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ABSTRACT: Focused ion beam (FIB) techniques have been
frequently used to section metal-halide perovskites for microstructural
investigations. However, the ion beams directly irradiating the sample
surface may alter its properties far different from those of pristine,
potentially leading to modified deterioration mechanisms under aging
stressors. Here, we combine complementary approaches to measure
the subsurface characteristics of polished perovskites and identify the
chemical species responsible for the measured properties. Analysis of
the experimental results in conjunction with Monte Carlo simulations
indicates that atomic displacements and local heating occur in the first
~15 nm of the subsurface of methylammonium lead iodide (MAPbI,)
by glancing-angle Ar* beam irradiation (4 kV at 3°). The lead-rich,
iodine-deficient surface promotes rapid phase segregation under
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thermal aging conditions. On the other hand, despite the subsurface modification, our experiments confirm that the rest of the
MAPDI; bulk retains the material integrity. Our observation supports that polished perovskites could serve in studying the properties

of bulk or buried junctions far away from the altered subsurface with care.

1. INTRODUCTION

Ion-beam-based sample preparation techniques have been
extensively used in studying the microstructural and interfacial
characteristics of thin-film solar cells. Compared to traditional
chemical and mechanical polishing, a focused ion beam (FIB) is
fast and site-specific, minimizing mechanical damage, such as
distorted structures, superficial scratching, and smearing at the
surface.'  For example, a liquid metal-ion source (e.g,, *'Ga)
equipped with a typical dual-beam FIB/SEM (scanning electron
microscopy) system produces a ray of ion beam at the
accelerating voltage of 5 to 30 kV.* The focused beam (<10
nm beam) irradiated on the target material introduces cascade
events, resulting in the etching of the segment of interest. Post-
processing methods are often applied to further remove or
eliminate beam damage. The practices include low-energy FIB,
gas-assisted etching, wet etching, and low-temperature mill-
ing.*®’ Previous efforts also demonstrated that a broad argon
ion beam (**Ar; ~1 mm beam) could effectively remove the FIB
damage. Giannuzzi et al. showed a damaged region of less than 1
nm on a Si lamella after final thinning with 0.2 kV Ar* polis,hing.8

Applications of FIB have enabled measuring the morphology
and local optoelectronic responses of metal-halide perovskite
devices.”'"” Smooth sample surfaces are desirable for many
atomic/nanoscale measurements due to the scattering of the
probe beams that can introduce artifacts arising from the sample
topography rather than the characteristics of the sample of
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interest. Numerous transmission electron microscopy (TEM;
beam energy of 80 to 300 keV) studies revealed the structural
and compositional characteristics of perovskite solar cells
(PSCs) under controlled environmental stressors.'"'* High-
fidelity Kelvin probe force microscopy (KPFM) demonstrated
the distinct potential distribution of cross-sectional PSCs under
dark and light illumination, which can be correlated to ion
migrations and defect dynamics.'”'* While beneficial, recent
publications have reported the beam sensitivity of hybrid
organic—inorganic perovskites.'”'>”'® For instance, PSC
lamellas in TEM displayed significant deterioration during
data acquisition via chemical-bond breakage and local heating.
Cathodoluminescence (CL) spectra repeatedly collected on the
same area of a FIB-milled MAPbI; (methylammonium lead
iodide) presented the defect formation and irreversible
decomposition within a few minutes.'” Such rapid degradation
seems mainly to be caused by high-energy electron beams. It is
also possible that the outer layer of the PSC is already altered
during the FIB processing, accelerating fast degradation via
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modified mechanisms that may be far different from their
pristine devices.

Herein, we thoroughly investigate the subsurface character-
istics of perovskites exposed to an irradiating ion beam. We
demonstrate glancing-angle Ar" milling to produce a smooth
surface of MAPbI; (4 kV at 3°). The optoelectronic character-
istics of the polished samples are measured by photo-
luminescence (PL) and KPFM and compared to their pristine
controls. High-resolution X-ray photoemission spectroscopy
(XPS) identifies the chemical species responsible for the
observed PL and XPS, revealing a lead-rich and iodine-deficient
surface induced by ion beams. Analysis of experimental results in
conjunction with Monte Carlo simulations indicates that a thin
layer of MAPbL, (~15 nm) is damaged during the polishing
while still retaining the material integrity in the rest of the film.
We discuss the implications of our findings to study
deterjoration mechanisms of perovskites and possible uses of
polished samples for surface-insensitive measurements (e.g.,
two-photon microscopy studying buried junctions).

2. METHODS

2.1. PSC Fabrication. Glass substrates coated with fluorine-
doped tin oxide (FTO; a thickness of 200 nm) were cleaned with
acetone, isopropyl alcohol (IPA), and deionized (DI) water.
The N,-dried substrates were further cleaned with oxygen (O,)
plasma. A 35 nm SnO, (ETL) was deposited on FTO by the
atomic layer deposition (ALD) system (Picosun) using high-
purity (99.9999%) tetrakis(dimethylamino)tin(IV) and DI
water as precursors. MAPbI; precursor ink was synthesized by
mixing 1 mM lead iodide (Pbl,) and 1 mM methylammonium
iodide (MAI) in dimethylformamide (DMF) with an additive of
0.02 mM lead bisdicyanoamide (Pb(SCN),) in dimethyl
sulfoxide (DMSO). This MAPbI; ink was spun coated on
ETL at a spin-speed of 500 rpm for 3 s, followed by 4000 rpm for
50 s. During the second spin step (i.e., about 11 s from the first
spinning), anti-solvent diethyl ether (720 uL) was dropped onto
the center of the sample.”” The sample was cured on a hotplate
at 60 °C for 3 min, followed by 100 °C for 10 min. The samples
were stored under N, environmental conditions in the dark
before Ar* polishing and characterizations.

2.2. Glancing-Angle Ar lon-Beam Polishing. We
performed a series of broad Ar* milling procedures (Fischione
model 1060) to reduce the surface roughness of the MAPbI,
layer. This system is equipped with two ion sources, where the
angle can be adjusted from 0 to 10° to the direction parallel to
the sample surface. We used a single ion gun irradiating at 3°
without rotation in this experiment. High-purity (99.999%)
argon gas was used for the ion sources at a base pressure of 3.8 X
10~* Torr. The beam current was set to 250 yA for all samples.
Since the Faraday cage measuring the current was located far
beyond the sample stage, we used the magnitude of the current
only for checking the proper system operation and not for the
quantitative estimation of the beam energy delivered to the
specimen. MAPbI; samples were polished by Ar* beams (4 kV
irradiating at 3°) for 10 min at room temperature.

2.3. Hyperspectroscopy Photoluminescence Micros-
copy. We used a 224 nm (S5.08 eV) UV light source that
produced a nominal power of approximately 10 yW on the
sample (LEXEL Quantum 8 SHG CW deep UV and tunable
visible argon ion laser, Cambridge Laser Laboratories Inc.). The
PL emission was collected using a 600 mm ™" holographic grating
with a 40X (numerical aperture [N. A.] = 0.5) reflective
objective lens (LMM40X-UVV, ThorLabs). The confocal hole
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diameter was set to 300 ym. Point PL spectra were taken by
rastering over a 50 ym diameter area using fast scanning mirrors
as the mean of two spectra recorded for 0.5 s each. PL mapping
was performed at a pixel step of 333 ym in the x- and y-
directions. The hyperspectroscopy PL signals were collected on
a 50 ym diameter area of each spatial pixel. The focal height was
obtained at each real space pixel by optimizing the PL signal in
the spectral window (760—770 nm) over a 150 ym height range
with 0.25 ym z-axis resolution.

2.4, Kelvin Probe Force Microscopy. KPFM was
conducted using a Bruker Dimension Icon atomic force
microscope operating in frequency-modulated (FM-KPFM)
feedback to determine the surface potential. The work function
values of the PSC samples were calculated using the surface
potentials of gold (5.1 eV) and highly oriented pyrolytic graphite
(HOPG; 4.68 eV). Sample maps were collected with a feedback
force setpoint of 8 nN with a scan rate of 0.5 Hz.

2.5. X-ray Photoemission Spectroscopy. XPS measure-
ments were carried out using an Al Ka X-ray source (1.486 KeV;
Kratos Axis Ultra DLD). The samples were first placed in a load-
lock, pumped down to a vacuum pressure of 1 X 1077 Torr, and
transferred to the analysis chamber (<6 X 107'° Torr). The
polished MAPbI; sample was immediately transferred to the
XPS chamber after the milling, limiting unintentional air
exposure. The emission current was 8 mA, and the anode
voltage was 15 kV. A typical beam spot size for the XPS was 300
pum X 700 um. A neutral gun was employed to eliminate the
charge effect during the XPS measurement. The XPS signals
were acquired with an energy resolution of 1 eV for survey scans
and 0.1 eV for high-resolution spectra. The measured spectra
were calibrated using the core level peak of C 1s (C—C bonds) at
284.5 €V. Peak fitting and quantitative analysis (e.g., the atomic
concentration of each element) were performed using a
commercial software with the average matrix relative sensitivity
factors (CasaXPS, Origin Pro).

2.6. Thermal Degradation. Qualitative thermal degrada-
tion of PSC of Ar* polished samples was examined using a heat
lamp. We placed a ceramic lamp heater (150 W; a diameter of 7
cm) above the sample stage, equipped with a K-type thermal
couple probe. The distance between the top of the sample and
the bottom of the lamp was approximately 9 cm, providing
relatively uniform heat distribution in the sample stage. When
the stage temperature reached the set value (e.g, 150 °C), we
located Ar*-polished and control samples in proximity under the
lamp. A series of pictures were taken at a few minute intervals for
an hour until the samples were fully degraded and turned color
from dark brown to yellow (e.g., PbL,).

2.7. Monte Carlo Simulations. We performed Monte
Carlo simulations using a software package to study the Ar*
beam interaction with metal-halide perovskites (SRIM/TRIM:
stopping and range of ions in matter/transport and range of ions
in matter). SRIM/TRIM covers multiple inelastic collisions, and
it models range, damage, recoils, thermal effects, and sputtering.
The standard TRIM database was used to set the simulation
configuration. The injected ion data were set to Ar (atomic
number of 18 and atomic mass of 39.962 u), whereas a 500 nm-
thick MAPbI; was set to the target material (a density of 4.16 g/
cm®).”' The standard values of the atomic number, atomic
weight, displacement energy, lattice energy, and surface energy
for each component of MAPbI; were followed in the TRIM
library without modification. Our model used 200,000 ions for
each simulation. The extracted 2D/3D raw datasets were
analyzed using MATLAB.

https://doi.org/10.1021/acs.jpcc.2c09122
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Figure 1. Schematics of methylammonium lead iodide (MAPbI,) samples: (a) pristine and (b) polished using Ar* beams. Representative SEM images

of MAPbI, (c) pristine and (d) polished samples.
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Figure 2. (a) PL responses of pristine and polished samples. The prominent peak 765 nm (1.62 eV) is associated with the band gap emission. PL region
near 500 nm (marked with an arrow in black) is replotted in (b). The wavelength 516 nm corresponds to the 2.4 eV band gap of PbL,. (c) PL map
plotted with the peak intensities at 765 nm. The center area (in blue) was exposed to the Ar* beam, showing a lower PL intensity. The other regions (in
red) were not exposed to the ion beam. (d) Intensity profiles along the width of the sample at the length of 0, 8, and 1.6 mm [see white arrows in (c)].

3. RESULTS AND DISCUSSION

Our typical PSC consists of an MAPbI; film sandwiched
between an electron transfer layer (ETL) and a hole transfer
layer (HTL). A FTO front contact on ETL and an Au back
contact on HTL were used for photovoltaic measurements. In
this study, we excluded the HTL and the Au contact to
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understand the direct impact of the Ar" beam on MAPDI,.
Figure la illustrates the configuration of the sample: glass/FTO
(200 nm)/Sn0O, (35 nm)/MAPbI; (550 nm). We applied Ar*
beams to section the top surface of MAPbI;. At an acceleration
voltage of 4 kV, the broad beam (spot size >1 mm) was
irradiated at an incident angle of 3° parallel to the sample surface

https://doi.org/10.1021/acs.jpcc.2c09122
J. Phys. Chem. C 2023, 127, 7461-7470
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Figure 3. Topography of MAPbI; obtained using AFM of (a) pristine and (b) polished samples. The peak-to-valley surface roughness reduces from
100 to 10 nm with the polishing processes. (c,d) CPD simultaneously collected with the AFM images in (a,b). The average CPD of the pristine surface

(=179 mV + 150 mV) increases to 328 mV + 150 mV after polishing.

(Figure 1b). The polishing process was performed for 10 min at
room temperature. By setting the beam focus to 0%, the initial
beam injected on the edge of the sample was widely spread on
the sample surface in a trapezoidal shape. We characterized both
polished and unpolished areas of the same sample along with an
unexposed pristine perovskite sample. Figure lc,d shows
representative SEM images of MAPDI; “before” and “after” the
polishing. A typical grain size of the pristine sample ranged from
100 to S00 nm (Figure 1c). As seen in Figure 1d, the glancing-
angle Ar" beam effectively removed the sample roughness but
did not appreciably affect the film thickness. The porous
structures near grain boundaries and the pinholes seen on the
milled area are likely attributed to the grain growth during the
thermal annealing after spin-coating of PSC precursors.””

The primary focus in the present report is to analyze the
subsurface characteristics rather than individual microstructural
assessments. Luminescence characteristics were measured using
PL spectroscopy at a laser beam excitation of 244 nm. At a
nominal beam size of ~ (400 um),” the laser power was set to
~10 puW to reduce possible light degradation during the
measurements. We used FDTD (finite-difference time-domain)
simulations to obtain the absorption profile in MAPbI; under
244 nm illumination by using the refractive indices extracted
from an ellipsometry study.”’~>* The simulation results suggest
the illuminated photons (4 = 244 nm) are mainly absorbed
within the subsurface of <100 nm, indicating the PL probe can
be sensitive to subsurface modification. Details of the simulation
can be found in the Supporting Information section.

Figure 2a,b displays the representative PL spectra collected on
the polished region compared to the unexposed area. The
prominent peak at 765 nm (1.62 eV) in Figure 2a corresponds to
the band gap of MAPDbI;, showing an excellent agreement with
the previous studies.”®>” This band gap emission decreases by
40% after the milling, but the overall intensity is still strong. In
recent literature, Kosasih et al. reported a band gap emission on a
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FIB-prepared MAPbDI; lamella (8 kV Ga' beam) using CL,
where the peak near 1.6 eV was blue-shifted and broadened
(r0.2 eV) compared to their bulk controls.”” The authors
suggested that this behavior could be linked to the mechanical
stress causing suppression of the atomic orbital overlap and an
amorphization of MAPbI,. In contrast, our PL peak position of
1.62 eV and the full-width at half-maximum (FWHM) of 0.09
€V remain unchanged after Ar* beam polishing. The weak peaks
at 517 nm (2.4 €V) correspond to the Pbl,, indicating that ion
beams might degrade a small portion of the surface. The
consistent PL characteristic was observed across the large area of
the Ar*-milled sample. Figure 2c shows a PL intensity map
collected in an area of 8 mm X 2.6 mm at a step size of 800 ym.
The color contrast reflects the peak height at 1.62 eV (765 nm).
Uniform and strong PL responses are apparent in the unmilled
regions (in red), whereas the Ar" polished region shows
relatively lower PL intensities (in blue). Figure 2d plots the
magnitudes of the PL height extracted from three lines marked
in Figure 2¢. The high luminescence obtained on the unexposed
area (x < 1 mm, x > 6 mm; ~5 X 10* counts per second [cps])
reduced to approximately 40% in the center (1 mm < x < 6 mm;
~3 X 10* cps), where the Ar ion beam was irradiated. The
FWHM of all PL spectra ranges within a little variation (<0.01
eV) and does not show any significant peak broadening across
the sample. The overall PL intensity after the milling is still
strong, which implies that the integrity of the bulk MAPDI; is
preserved.

We examine the electrostatics of the MAPbIL, surface after Ar*
milling using KPFM that measures the contact potential
difference (CPD; Vpp) between the probe tip and the sample
surface.

(I)tip - (I)sample

e (1)
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Figure 4. High-resolution XPS profiles of pristine (black lines) and polished (red lines) samples. Significant decreases of the organic compositions are
seen with the Ar*-polished sample: (a) O 1s, (b) N 1s, and (c) C 1s. XPS signatures of (d) iodine (I 3d;/, and I 3d;,,) and (f) lead (Pb 4f;/, and Pb
4f, ,) increase with the polishing. The additional peaks near the shoulders of the Pb 4f doublet peaks infer the introduction of metallic lead [Pb (0);
137.1 and 142 eV] and oxidized lead [Pb (II); 138.7 and 143.6 eV] under Ar* beam irradiation. (f) Summary of the atomic percentage of MAPbI,
“before (pristine)” and “after (polished)” the ion beam irradiation. An estimated statistical error of XPS is +5%.

Here, @, is the work function of MAPbIL;, @y, is the work
function of the probe tip, and ¢ is the elementary charge (1.6 X
107 C).”® In our measurements, a probe tip (Pt/Ir-coated Si
cantilever) was raster scanned on MAPbI, at a scan rate of 0.5
Hz in a tapping mode under an ambient environment, while the
FTO layer of the sample was connected to ground via
conductive Ag paste. Topography and the CPD raw datasets
were simultaneously recorded. The grain size of pristine MAPbI;
ranges from 100’s nm to ~1 um, and the peak-to-valley
roughness is approximately ~#100 nm (Figure 3a). As seen in
Figure 3b, this surface roughness notably reduces to 10’s nm
after polishing it with an Ar* beam (4 kV irradiated at 3° for ten
minutes). The topography of the milled sample presents porous
structures and pinholes, primarily near grain boundaries. This
porosity is likely attributed to the grain growth during the
thermal annealing after spin-coating of PSC precursors.”” Figure
3¢,d displays the corresponding CPD distribution of the pristine
and polished samples, showing relatively uniform surface
potentials rather than distinct electronic structures at individual
microstructures. A careful KPFM study by Lanzoni et al. found
that an apparent CPD contrast of MAPbI; microstructures
became weaker under an ambient condition than in a vacuum
when measuring the same sample.”” Our low CPD contrast
indicates possible partial oxidation at the surface. While
performing KPFM characterization under ambient conditions
results in a loss of facet-related surface potential contrast
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associated with air exposure,” the primary focus of KPFM
characterization was observing average surface potential changes
associated with ion beam exposure. As such, the average CPD
value for Ar" beam exposed and unexposed samples was
measured to determine the net surface potential change
associated with Ar jon exposure. Identical air exposure of
samples during KPFM characterization was maintained as a
control to isolate the variation of the CPD associated with ion-
beam exposure. For a quantitative comparison, we determine
the work function of MAPDI, from eq 1. The mean Vpp, values
of the pristine and the polished samples are approximately —179
and 328 mV, respectively, calculated from the CPD maps in
Figure 3¢,d. The work function of the probe tip, @y, ~ 4.24 eV +
0.15 eV, was first calibrated by measuring the CPD between the
atomic force microscopy (AFM) probe and standard references
of the Au (@, ~ 4.6 eV) film and HOPG (®y0pg & 5.1 €V).°
Based upon the calibrated work function of the AFM probe, we
calculate a work function of approximately 3.91 eV + 0.15 eV for
pristine MAPbL, (glass/FTO/SnO,/MAPbL,). This estimation
reasonably agrees with the reported work function.”’ The
notable CPD reduction after the polishing (AVpp & S10 mV)
suggests that the irradiating Ar* beam can further impact the
electronic structures of the MAPbI; (sub)surface more than
partial oxidation in air exposure.

To directly probe the elemental changes of MAPbI;
responsible for the observed PL and KPFM, we carry out XPS.
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Figure S. Series of photographs of MAPbI, taken during thermal aging at 150 °C. The Ar*-polished region (4 kV Ar* beam injected at an angle of 3°) is
marked by red dotted lines. Insignificant color changes are observed for the first 10 min. At ~#20 min, visible yellow spots are seen near the edge of the
ion-beam exposed area, continuously expanding to the entire polished region (trapezoidal zone) with time. An apparent color change of the unpolished
zones is seen after ~50 min heating. At ~80 min, the color of the entire sample was turned from dark brown (MAPbI,) into vivid yellow (Pbl,),

indicating complete compositional dissociation.

At a nominal beam spot size of 300 ym X 700 pm, XPS resolves
the local chemical information near the surface (<10 nm). The
survey spectra acquired on a pristine and a polished sample are
shown in Figure S3. Beginning with a pristine sample, the peaks
of organic elements of C 1s, N 1s, and O 1s are observed near
285, 402, and 533 eV, respectively. Four core level peaks of
inorganic atoms are also apparent for this pristine sample: I 4d
(40—60 eV), Pb 4f (130—150 €V), Pb 4d (410—450 V), and I
3d (610—650 eV).>*** After the ion beam exposure, the XPS
peaks of the organic components are significantly reduced or
almost diminished, while the inorganic atoms (Pb and I) show
strong peaks.

To gain a better understanding, we perform an in-depth
analysis using high-resolution XPS profiles. Figure 4a compares
the core-level O 1s spectra of the samples. While relatively weak,
the O Is signal of the pristine control indicates partial oxidation
of the surface, evidence of the low CPD contrast of
microstructures observed in KPFM (Figure 3c). The O 1Is
signature near 533 eV and the N 1s peak near 401.5 eV (Figure
4b) almost vanished after Ar* milling. Figure 4c shows the core-
level 1s spectra of C. This broad C 1s peak contains convoluted
signatures of C—C, C—H, and C-N laorlding.3Ar The
significantly reduced peak intensity indicates that the ionized
Ar atoms physically remove the lighter elements (i.e., C and N)
at the surface. While the air exposure of the Ar*-polished
MAPDI; was limited during the sample transport to XPS, the
dangling bonds of C 1s can be susceptible to forming COO—
bonds in ambient air, accelerating the chemical deterioration of
MAPDI; observed in the following heating experiments.

On the other hand, the inorganic components (I and Pb)
show noticeably enhanced XPS signals. The peaks of the doublet
states of I 3d (619.5 and 631 eV; Figure 4d) and Pb 4f (138.5,
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143.5 eV; Figure 4e) substantially increase with Ar* milling.
Interestingly, the Pb 4f spectrum of the polished sample shows
the additional new peaks near the shoulders of the Pb 4f doublet
peaks (blue dotted lines in Figure 4e). We decompose the peaks
using a Gaussian—Lorentz model, confirming the new peaks of
metallic lead [Pb (0); 137.1 and 142 V] and oxidized lead [Pb
(I1); 138.7 and 143.6 eV].>**> As Rajendra Kumar et al.
suggested, the presence of the unsaturated Pb defects in the
MAPDI, lattice can further oxidize it to lead monoxide (PbO)
under thermal aging processes.”* In Figure 4f, we show a
summary of the compositional changes after Ar ion polishing.
The overall I/Pb ratio decreases from 2.6 of pristine to 2.1 with
polishing, implying the MAPDI; surface may be partially
decomposed to lead iodide (Pbl,) or their complexes. Our
XPS analysis suggests that the ion beam irradiation alters the
atomic structure of the surface, and the locally damaged
subsurface resulting from broken bonds can further affect phase
segregation and degradation of MAPbI; under aging processes.

We qualitatively examine how the modified MAPbI; surface
under ion beams influences bulk deterioration under a heat
stressor. A separate sample with a geometry illustrated in Figure
1 was prepared by Ar* milling (i.e., a 4 kV Ar" beam injected at
an angle of 3° parallel to the sample surface). By setting the beam
focus of 0%, the ion beam propagates on the sample surface in a
trapezoidal shape (marked by red dotted lines) while preserving
unirradiated areas on the sample. A heat lamp facing the
polished sample surface was placed above a sample stage,
maintaining the sample temperature of 150 °C. Figure 5 shows a
series of sample images taken at different times. We observe an
insignificant color change for the first 10 min. At 220 min,
visible yellow spots are seen near the edge of the ion-beam-
exposed area, which is continuously expanding to the entire
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Figure 6. SRIM/TRIM simulations estimate the ion beam damage in MAPbI,. (a) Distribution of the total ion range in MAPbI. (b) Plots showing the
ionization profiles of the primary Ar" ions and their recoils. The inset displays the energy loss of the primary ions and the recoils to phonons. (c)
Contour plots showing the distribution of the total atomic displacement by a (c) 4 kV Ar" ion at 3° and a (d) 30 kV Ga* ion at 52° irradiated onto the
MAPbI; surface. The simulations predict a damage layer of 15 nm for the Ar* beam and ~60 nm for the Ga* beam.

polished region (trapezoidal zone) with time. An apparent color
change of the unpolished zones is seen after ~#50 min of heating.
At ~80 min, the color of the entire sample was turned from dark
brown (MAPbI,) into vivid yellow (Pbl,), indicating complete
compositional dissociation. Our observation is consistent with
the previous studies demonstrating an irreversible chemical
dissociation of MAPbI, into Pbl, at around 150 to 200 °C.*° Itis
not surprising to observe the fast-thermal degradation on the
ion-beam exposed area due to initial compositional alteration
during the Ar* milling. However, we observe notably different
degradation speeds, where the unexposed areas show marginal
color changes (~40 min) until the entire area exposed to the Ar*
beam is segregated into Pbl,. Previous studies suggest that the
defect states at the surface and interfaces play a more significant
role than point defects in bulk in their degradation
mechanisms.””*® Our preliminary experiment supports the
sensitivity of the surface and interface states of metal-halide
perovskites in thermal aging processes.

To elucidate the detailed dynamics of the ion beam with
perovskites, we simulate atomic displacements in MAPbI; by
Ar* beams using SRIM and TRIM. This program package is built
on the fundamental knowledge about atomic interaction,
collisions, and transport theory, frequently used for calculating
the damage profile and implanted ion range of various
materials.”*" SRIM calculates the electronic stopping power
by fitting experimental data, whereas TRIM simulates the energy
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loss of the incident atom to target electrons and the knock-on
atoms along the ion path in the material. In our full cascade
model, 200,000 Ar atoms at 4 kV were injected at an incident
angle of 3° parallel to the surface of MAPbI; (Figure 1). The
standard data in the program set the material parameters of Ar
and MAPbI; (e.g, atomic weight, displacement energy, lattice
energy, surface energy, etc.) except for the mass density of
MAPbI, (4.16 g/cm®), which was obtained from the literature.*!

Figure 6 displays the estimated damage distribution in
MAPDI; caused by the Ar ion beam. As seen in Figure 6a, the
injected 4 kV Ar ions penetrate MAPbI; as high as 25 nm. The
energy loss of the ions and their recoils occurs near the surface (5
nm), causing irreversible ionization. Figure 6b shows that part of
the energy loss can contribute to the lattice vibration, primarily
attributed to the recoils (Figure 6b). The calculated total energy
loss is distributed into ionization of ~47%, vacancies of ~6%,
and phonons of x47%. Taken together, we estimate the total
atomic displacement of an approximately 15 nm thick
subsurface of MAPDI;, where over 90% of the damage is mainly
concentrated within a 5 nm subsurface. For comparison, we
simulate the beam damage in MAPbI; under typical Ga* FIB
processes (30 kV irradiation at an incident angle of 52°). The
damage cascade is displayed in an elongated pear shape with the
central axis along the trajectory of the primary Ar ions (Figure
6). The estimated atomic displacement ranges over 50 nm in the
depth of MAPDI;, suggesting that post-polishing processes are
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necessary before high-resolution microscopy measurements.
The contour plots in Figure 6c,d summarize the distribution
profiles for both cases.

The simulation results provide useful insight into beam
damage profiles in metal-halide perovskites that can be
correlated to the observed subsurface characteristics. For
instance, the PL intensities after Ar" milling drop by about
40% compared to the unexposed areas (Figure 2). Considering
the spontaneous photoluminescence to be proportional to the
absorption profile,"” we estimate that approximately 40% of the
total PL emission is attributed to the 15 nm-thick surfaces of
MAPbL,; under a 244 nm laser beam illumination (Figure S1). It
appears that the Ar" milling introduces atomic displacement
(e.g., local disorder and point defects), resulting in an optically
inactive “dead layer”. On the other hand, TRIM calculates that
approximately 47% of the total energy loss is transferred to the
phonon energy in the subsurface. This immense energy
deposition in the subsurface of MAPDI; with relatively low
thermal conductivity (~0.3 W/m K)* can substantially increase
the local temperature above 200 °C.**~* This agrees with the
XPS experimental results, where the signature of the presence of
Pbl, and its complexes is apparent in the polished sample
(Figure 6b).

4. SUMMARY AND CONCLUSIONS

In summary, we examine the effects of ion beam exposure on
metal-halide perovskites by measuring the subsurface character-
istics. We find that the irradiation lowers the band gap PL
emission in MAPDbI; by 40% while increasing the surface
potential. Several signatures of the chemical modification are
observed at the MAPDI; surface. XPS analysis shows that the
peak of the organic components (e.g., C and N) diminishes over
80% while enhancing inorganic signatures (e.g., Pb, I) over
200% after the beam exposure. The comparison of atomic
concentrations suggests that Ar* milling introduces a lead-rich,
iodine-deficient MAPbI; surface. Our experiments, together
with SRIM/TRIM simulations, suggest that the presence of Pbl,
and the complexes on the subsurface is associated with the “dead
layer” introduced by the ion beam via atomic displacement and
local heating. Specifically, an approximately 15 nm thick
subsurface of MAPbI; can be damaged by a 4 kV Ar" beam
irradiated at an incident angle of 3°. Our findings convey that the
practical use of ion beams requires care for perovskite
measurements under accelerated stressors. The thickness of
the “dead layer” can be reduced by mitigating the local heating
(e.g, a cryogenic sample stage) and the kinetic beam energy
(e.g., alow beam voltage). Despite the subsurface modification,
our work supports that the rest of the MAPbI; bulk retains the
properties, as observed in PL. This implies that FIB-prepared
perovskite samples could serve in studying the properties of bulk
or buried junctions far away from the altered subsurface. Such
surface-insensitive measurement approaches include two-
photon PL and micro LBIC (laser beam-induced current),
where the wavelengths of the laser beams can tune the profiles of
photon absorption and excess carrier generations.
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