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The Impact of Gas Cluster lon Beam Sputtering on the
Chemical and Electronic Structure of Methyl Ammonium

Lead lodide Thin Films

Emily Albert, Fengshuo Zu, Dongguen Shin, Patrick Amsalem, and Norbert Koch*

The stability and performance of metal halide perovskite (MHP)
optoelectronic devices are significantly influenced by the chemical and
electronic properties of their interfaces, often studied using photoelectron
spectroscopy (PES). MHP films, containing organic cations, are susceptible to
surface modifications under common experimental conditions, necessitating
careful analysis. This study examines the effects of argon gas cluster ion beam
(GCIB) sputtering, considered gentler and more suitable for depth-profiling
than standard argon ion sputtering, on methylammonium lead iodide using

1. Introduction

Metal halide perovskites (MHP’s) have at-
tracted significant attention due to their
excellent optoelectronic properties,!'=
making them promising candidates for
a range of optoelectronic devices.[®#]
The performance and stability of MHP-
based devices are largely influenced by
their chemical and electronic properties

PES. Long-term exposure to argon clusters with 3.2 and 1.5 eV per Ar atom
causes significant degradation, including cation loss and metallic lead
formation. However, short-term exposure (<60 min) at 1.5 eV per Ar atom
effectively reduces surface contamination without noticeable degradation,
allowing access to intrinsic electronic properties. This gentle cleaning reveals
a 220 meV energy difference between the contaminated surface and the
valence band onset of the intrinsic MHP potentially improving energy level
alignment with electron transport layers. These results demonstrate that low
energy GCIB sputtering can serve as a non-destructive surface cleaning
method, enhancing PES investigations and supporting fundamental device

studies of MHPs.
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at surfaces and interfaces. Thus under-
standing the surface and interface elec-
tronic properties of MHPs is funda-
mental for further advancing their ap-
plications, e.g., in photovoltaics.[*1!! For
instance, high-performance MHP solar
cells require proper energy level match-
ing between the perovskite and charge
transport layers,'2l which can be sig-
nificantly altered by the presence of
surface states.’}] In addition, the in-
terfacial recombination, being a sur-
face mediated energy loss process,!'* is
directly related to the density of gap
states. These imperfections at the sur-
face of MHPs can be associated with
interstitials and vacancies in the lat-
tice or grain boundaries terminating
the surface.l'>!®l Chemical surface treatments like molecular
modification have been employed to mitigate these challenges
by passivating defects and enhancing material stability.['”18]
However, these treatments often introduce additional complex-
ity, such as scalability as well as reliability issues and the risk
of a different chemical passivator for each perovskite compo-
sition. Consequently, there is an increasing interest in non-
chemical surface treatments such as laser polishing and plasma
exposure. These methods offer scalable solutions for surface
defect passivation, improved crystallinity, and enhanced effi-
ciency in solar cell devices, without the disadvantages associ-
ated with chemical methods."??1 To unravel the surface and
interface electronic properties of MHPs, photoelectron spec-
troscopy (PES) has been widely used, > and can provide de-
tailed insights into the electronic structure, elemental composi-
tion, and chemical states at the surface. For instance, X-ray pho-
toelectron spectroscopy (XPS) is commonly applied to investigate
the chemical state information, whereas ultraviolet photoelec-
tron spectroscopy (UPS) probes the valence electronic structure
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and the work function. With both PES variations being surface
sensitive due to the short inelastic mean free path (IMFP) of
the photoelectrons, UPS is even more surface sensitive than
XPS given the lower kinetic energy of photoelectrons (ca. 10
— 20 eV), thus extracting the bulk valence band of the mate-
rial becomes very challenging. This limitation can potentially
be overcome by combining PES with the use of gas cluster ion
beam (GCIB) sputtering. GCIB sputtering is an advanced tech-
nique used in materials science for surface cleaning, modifica-
tion, and depth-profiling analysis. Unlike traditional ion beam
sputtering, which uses single ions, GCIB employs clusters of gas
atoms, typically noble gases like argon, that are ionized and ac-
celerated toward the target material. The impact of the gas clus-
ters results in a unique sputtering mechanism where the energy
is distributed across thousands of atoms, reducing the risk of
damaging the sample surface. This comparably gentle sputter-
ing process is ideal for applications requiring high precision and
minimal damage to the target surface, thus constituting a non-
chemical surface cleaning and depth-profiling possibility for sen-
sitive materials.?-28] In combination with UPS measurements,
GCIB sputtering has been suggested effective in probing the evo-
lution of energy levels across device layer stacks for organic light
emitting diodes (OLEDs),!*! as well as across buried perovskite
interfaces®"l and perovskite photovoltaic devices.[*132] However,
available MHP-related studies focused on depth-profiling did not
critically look at potential degradation when using GCIB, thus
leaving information reliability an open question.

In this contribution, we examined the impact of both long-
term (as needed for depth-profiling) and short-term (as used for
surface cleaning) exposure to argon clusters on the surface elec-
tronic and chemical properties of the archetypal methylammo-
nium lead iodide (MAPDI,). For the purpose of depth profiling,
we observed clear degradation for two different kinetic energies
of Ar clusters, i.e., 3.2 and 1.5 eV per argon atom (eV/Ar), re-
spectively. Notably, sputtering under 3.2 eV/Ar already results in
degradation after 1 h, corresponding to a sputter depth of only
a few nm, with the formation of a substantial amount of metal-
lic lead. On the other hand, short time exposure (< 60 min) to
1.5 eV/Ar clusters shows a significant reduction of carbon con-
tamination and surface iodine without notable sample degrada-
tion, indicating a successful application of GCIB for the purpose
of surface cleaning. Such a damage-free surface cleaning process
helps reveal the intrinsic surface electronic properties and allows
to measure the intrinsic/ideal energy offset at perovskite/charge
transport layer interfaces.

2. Results and Discussion
2.1. GCIB Employed as Depth Profiling

To understand the occurrence of energy losses in devices,
non-destructive characterization of energy level alignment at
interfaces,*33] is crucial, but probing the energy level alignment
at buried interfaces is especially challenging. This becomes par-
ticularly demanding when the interface involves metal halide per-
ovskites because of their sensitivity to external stimuli.3*8] With
the emergence of GCIB for depth profiling, numerous studies
utilized this technique to reach the buried interfaces, however,
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its impact on the chemical and electronic structure of the mate-
rial is still under debate,[2630-3%]

Utilizing the archetypical MAPDI,, we investigated the impact
of argon clusters on the electronic (UPS) and chemical (XPS)
properties of the perovskite surface by sputtering MAPDI, films
under two cluster settings. The Ar cluster size distribution as a
function of kinetic energy is shown in supplementary Figure S1
(Supporting Information). The peak maximum of the distribu-
tion is taken to determine the kinetic energies per argon atom
(Exin/Ar) value and a broadening of the Ar cluster size distribu-
tion is noted.

Here, 3.2 and 1.5 eV/Ar are employed for incremental sput-
tering, with 1.5 eV/Ar delivering the lowest kinetic energy of the
argon clusters by the GCIB system. The valence band onset and
work function (WF) values were graphically determined by lin-
ear extrapolation of the photoelectron intensity axis toward the
background line, i.e., by identifying the intersection between the
background line and a tangent drawn at the point of maximum
slope of the top of the valence band and the secondary electron
cutoff (SECO). An example is shown in Figure S2 (Supporting
Information).

The results for sputtering with settings at 3.2 and 1.5 eV/Ar
are summarized in Figure 1. For 3.2 eV/Ar, Figure 1a shows a
tremendous shift of the WF by AWF = 1.0 eV as determined
from the SECO after 16 h of sputtering, accompanied by a slight
change in the feature of the valence band, as shown in Figure 1b.
We identify the formation of elementary lead (Pb) already af
ter 1 h of sputtering, which clearly evidences the degradation of
MAPDI;, as shown in Figure 1c. In contrast, no Pb? is detected in
the first 16 h under 1.5 eV/Ar, indicating a significantly reduced
degradation when employing a lower E,, /Ar. Another indicator
for Pb? is the appearance of a Fermi edge at E;, = 0 eV binding en-
ergy (BE), clearly visible after 32 h of sputtering under 3.2 eV/Ar
presented in Figure S3 (Supporting Information). Although we
observe a substantial amount of metallic Pb from Pb 4f core levels
already after 13 h sputtering at 3.2 eV/Ar, the corresponding va-
lence band does not clearly exhibit the emergence of Fermi edge,
likely due to the low signal-to-noise ratio. Since the increasing
concentration of PbP leads to the formation of additional states
close to the VB onset and therefore inaccuracies in the VB onset
determination, we refrain from giving IE values.??40]

The degradation process of MAPDI, can be generally described
as: MAPbI, + P_, — Pbl, + I + MAY, where P_, denotes
the external stimuli such as irradiation,[*”3? humidity,[*}*?] or
oxygen.[*?l Upon illumination, Pbl, further decomposes into Pb°
and gaseous I, due to photolysis.***] Using 3.2 eV/Ar we ob-
served a complete loss of carbon and nitrogen on the surface af-
ter 1 h of sputtering, in agreement with the emergence of the Pb°
core level. In accordance with the increased formation of Pb°, we
see a significant reduction of iodine with advancing sputter time
tocrp, s shown in the atomic ratio of I/Pb in Figure le, indicat-
ing the formation of Pbl,. From the first hour and up to 16 h
of sputtering, MAPDI, gradually degrades into Pbl, and metallic
PDb while the valence band still represents the perovskite feature,
indicating a partial degradation on the surface. As the surface
stoichiometry evolved due to degradation, corresponding shifts
in the electronic structure, evidenced by changes in the SECO
and VB onsets, were detected and anticipated. After 13 h we also
observe a shift in the Pb 4f core levels in Figure 1c. Continued
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Figure 1. Figure 1. Impact of using argon clusters of 1.5 eV/Ar (dark line) and 3.2 eV/Ar (bright line) for depth profiling on the chemical and electronic
properties of MAPbI; All pristine spectra a shown in red while the exposure to GCIB is shown in blue. The evolution of a) the SECO, b) the valence
band, ) Pb 4f, e) C 1s, and d) the atomic ratio of iodine to lead as a function of sputtering time. The dotted lines in a), b), c), and d) indicate the work
function, the VB onset and main feature, the peak position of Pb 4f;;, and Pb 4f; ; as well as Cp and Cgc of the pristine film, respectively.

sputtering after 16 h drastically changed the surface composition
where the metallic Pb dominates on the surface and the valence
band differs significantly from the perovskite valence structure.
We have refrained from discussing the shift of Pb 4f core levels,
SECO and VB after 32 h sputtering as the sample mainly con-
sists of metallic Pb (see Figure 1c) and traces of Pbl, without any
characteristic absorption features and almost no detected iodine
(Figures S3 and S4, Supporting Information).

As for the cluster sputtering under 1.5 eV/Ar, a total shift of
the work function by AWF = 0.2 eV (Figure 1a) after tccp = 32
h is observed. In addition, the valence band structure becomes
more defined after t;c; = 1 h and remains unchanged there-
after. The chemical degradation of MAPbI;, i.e., loss of iodine,
carbon, and nitrogen is also observed but less severe than for
3.2 eV/Ar. Specifically, 1 h of 1.5 eV/Ar sputtering seems to re-
move the surface carbon-related contamination, while preserv-
ing the perovskite cation (MA®*) in the film. This is shown in
Figure 1d and Figure S3 (Supporting Information) for the evo-
lution of N 1s and C 1s as a function of t.¢, where the carbon
peak at lower BE is commonly assigned to surface contamina-
tion (Cqc) (e.g., CH;NH, species,[**#) and carbon peak at higher
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BE corresponds to perovskite cations (Cp). This also accounts for
the observed change in the valence band structure after 1 h of
sputtering under 1.5 eV/Ar. Further exposure to 1.5 eV/Ar ulti-
mately results in the removal of the cation and iodine, as shown
in Figure 1d and Figure S3 (Supporting Information) for I 3d and
Figure le for C 1s, leading to the formation of Pbl, on the surface.

The above observations unambiguously demonstrate that the
cluster sputtering for depth-profiling experiments under both 3.2
and 1.5 eV/Ar ultimately degrades MAPbDI,. Using clusters of
1.5 eV/Ar is found to etch off #100 nm of MAPDI,, giving rise to
ca. 3nm/h etching rate, while 3.2 eV/Ar is able to sputter through
ca. 400 nm resulting in 12 nm/h etching rate (Figure S5, Support-
ing Information). Since there is mostlikely no linear dependency
between the sputter depth and the sputtering time, foremost due
to the chemical change of the perovskite, we refrain from giv-
ing a sputtered depth but rather provide the sputtering time for
comparison.

Although the application of GCIB for the purpose of
non-destructive depth profiling proves unattainable, it seems
that 1.5 eV/Ar could potentially be employed as a non-
damaging surface cleaning method. This can be seen from the
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Figure 2. Evolution of core level spectra of a) C 1s, b) Pb 4f, c) N 1s, d) Cp to N Ts atomic ratio, and e) | to Pb atomic ratio as a function sputtering time
under 1.5 eV/Ar. The dashed lines mark the peak positions for C, 1s as well as Csc 1s of the pristine film in a), the position of N 1s in c), and Pb 4f 7/2

in b).

significant reduction of the carbon contamination- related Cg
after 1 h of sputtering in Figure 1d, which likely accounts for
the emergence of a more defined valence band structure upon
sputtering.

2.2. GCIB Employed for Surface Cleaning

To assess whether GCIB can be employed as a non-destructive
surface cleaning method, we conducted additional UPS and XPS
measurements with a focus on the first hour of exposing MAPbI,
to 1.5 eV/Ar.

In Figure 2a, we observe a clear reduction in Cg after 10 min
and the complete removal of Cg after 30 min. Concomitantly, in
Figure 2b the Pb 4f peaks remain unchanged and we do not de-
tect Pb® within the first hour of sputtering, which is consistent
with the previous results using 1.5 eV/Ar. In addition, the N 1s
spectra remain unchanged within 60 min (Figure 2c). Plotting
the atomic ratio of C, 1s to N1s in Figure 2d, one can see that
after 10 min the ratio becomes constant, indicating a stable ra-
tio between the remaining carbon and nitrogen. Simultaneously,
the atomic ratio of I 3d;, to Pb 4f ;, in Figure 2e follows the
same trend of C;/N, indicating an initial loss of iodine, which
then stabilizes after 10 min of sputtering. The evolution of T 3d; ,
with increased sputtering time can be seen in Figure S6 (Sup-
porting Information). Furthermore, no argon implantation was
detected using 1.5 eV/Ar as is evident in Figure S6 (Supporting
Information).

In addition, the evolution of the work function and valence
band within the first hour of sputtering is shown in Figure 3a

Adv. Mater. Interfaces 2025, 12, 2500102 2500102 (4 of 8)

and 3b, respectively. A nearly constant work function at 4.75 eV
was observed upon increasing t.;; as has been previously re-
ported above. It is worth mentioning that SPV measurements
were conducted on the pristine sample with no noticeable change
in the WF and VB, indicating flat band condition.*”] The va-
lence band, however, exhibits an initial change in its features af-
ter 10 min and remains unaltered upon further exposure under
1.5 eV/Ar, following the same trend observed above. The slight
shift by 0.16 eV toward lower kinetic energy of the SECO and
higher binding energy of the VB main feature after 30 min in
Figure 3 a and b can be attributed to the prolonged exposure to
X-ray irradiation. X-ray exposure is found to induce a shift of per-
ovskite energy levels toward higher binding energy by 0.16 eV,
as shown in Figure S7 (Supporting Information). To disentan-
gle the X-ray induced shift, an additional UPS measurement was
performed on a fresh MAPbI; sample before and after GCIB
sputtering at 1.5 eV/Ar without X-ray exposure, as presented in
Figure 3d. The valence band onset clearly demonstrates a rigid
shift toward higher binding energy by 0.22 eV after 10 min sput-
tering at 1.5 eV/Ar, accompanied by a slight change of the va-
lence band structure. This can be ascribed to the modification
of the surface stoichiometry, as seen from Figure 2. The reduc-
tion of contamination on the MAPbI; surface is likely linked to
the removal of excess iodine and carbon. which aligns with the
observed complete removal of Cg. and initial attenuation of io-
dine in Figure 2d, which stabilizes with continued sputtering.
With a change in the stoichiometry at the surface after sputter-
ing, changes in the energy levels of the clean MAPbI, are noted,
revealing the intrinsic electronic properties of the perovskite sur-
face. These residual components might originate from the use of
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Figure 3. Evolution of a) SECO, b) valence band spectra of MAPbl; upon argon cluster cleaning at 1.5 eV/Ar. Detailed analysis of valence band spectra
of the MAPbI3 sample before and after sputtering for 10 min under c) 1.5 eV/Ar and XPS exposure and d) 1.5 eV/Ar without XPS exposure normalized
to the VB main feature at ca. 3 eV. Both insets in (c) and (d) are enlarged valence band spectra on a logarithmic intensity scale and normalized to the

maximum intensity like the spectra in a) and b).

methylammonium-dimethyl sulfoxide during MHP film prepa-
ration which was reported to remain in the film and contribute
to an additional density of states close to the VB onset!*! or the
use of excess Pbl,, and consequently I,, in the precursor solution
to compensate for iodine loss under ultra-high vacuum condi-
tion. In strong contrast, exposing MAPDI; to single Ar ion beam
already results in severe degradation after 10 min, with loss of
the cation (Figure S9, Supporting Information) and a change
of the VB structure (Figure S8, Supporting Information), simi-
lar to the degradation process observed under prolonged cluster
sputtering.

Additional characterizations on morphology and optical prop-
erties of the MAPDI, samples after 1 h of sputtering under
1.5 eV/Ar present unchanged topography and absorption onset
as compared to that of the pristine sample, as detailed in S10 and
Figures S11 (Supporting Information). Thus, the use of GCIB at
1.5 eV/Ar for surface cleaning proves feasible without consider-
able degrading the perovskite films.

2.3. Impact of Surface Cleaning on Energy Level Alignment
Given the shift of the VB onset at the perovskite surface af-

ter 10 min of sputtering with 1.5 eV/Ar, the impact of surface
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cleaning on the energy level alignment at an exemplary per-
ovskite/charge transport layer interface was investigated. To this
end, thickness dependent UPS measurements of C, molecules
on pristine and Ar cluster cleaned MAPbI, films were conducted,
respectively, as shown in Figure S12 (Supporting Information).
The surface cleaning of MAPbI; film was conducted by GCIB
sputtering under 1.5 eV/Ar for 10 min before C,, deposition.

In both cases, we find nearly identical evolution of the work
function and highest occupied molecular orbital (HOMO) lev-
els of C, molecules upon increasing thickness, exhibiting es-
sentially vacuum level alignment scenario at MAPbI,/C, inter-
face, i.e., the sample work function and HOMO-level position
of Cq, remain unchanged upon increasing the molecular layer
thickness for both cases. The key electronic parameters are thus
denoted in the energy level diagrams in Figure 4, which dis-
play nearly the same level alignment at the MAPbI,/C, inter-
face for both cases. However, it is worth noting that the valence
band onset increases by 0.22 eV following Ar cluster sputter-
ing on the perovskite surface, indicating the intrinsic valence
band onset of the MAPDI, film (Figure 3d). Due to the surface
cleaning, a potential enhancement in the device performance can
be expected due to the elimination of the trap states and there-
fore reduced trap-assisted recombination.[*!#748] Overall, the en-
ergy level diagram highlights the significance of the removal of
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MAPbI; surface Cg MAPDI; Ceo

Figure 4. Energy level diagram of the C¢y/MAPbI; interface without (a) and with (b) surface cleaning. All values are given in units of eV. The perovskite
obtained after surface cleaning is considered to represent the intrinsic surface while the surface measured for the reference sample in a) includes the
surface which induces band bending. The energy level of MAPbI; in b) is assumed to be the same as in a) since both samples have the same initial
electronic parameters. The Cq lowest unoccupied molecular orbital (LUMO) was obtained by the reported electronic bandgap of 2.30 eV, 301 For
MAPDbI; the position of the conduction band minimum (CBM) was determined by using the electronic bandgap which is identical to the optical bandgap

due to low excitonic binding energy.>!

1 The optical bandgap of 1.60 eV was calculated using a Tauc plot (Figure S13, Supporting Information) and agrees

with previous reports,[% 331 VL denotes the vacuum level and ® the work function.

a contaminated surface on the electronic properties of MAPbI;,
which is crucial for the investigation and tailoring of energy level
alignment at perovskite surfaces and interfaces. Understanding
the intrinsic electronic properties is of high relevance in fur-
ther advancing the device performance, particularly given that
surface contamination has already been shown to introduce un-
controllable variability, thereby hindering the reproducibility and
comparability of the electronic characteristics of MAPDI, thin
films.

3. Conclusion

We demonstrate the significant impact of using Ar-based GCIB
sputtering on the electronic and chemical properties of MAPDI,
films, revealed by photoemission spectroscopy. Long-term ex-
posure to Ar clusters, necessary for depth profiling due to the
low sputtering rate, leads to clear degradation at both 3.2 and
1.5 eV/Ar, characterized by a significant loss of cations and iodine
and the emergence of a substantial amount of Pbl, and Pb°. This
also evidences the fact that prolonged GCIB sputtering acceler-
ates the degradation process of MAPbI3 in UHV conditions. The
rate of sample degradation largely depends on the kinetic energy
of the Ar clusters, with rapid degradation (after 1 h of exposure)
observed under 3.2 eV/Ar. In contrast, short-term exposure of
MAPDI, (within 1 h) to 1.5 eV/Ar reduces carbon contamination
and excess iodine at the surface, without noticeable degrading the
MAPDI, film. This gentle surface cleaning process reveals the in-
trinsic electronic structure at the surface, which differs from that

Adv. Mater. Interfaces 2025, 12, 2500102 2500102 (6 of 8)

with contamination by 0.22 eV. The reduction of contamination
at the MAPDI3 surface enables the measurement of the intrinsic
valence band and is expected to enhance the device performance
by reducing trap-assisted non-radiative recombination. Thus, the
use of GCIB sputtering could be used as a nondestructive sur-
face treatment to reduce surface contamination for other MHP
systems, potentially offering a method to reduce unpredictable
surface components and therefore enhance reproducibility.

4. Experimental Section

Sample Preparation: The perovskite precursor solution for film fab-
rication was prepared under nitrogen atmosphere by dissolving 159 mg
methylammonium iodide (MAI) (Dyenamo AB, 99.99% purity on trace
elements basis) and 461 mg Pbl, (Tokyo Chemical Industry 99.99% pu-
rity in trace metals basis, >98.0% total purity) in 71 uL dimethyl sulfoxide
(DMSO, Sigma-Aldrich, >99.9% purity, anhydrous) and 0.6 mL of N,N
dimethylformamide (DMF, Sigma-Aldrich, 99.8% purity, anhydrous) by
mixing for ~12 h. As substrates, we utilized quartz glass coated with in-
dium tin oxide (ITO), cleaned with isopropanol and ethanol for 10 min
each in the ultrasonic bath. After drying the substrate with N, gas and
exposing each to (UV)-ozone for 15 min, the samples were directly intro-
duced into a nitrogen-filled glove boxfor perovskite deposition.

The MAPbI; thin films were fabricated by spin-coating 40 L of the pre-
cursor solution for 30 s at 4000 rpm on the cleaned ITO. After 10 s in the
spin-coating process, 200 uL ethyl acetate (EA, Sigma-Aldrich, 99.8% pu-
rity, anhydrous) as the anti-solvent was introduced on top of the film. The
crystallization was induced by annealing the sample for 3 min at 100 °C.

For the fabrication of a Pbl, reference film, 461 mg of Pbl, was dissolved
in 1 mL DMF and mixed for ~12 h. The solution was then heated at 80 °C
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for 2 h and while still hot, spin coated for 30 s at 6000 rpm on an ITO
sample which was cleaned as described above.

All solutions were prepared one day before each film preparation and
measurement. While the samples were prepared in a glove box with a ni-
trogen atmosphere, the samples were exposed to ambient air for a short
time (5 min) before introducing into the photoemission system.

Photoemission Spectroscopy: All photoemission measurements were
conducted under ultrahigh vacuum (UHV) and room temperature with
a hemispherical analyzer EA15 using a microchannel plate (PREVAC). The
UHYV system is equipped with a monochromatic He | source with photon
energy hv = 21.22 eV, and a monochromatic Al Ka x-ray source with hv =
1486.6 eV. Measurements of the SECO were performed with the applica-
tion of a—10.0 V sample bias. The calibration of the photoemission system
was done by setting the Au Fermi edge for UPS and Au 4f;, for XPS of a
clean single crystal Au(111) to 0 eV and 84 eV binding energy, respectively.

GCIB: Gas cluster ion beam sputtering was performed utilizing the
GCIB 10S (lonoptika), which allows the change of cluster size and energy
selection. Here, two settings for achieving the lowest energy per argon
atom E,/n (23000 Ar atoms with an acceleration voltage of 5 and 10 kV,
respectively) were utilized with the maximal sputter area of 67.1 mm?. The
cluster beam of this setup can be represented by a 2D Gaussian function
in x and y direction,

-(2472)

fly)=n-o*e & (1)

with ¢ = 0.3 mm being the width of the cluster beam. The Ar cluster size
distribution as a function of kinetic energy is shown in Supplementary
Figure S1 (Supporting Information). The peak maximum of the distribu-
tion is taken to determine the kinetic energies per argon atom (E;,/Ar)
value. Both energy settings utilized show a good approximation of a Gaus-
sian distribution of the cluster size with different full widths at half maxima
of 3000 and 1700 atoms for 1.5 and 3.2 eV/Ar respectively. The difference
in full width at half maximum is a direct result of the energy dependent
formation of the clusters and gives rise to an uncertainty of one standard
deviation, i.e., 0.3 and 0.1 eV/Ar for the energy settings 1.5 eV/Ar atom
and 3.2 eV/Ar atom respectively.

Spectra Analysis:  All XPS spectra were processed using CasaXPS soft-
ware. A Shirley background was applied, and peak fitting was performed
using a numerical convolution of Lorentzian and Gaussian line shapes.
No additional data treatment was required. Due to variations in the mea-
sured counts per second across different samples, UPS spectra were typ-
ically normalized to the maximum intensity of each individual spectrum.
In specific cases, normalization to a defined spectral feature was more
appropriate; such instances are indicated in the corresponding figure cap-
tions. To facilitate accurate work function determination, a sample bias of
—10.0 V was applied during UPS measurements to resolve the SECO. Con-
sequently, all kinetic energy values were corrected by subtracting 10 eV
during data processing. UPS data analysis was conducted using Origin
2018.
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