated charge
carriers, or reversible photoinduced p-type trap formation.[?’!
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After the initial BE shift, all of the spectral features (including
C, N, and Br) began to gradually move to higher BEs and the
new Pb features seemed to settle at around 136.6 and 141.4 eV
for the 4f;/, and 4f;/, core levels, respectively. The new compo-
nent represents a new chemical species and can be attributed to
the formation of metallic lead, which has previously been docu-
mented at 137.0 eV for the Pb 4f;), core level.l'®#2627l The small
deviation in binding energy compared to the reported value
is likely due to the local environment of the metallic lead sur-
rounded by incompletely degraded perovskite. Various reports
in the literature have suggested that metallic lead is detrimental
to device performance, and in particular it has been suggested
to act as an exciton quencher and provide a nonradiative recom-
bination pathway.?®l Furthermore, the overall shift to higher
BEs seen by all of the spectral features after the initial down-
ward shift in the first 2 h was indicative of an overall n-doping
of the perovskite, specifically the initial pristine perovskite
Pb4f; , shifted from 138.27 to 138.48 eV. Such n-doping has
also previously been reported and was associated to the reduc-
tion of the halide and to excessive Pb as an electron dopant.'-®]

The new metallic Pb component continued to grow in inten-
sity with increasing light exposure, and in fact, it overtook the
perovskite component after =10 h of exposure. An example
fitting presented in Figure 1b shows how the four distinct
peaks were fit by Voigt lineshapes. For additional information
regarding the secondary electron background subtraction and
fitting routines, please see the Experimental Section. Using
the fits of the strongest spectral response for our X-ray source,
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Figure 2. a) A stack plot of the C 1s, N Ts, Br 3ds, core levels with increasing light exposure. Each spectrum was normalized to one for perspective.
b) It shows how the elemental ratio of the surface changes for C, N, and Br. The ratio is calculated by normalizing each element’s signal to the lead

overall intensity.

which for lead occurs in the 4f;, core level, the ratios between
the perovskite component (=138 eV) and the metallic compo-
nent (=136 eV) were computed. This ratio is plotted in Figure 1d,
and it shows how this ratio changed over the entire exposure.
By the end of the 44 h of light exposure, the metallic lead
component made up =70% of the overall lead signal and the
remaining 30% signal came from the perovskite component. It
is possible that saturation had not been reached by the end of
44 h of light exposure, and additional exposure may have con-
tinued the conversion of the perovskite Pb into metallic Pb.

For full transparency, we have previously observed” this
new metallic Pb also being created by the probing X-ray used
during XPS in other studies on these single crystals and we
wanted to ensure that the degradation in this report was mostly
occurring from the light and not the measurement conditions.
Therefore a separate measurement study was also performed
where the sample was continuously exposed to the probing
X-ray. The comparison study’s ratios of the metallic and lead
component created by the X-ray can be seen in Figure le, and
here, the metallic lead appeared to stay less than =20% of the
overall Pb signal. We also looked at the effects of leaving the
sample in the vacuum for an extended period of time, as there
have been some reports of vacuum induced degradation.?*3
Very little metallic lead was observed in the pure vacuum expo-
sure study and what little was seen could be attributed to the
probing X-ray, though perhaps longer vacuum exposures would
have produced more similar results to the previous reports.
Significantly less metallic lead was produced in the vacuum
and X-ray exposure studies than the light illumination study,
despite experiencing substantially more X-rays or prolonged
vacuum exposure. This strongly suggests that the majority of
metallic lead observed was indeed a result of light illumination
and not the measurement conditions. More information and
details regarding the X-ray and vacuum exposure studies can be
seen in the Supporting Information, and the Pb stack plots can
be seen in Figures S4 and S5 of the Supporting Information.

Again, the other perovskite elements’ core levels, Cls, N1s,
and Br 3ds;,, whose plot stacks are shown in Figure 2a, also
saw similar binding energy shifts as was seen in the Pb 4f;; 5,
features. Though, these elements did not appear to develop
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any new components as previously described for Pb, and this
indicated that they did not change their chemical state. Fur-
thermore, their overall signal rapidly decreased in intensity in
comparison to the Pb signal and their core levels substantially
broadened with increasing light exposure. The surface’s atomic
ratios were calculated by taking these core levels fitted peak
areas and normalizing them to the total Pb area (metallic plus
perovskite) and their atomic sensitivity factors. A plot of these
calculated ratios for C, N, and Br throughout the light exposure
measurement is displayed in Figure 2a, and as shown in the
plot, the surface saw significant losses in C, N, and Br con-
centrations. At =10 h of light exposure, 50% of the perovskite
appears to have been degraded as about 50% of the C, N, and
Br were lost and about 50% of the perovskite Pb was converted
into metallic Pb. Interestingly, these ratios did not tend straight
toward zero and in particular, the Br concentration seemed to
level out at around 15 h of exposure. Our initial interpretation
was again there was some sort of diffusion limited degrada-
tion process going on, as we have previously reported in the
light induced degradation of CH3;NH;PbI; coevaporated thin
films.[18]

We suspected that the perovskite surface was decomposing
into CH3;NH;Br and PbBr,, before the PbBr, further decom-
posed into metallic Pb and Br,. The elements C, N, and Br,
could then simply leave the surface during the light exposures
as degraded volatile components similar to simple outgassing.
In fact, we actually observed the main chamber’s ion gauge
have small pressure increases on the order of 107! Torr during
the light exposures. In a follow up measurement, a residual
gas analyzer (RGA) was able to record the small pressure
increase which corresponded with the light being turned on
and off repeatedly every 60 s which can be seen in Figure S6¢
of the Supporting Information. But unfortunately, the RGA was
unable to conclusively determine which molecules were leaving
the surface. Again though, the loss in surface concentrations
and the core level shift to a higher binding energy are con-
sistent with the previous report that showed that HOIPs have
compositional dependent self-doping.?®! The previous report
observed self-doping in CH3;NH;PbI; thin films by changing
the ratio of the two precursors, methylammonium iodide (MAI)
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and lead iodide (PbI2). Here though, the loss of the C, N, and
Br induced by light exposure left behind a lead rich surface that
saw a strong n-type shift compared to the initial chemical state
of the freshly cleaved perovskite.

As a small caveat, one of our initial concern about the
measurement was that the sample might have actually been
degrading from heating due to the light illumination rather
than the light exposure, as an early report suggested that
perovskite had an extremely low thermal conductivity.®l More
recent reports however have suggested that perovskite is a bit
more conductive than initially reported.**!] A model based
upon Abbott’s heating calculation[3?! was used to estimate the
approximate heating due to the CW laser using various param-
eters reported in literature for HOIPs. The sample was sitting
upon a stage which acted as a large thermal reservoir, and
the estimated temperature increase ranged from =1 K as the
best case to =15 K as the worst case. Thus, while we do not
believe the observed changes were due to heating degradation,
the small temperature increase may have enhanced ion diffu-
sivity. This calculation is briefly discussed in the Supporting
Information.

3. SEM/TEM Results

After finishing the XPS measurements, the sample was rapidly
transferred into the SEM system in order to record the surface’s
morphological changes due to the light exposure, and the SEM
images are shown below in Figure 3. In comparison to a freshly
cleaved surface shown in Figure 3a which appeared smooth and
almost terraced, the light exposed region's surface in Figure 3b
was substantially transformed and roughened. Large globular
clusters made up a majority of the surface, and we believe these
clusters were the left behind metallic lead coalescing together
since the metallic lead made up the predominate amount of the
remaining XPS signal at the end of the exposure. Another spot

Surface

FIB Trench

Freshly
Cleaved

Light
Exposure
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on the sample that was far away from the light exposed region
is shown in Figure 3c. The region also appeared roughened in
comparison to the freshly cleaved surface, but its surface fea-
tures were substantially smaller and more uniform than the
light exposed region.

On a serendipitous whim, microscopic trenches were cre-
ated by an FIB in an attempt to investigate the change in the
surface’s appearance from the translucent orange to the dull
opaque metallic color. Unexpectedly, large pockets of empty
space =1-3 um down into the material were observed in the
exposed region and they are shown in Figure 3e. These voids
were also seen in several other FIB trenches created in the
light exposed region, and this ensured that they were not just
some kind of one-off, shown in Figure S7 of the Supporting
Information. They were completely surprising to us, as they
were occurring far too deep into the material for XPS or any
of our other standard techniques to give any kind of indication
of their existence. The voids were also strikingly absent from
the FIB milled trenches recorded for the freshly cleaved surface
seen in Figure 3d and the other region that was not exposed to
light shown in Figure 3f. These images serve as direct evidence
that these voids were not created by the FIB milling process
or due to prolonged vacuum exposure, but rather as a direct
result of the light illumination. They also suggest that some
process far more complicated than simple outgassing must be
going on, or these empty pockets would have otherwise been
expected at the surface. Furthermore, the beam damage due
to the dosage behaved differently in the light exposed region
as cracks that formed did not propagate across the void layer.
While in the other regions, damage cracks appeared to propa-
gate straight down into the material. While this observation was
quite qualitative, the difference in behavior was indicative that
this void layer was acting as some kind of boundary layer, and
the difference in behavior was likely due to variations in the
thermal or electrical properties between the upper and lower
regions. Some more images and brief discussion about the

No Light
Exposure

Figure 3. a—c) The SEM image of the surface of a freshly cleaved, light exposed, and no light but vacuum exposed samples, respectively. d—f) The FIB
milled trenches for the freshly cleaved, light exposed, and no light but vacuum exposed samples, respectively. The FIB milled trench of the light exposed

region revealed voids about 1-3 um deep into the material.
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Figure 4. a) The TEM image of the top surface. The amorphous Pt layer used to protect the surface is visible and a red dashed box highlight a particular
void shown in (b). c,d) The electron diffraction patterns from the top surface and the underlying bulk, respectively.

beam damage are further shown in Figure S8 of the Supporting
Information.

In order to characterize more completely the chemical and
morphological changes that were seen, an FIB liftout process
was performed that removed a thin vertical slice, or lamella, of
the exposed region which was then inserted into the TEM. The
interaction volume is substantially smaller in the TEM com-
pared to the SEM, and this facilitated a nanoscale resolution
to view the regions above, below, and around the voids.?*34
The FIB liftout process is briefly described in the Experimental
Section, and it is documented in Figure S9 of the Supporting
Information. After inserting into the TEM, quantitative energy
dispersive X-ray spectroscopy (EDX) measurements were made
on the lamella. The measured elemental ratio of Pb to Br near
the surface was 1.00:1.40. This region was extremely deficient
in Br for HOIP materials and was in good agreement with the
XPS measurements for the surface. In the region far below
the voids, which represents the underlying bulk, the ratio was
1.00:3.11 and is near the ideal ratio of 1:3. These measurements
strongly suggest that the chemical changes were limited to the
top surface and near the void layer. Qualitative EDX mapping
were also performed, but offered no extra information. The
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EDX mappings can be seen in Figure S10 of the Supporting
Information.

Numerous other TEM images were collected after the EDX
measurements and a select few are shown in Figure 4. The
image in Figure 4a shows the top layer of the lamella, it shows
one of the voids in the red dashed box and the amorphous Pt
layer that was initially deposited to protect the surface during
milling. A zoomed in view of the void in the box is shown in
Figure 4b. Around the edge of the void, amorphous redeposi-
tion from the milling can be seen forming an interface with
remaining degraded material. Perhaps more interestingly,
there were also large black ovaloids around the voids that upon
closer inspection showed lattice planes. FIB milling would not
produce a crystalline structure as deposition and milling are
largely random processes. This would suggest that the ova-
loids were in the sample before milling and that they were
actually nanocrystals. These nanocrystals appeared to be ran-
domly oriented, as they did not all satisfy the Bragg condition
in a single image (or single angle). So from these observations,
it appeared that the single crystal was breaking apart in the
upper region from the light exposure. Some additional higher
magnification images are shown in Figures S11 and S12

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the Supporting Information, and the lattice planes are more
obvious.

To further confirm the change in crystallinity, electron dif-
fraction patterns were collected from the regions near the
degraded surface and deep in the bulk far below the voids,
they are shown in Figure 4c,d, respectively. The diffraction pat-
tern from the surface in Figure 4c is composed of large rings
and some discrete spots, and this indicates that the region was
predominately polycrystalline with a few regions of high crys-
tallinity. This diffraction pattern is then in good agreement
with the previous images that saw some randomly oriented
nanocrystals. Whereas, the bulk diffraction pattern shown in
Figure 4d, shows a highly repeating 2D pattern and indicates
that sample’s bulk had at least two dimensions of long range
order. While the bulk’s electron diffraction pattern was certainly
not perfect, it closely resembled the expected pattern for a pero-
vskite cubic structure from the [111] direction.*”!

4. Void Formation Discussion

The substantial changes to the surface’s appearance and crys-
tallinity, as well as the creation of the void layer in the pero-
vskite by light exposure, was an unexpected and intriguing
result. Recently, Murali et al. have also observed the sur-
face of CH;3;NH;3PDbBr; single crystal restructuring into poly-
crystalline.?®) Additionally, while not directly mentioned in
their main article, similar singular and sporadic voids can be
readily distinguished from the cross-section SEM pictures in
Murali's Supporting Information.*®l They however attributed
this restructuring to the incorporation of H,O into the struc-
ture, and this cannot explain the restructuring seen here as
our light exposures and measurements occurred in a UHV
chamber. While these voids were initially quite baffling, they
strongly resembled the Kirkendall voids seen in literature
which are sometimes also referred to as pores.’”] These Kirk-
endall voids sometime form as a byproduct of the more general
Kirkendall effect which is associated with binary interdiffu-
sion, or more bluntly, the intermixing of two distinct materials.
Briefly, the effect is the motion of the boundary layer between
the two materials arising from differing intrinsic diffusion
rates across the interface, and has historically been examined
in binary metal or alloy systems.®¥ Interestingly, the initial
work by Smigelskas and Kirkendall in the 1940s provided early
experimental evidence for interstitial and vacancy mediated
diffusion, where the diffusing species may have varying diffu-
sion coefficients, which was fundamental to understanding the
overall Kirkendall effect. Both interstitial and vacancy mediated
diffusion has been well documented in other materials with the
perovskite structure and their transport mechanisms are still
widely being studied due to their influence on the materials
properties.?”) Now given enough time for the sufficient inter-
mixing between the two materials, the differing diffusion rates
will create a densification on the side with the slower diffusion
and an increasing number of vacancies on the side with the
faster diffusion. At high enough concentrations, these vacan-
cies can begin to aggregate and accumulate into voids around
the boundary layer.*"! The void formation and the Kirkendall
effect are still being investigated today,*!l as they can induce
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stress and deformations on the macroscopic scale. In the
extreme case where the voids continue to aggregate and grow,
the previously two distinct layers can fully delaminate from one
another. Recently, some researchers have actually started using
the Kirkendall effect to fabricate nanoscale structures.[*?43]

To the best of the author’s knowledge, no Kirkendall effect or
effect similar to it has been discussed or documented in the lit-
erature concerning the HOIP materials. As such, no Kirkendall
effect or voids were initially expected, nor was it immediately
apparent on how a similar effect could even apply to this study.
In fact, it cannot be the Kirkendall effect in the traditional sense
as there is only one material initially and no boundary region.
In this investigation, we observed a decrease in the XPS inten-
sity from the C, N, and Br core levels and a pressure increase
during the light exposures, which both strongly suggested that
the perovskite was decomposing under illumination in the
vacuum system. The volatile components were simply boiling
off in the UHV chamber due to an exceptionally large mean
free path, while the HOIPs lead remained behind as metallic
lead from the decomposition. These observations did not
directly pinpoint which specific species were playing a part in
the diffusion effect, but we can infer that they involved the ele-
ments C, N, and Br. Perhaps they were diffusing as CH3;NH;"
or Br ions, where upon reaching the surface, they react to form
some volatile compound and leave. Now, one possibility to tie
in something akin to the Kirkendall effect, is that as the vola-
tile components continued to leave the surface, a chemical gra-
dient began to build up. In this scenario, it is not that there is
necessarily two competing intrinsic diffusion coefficients, but
rather a net flux of precursors to the volatile components from
the bulk to the surface with vacancies moving in the opposite
direction. This makes some sense, as the diffusion flux is pro-
portional to the gradient of the chemical potential which for
simple dilute systems is then proportional to the chemical con-
centration gradient. Another possibility is that the diffusivity
of the diffusing species depended upon the light illumination.
The light penetration depth at 408 nm was expected to be on
the order of 0.1 um,™ which is close to the depth, 1-3 um,
that the void layer formed at. Then, the top illuminated layer
had a higher diffusivity than the underlying region where the
light had been substantially attenuated, which resulted in the
differing diffusion rate which is similar to the more traditional
Kirkendall effect in a binary system. While both of these ideas
are plausible, it is important to point out that the traditional
Kirkendall effect and the observations made in this study must
purely be a result of diffusion. These ideas and the observa-
tions in this study certainly begin to make sense in respect to
the broader discussion of ionic migration in HOIPs, as will be
discussed briefly, however, there was no external potential or
bias to drive ion migration and the samples were well grounded
in this study. This implies that the chemical variations and
voids seen here, must be a result of the light illumination and
some kind of diffusion process, which is in striking contrast to
other studies that saw similar chemical degradation due to ion
migration.

As previously mentioned, recent reports concerning ion
migration in HOIPs begin to put the observations in this study
onto a more solid footing. These reports should be considered
relevant to diffusion discussions, as ion migration and diffusion
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are fundamentally related via the ion‘s mobility. Gottesman’s
initially proposed that under working conditions CH3;NH;PbI;
films underwent a lattice softening as the methylammonium
ions had an enhanced rotational freedom,®! and then later
Zhou reported a giant photostriction effect in CH3;NH;3PbI;
single crystals due to a weakened binding between the meth-
ylammonium ion and the lead iodide framework.[*] Tt is rea-
sonable to expect a similar effect on the CH;NH;PbBr; single
crystals used in this study, and the strain created under illumi-
nation would cause the surface to break apart from single to
polycrystalline as observed. The small heating effect suggested
by the heating model in the supplementary material, may also
imply a small amount of thermal expansion. It is difficult how-
ever to compare the photostriction to any potential thermal
expansion as it is still under active investigation. These newly
created grain boundaries will importantly act as channels that
facilitate faster ion migration or diffusion and this has also pre-
viously been reported by Huang's group, where ultrafast ion
migration was observed in CH;NH;PbI; polycrystalline thin
films and suppression in single crystals.*’*8 They then further
suggested lower activation energies for ion migration under
illumination, and this would imply that the illuminated region
would indeed have a larger diffusion coefficient than the region
below the light's penetration depth. Additionally, these new
grain boundaries, as well as the surface, could act as sources
and channels for vacancies which were necessary for the void
formation in the Kirkendall effect. While these proposed ideas
seem plausible, further investigation will be required to pre-
cisely determine the underlying mechanismy(s).

5. Conclusion

The material and structural degradation that was observed
during these measurements would be extremely detrimental
to a PSC device’s performance, and yet, there have been
numerous long term operational studies where devices have
lasted hundreds to thousands of hours under continuous illu-
mination.[*>>% The fairly obvious question is if light illumina-
tion is indeed so harmful, why have no similar observations
been made before? One such criticism may argue that this
diffusion process only occurred as a result of being left in the
UHV chamber where the volatile components readily boiled
off, while in a real device these volatile components would be
trapped inside the device between the adjacent layers. However
as previously mentioned, Murali's recent report®*® showed sim-
ilar voids, where their sample was left in ambient and presum-
ably atmospheric conditions, suggesting that the void formation
does not require vacuum conditions to occur. We additionally
did not observe voids in regions that were left in the vacuum
that were not exposed to the light, indicating the light played
a pivotal role in the formation of our voids.’l It may also be
difficult or impossible to ever observe similar void formation
as seen in this study in any real HOIP devices, as a device’s
active perovskite layer is on the order of 300 nm and the void
formation in these single crystals occurred over the range of
several micrometers. If the voids ever did form in a real device,
they would likely significantly alter the mechanical, thermal,
and electrical properties of the layer and may deteriorate device
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performance. However when considering a real device, the lack
of voids in a perovskite layer does not necessary signify that a
similar diffusion process to the one seen here was not occur-
ring, as the void formation appears to require an appreciable
concentration of vacancies before they begin to nucleate and
aggregate. This effect may be especially important when con-
sidering nanoscale HOIP devices such as nanoemitters, as the
Kirkendall effect has previously been used to create nanowires
and hollow nanoparticles,*>* which may be beneficial or detri-
mental depending on the desired application.

Therefore, our chief concern from these observations is not
whether similar void formation is occurring in a real device.
Rather, it is that if such a degradation is occurring in real
devices under illumination, that the diffusing components pro-
duced in the HOIP layer or the other device layers are actively
diffusing into one another, creating an irreversible and ulti-
mately detrimental chemical reaction as others have reported
previously.?>>4 If this is the case, there may be more of a need
for diffusion barrier engineering, to prevent such reactions
from occurring.” In diurnal illumination cycling of HOIP
devices, substantially accelerated device degradation was seen
in comparison to prolonged continuous illumination expo-
sures.P! This unique “fatigue” effect in HOIP solar cells may
be related to a similar diffusion or ion migration effect as seen
in our light stability study, and suggests further research into
these phenomena in devices.

These combined measurements showed that light illumi-
nation induced chemical and structural degradation in the
CH;NH;PDbBr; single crystals while in UHV conditions. The
XPS measurements were able to monitor the chemical decom-
position with increasing light exposures, and they showed that
the C, N, and Br elemental components were decreasing on the
surface and that the Pb component was being converted from
perovskite to metallic Pb. Follow up measurements were able
to show small pressure increases, and suggested that the C,
N, and Br elemental components were leaving the surface as
degraded volatile components which were perhaps in the form
of MABr or Br,. SEM images of the surface and of FIB trenches
were collected, and the images showed distinctive voids formed
in the region that was exposed to illumination while in the
UHV. Additional TEM measurements performed on an FIB
liftout lamella further confirmed the chemical and structural
degradation seen before. EDX measurements showed how the
surface was significantly deficient in Br concentrations, while
the bulk of the crystal far below the void formation had a nearly
1:3 PD to Br ratio. TEM images and electron diffraction patterns
showed that the single crystal was breaking apart into nanocrys-
tals under illumination. A model based of the Kirkendall effect
and relevant HOIP diffusion ideas was put forward, and it was
ultimately discussed in context to the long term stability of PSC
devices under illumination. As the reader is well aware, this
study is not a real device under working conditions, real devices
and the perovskite layer are currently considered to be much
more stable than observed in this study. The UHV conditions
used during illumination may have allowed the volatile compo-
nents induced by the illumination to readily leave the surface,
but the pure vacuum conditions alone without illumination did
not see such degradation. Overall, substantially more research
needs to be performed on the stability of the HOIP layers in
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actual devices under illumination, with a particular interest of
components diffusing or migrating into or out of the active
perovskite layer.

6. Experimental Section

Sample Growth, XRD Characterizations: The growth of the
CH3NH;PbBr; single crystals used in this study have previously been
described in ref. [20]. Briefly though, in a 20 mL vial 0.64 m of lead
bromide (PbBr;) and 0.8 m of methylamine bromide (MABr) were
dissolved in a 5 mL N,N-dimethylformamide solution. Foil was then
used to seal the vial, a tiny hole was made in the seal, and then the vial
was placed in a dichloromethane (DCM) environment. The tiny hole was
made in order to allow DCM to slowly enter and permeate the solution
to act as an antisolvent, and the single crystals slowly grew over 2 days.
Powder XRD measurements of the crystals were previously made and
were also described in ref.[20] Additional textured XRD measurements
were performed to confirm the orientation of the crystals and their
cleave plane used during the photoemission measurements. The new
XRD measurements were made with a Phillips X'pert MPD located at
the University of Rochester, where the X-rays were produced from a Cu
anode using a 40 kV and 30 mA generator setting.

Sample Mounting: In order to obtain a pristine surface which
are necessary for reliable photoemission spectroscopy studies, the
samples were mounted in such a way that the top surface of the
crystal could be cleaved off in situ. The crystals were first placed in a
conductive UHV epoxy (Epoxy Technology, Product EJ2189-LV) on top
of conductive Au-coated silicon substrate, and it was allowed to cure
at room temperature and atmosphere for 24 h. The conductive epoxy
was necessary as it allowed the sample to be properly ground during
the photoemission measurements. The following day, a small amount
of another UHV epoxy (Varian Vacuum Technologies, Product Torr Seal)
was used to cover the top surface of the crystal in such a way that the
two epoxies had no direct contact. A small tungsten rod was placed in
the wet top epoxy so that when cured, the tungsten rod could be gently
pressed into a gate valve once inside the vacuum system. When the
tungsten rod was then broken off, the attached cured epoxy and the top
surface of the crystal were additionally cleaved off.

UHV Chamber and Light Exposure: The UHV system used during
this study was located at the University of Rochester and consisted of
two interconnecting chambers, a transfer chamber used for cleaving
and an analysis chamber used for the XPS measurements. When the
transfer chamber was sufficiently pumped down, the surface of the
crystal was cleaved off by pushing the tungsten rod into a gate valve.
The samples were cleaved in the transfer chamber with a base pressure
of 107 Torr before rapidly being transferred to the analytic chamber
with a base pressure of 8 x 107" Torr. Once transferred and aligned,
the sample maintained a fixed position for the entirety of the XPS
measurements and light exposures. A small diode laser was attached to
a viewing port on the analytic chamber, and its beam position could be
monitored with a microscope attached on top of the analytic chamber.
The laser’s spot size formed an ellipse on the sample surface, whose
semimajor and semiminor axes were 1.65 and 0.66 mm, and its power
was also measured to be 42 mW. The intensity was fairly uniform
over the entire spot, and had an average intensity of 7.21 mW mm=.
This is approximately seven times the strength of the solar intensity
(1000 W m=2 = 1.0 mW mm2). The diode laser's wavelength was
408 = 5 nm. The timed exposures and following measurements occurred
contiguously for =3 days. The measurement spot received a full light
exposure amount of 44 h, and at no point was the light illumination
source and probing X-ray source on at the same time.

XPS: The surface’s elemental composition was determined from
high resolution XPS measurements. The monochromatic Al Kot X-rays
(1486.6 eV) used for the measurements were initially produced by an
X-ray gun with an Al anode running at 10 kV and 20 mA. The produced
X-rays were then passed through a temperature regulated quartz crystal,
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and the diffracted X-rays that hit the sample were monochromatic
and formed a spot size =1 mm in diameter. The spectra for the Cls,
NTs, Br3ds;, and Pb4f;;, core levels were collected after each timed
light exposure, and they were fitted with a Voigt profile after removing
a Shirley-type background correction. The ratios of the Lorentzian and
Gaussian component were not fixed during the peak fitting routine.
Lastly, the elemental ratio of the surface was calculated taking the
element’s core level signal intensity (fitted area) and dividing it by their
atomic sensitivity factor and the normalized lead intensity. This set the
overall lead signal to one. Lead was chosen as the reference because it
was not expected to form a volatile compound that could readily leave
the surface.

SEM: The SEM imaging, FIB milling, and subsequent liftout process
were performed in the Zeiss Auriga SEM instrument located at the
University of Rochester’'s URnano center. For the imaging, the SEM
typically had an accelerating voltage around 20 kV and a working
distance between 5 and 10 mm. The accelerating voltage, beam
current, and the final beam aperture were reduced whenever possible
to minimize beam damage. Beam damage would appear rapidly under
high beam dosages and presented itself in the formation of large cracks
in the surface. Images were often collected after focusing upon one area,
before rapidly moving and collecting in a nearby undamaged region.

FIB Milling and Liftout: An accelerated focused gallium ion beam
produced from a liquid metal source was used to ablate material away
by knocking out atoms and molecules, and it created the trenches for
imaging and was used for the subsequent lamella liftout process. Before
any milling could occur, the sample’s surface was precisely positioned
at the eucentric point where the focus of the SEMs electron beam was
coincident with the focused ion beam position. The gallium ions were
accelerated at 30 kV with a beam current that typically ranged from
120 pA to 4 nA depending on the milling size and speed. At these
conditions, no ion beam damage was evident and any damage only
seemed noticeable after imaging with the electron beam. The FIB milled
trenches were created by two milling steps. The first step was a rough
mill that was created by scanning the FIB over an isosceles trapezoid,
which ablated material away to leave behind a trench 10-20 um deep and
wide. A second follow up milling, which was much smaller and precise,
was done just on over the milled wall. This smoothed up the surface and
removed some of the milling artifacts from the initial milling.

To protect the top surface of the lamella from redeposition of
the ablated material during the liftout process, a thin layer of Pt was
initially deposited on the top surface and was =100 nm thick. The Pt
was dissociated from a Pt organic gas by the ion beam before then
falling on the sample. The initial lamella before refinement was =3 um
thick, 15 um wide, and 10 um deep, and was formed by first milling
out trenches from the front, back, and left side. The stage was then
further tilted and the lamella was then milled out from below, leaving
the lamella only attached to the sample from the right side. A needle
probe was drawn near the top left edge and was welded to the lamella
with further Pt deposition. The remaining connection on the right side
was then milled away, leaving the lamella now disconnected from the
sample’s surface. The lamella was then carefully moved away from the
sample and toward a TEM grid, where it was then welded again with
Pt deposition. After being attached to the grid, the needle and a small
portion of the lamella were cut off with the focused ion beam. Lastly,
further refinement milling were performed on the front and back of
the lamella to reach the desired thickness, which was =100 nm thick.
This point was fairly evident as portions of the lamella began to appear
transparent to the electron beam in the SEM. This process is fully
documented pictorially in the Supporting Information.

TEM: The TEM bright field imaging, energy dispersive X-ray
spectrometry, and electron diffraction patterns were collected on an
FEI Tecnai F20 G2 Scanning transmission electron microscope located
again at the University of Rochester's Urnano center. For the data
collected, the TEM instrument typically had a beam with an accelerating
voltage of 200 kV and had =0.14 nm resolution in TEM mode. The TEM
additionally had a bottom mounted Gatan camera, which facilitated
digital image captures. The EDX system was mounted near the sample
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and could collect X-rays produced from the beams interaction with the
sample to produce a quantitative chemical analysis and high resolution
chemical mappings.

Supporting Information

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