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Long-Term Stability and Oxidation of Ferroelectric
AIScN Devices: An Operando Hard X-ray Photoelectron

Spectroscopy Study

Oliver Rehm, Lutz Baumgarten, Roberto Guido, Pia Maria Diiring, Andrei Gloskovskii,
Christoph Schlueter, Thomas Mikolajick, Uwe Schroeder, and Martina Miiller*

Aluminum scandium nitride (Al; ,Sc,N) is a promising material for ferroelectric
devices due to its large remanent polarization, scalability, and compatibility with
semiconductor technology. By doping AIN with Sc, the bonds in the polar AIN
structure are weakened, which enables ferroelectric switching below the dielectric
breakdown field. However, one disadvantage of Sc doping is that it increases the
material’s tendency toward oxidation. Herein, the oxidation process of tungsten-
capped and uncapped Alj g3Sco 17N thin films is investigated by hard X-ray
photoelectron spectroscopy (HAXPES). The samples is exposed to air for either
2 weeks or 6 months. HAXPES spectra indicate the replacement of nitrogen by
oxygen and the tendency of oxygen to favor oxidation with Sc rather than Al. The
appearance of an N, spectral feature thus can be directly related to the oxidation
process. An oxidation model that mimics these spectroscopic results of the
element-specific oxidation processes within Al; ,Sc,N is presented. Finally, in
operando HAXPES data of uncapped and capped AlScN-capacitor stacks are

1. Introduction

Complementary metal-oxide-semiconduc-
tor (CMOS) compatible ferroelectric (FE)
materials have only been discovered in
the last 10years,"”! which has spurred
renewed interest and research into FE
devices such as FE random access memo-
ries,®! FE field-effect transistors, or FE
tunnel junctions.”! Scandium-doped AIN
(AIScN)?! extends the growing field of
nitride electronics®”! with FE functionality
in terms of large polarization, large coercive
fields, and a nearly box-shaped hysteresis.
Surprisingly, the natural polar state in
AIN even has to be destabilized to make
it switchable below the dielectric breakdown

interpreted using the proposed model.
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voltage. This can be achieved by lattice
strain or doping, as has been first demon-
strated using Sc by Fichtner et al.l”
However, the switchable FE state that
can be achieved in a device in this way suffers from a deteriora-
tion in performance degradation after relatively low switching
rates.®” Indeed, although AIN is resistant to oxidation up to a
temperature of around 800°C,*® AlScN shows considerable
and rapid surface oxidation even at room temperature.>!**?
The modest stability against oxidation, which degrades the FE
switching, turns out to be one of the biggest challenges for
the application of AIScN devices."” This applies not only to
the protection of AlScN from air, but also the choice of electrode
materials, such as metal oxides.

The surface oxidation of Al; ,Sc,N is well known and the pro-
cess has been claimed to be self-limited."") However, the influence
of the oxidation process on the microscopic chemistry of AIScN
has not yet been investigated in detail. Fang et al.l'*! theoretically
investigated the oxidation of undoped AIN. In a proposed three-
step model, a nitrogen ion is first removed from its lattice site,
which is subsequently occupied by an oxygen atom. The released
nitrogen then leaves the crystal as N, molecule.

In this study, we focused on the oxidation of AlScN as a par-
ticular disadvantage of the Sc doping of AIN. We investigated
Alyg3S¢o.17N samples that were exposed to air for either weeks
or months. Oxidation in air was chosen to mimic realistic device
fabrication conditions, during which the samples are not depos-
ited in situ from the bottom to the top electrode but are exposed
to air as they are transferred between growth chambers.
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We used hard X-ray photoelectron spectroscopy (HAXPES)
for the detailed investigation of the oxidation process of AIScN.
Due to its element and chemical state selectivity together with
the large information depth (ID), it allows a detailed investiga-
tion of the oxidation process.!**) The HAXPES experiments on
samples exposed to air over different time periods are compared
with reference samples of Aljg3Scy 17N layers capped insitu
with a tungsten (W) film and an undoped AIN layer. We show
a strong interdependence between the oxidation and the forma-
tion of nitrogen vacancies within the AIScN layer, which are
suspected to play a decisive role on the field cycling reliabil-
ity.®% These element-specific oxidation processes in Al; ,Sc,N
are fed into a simple oxidation model that reproduces these
spectroscopic results. However, we cannot confirm the self-
limiting oxidation process as proposed by Li et al.'"! In a final
step, we make use of the proposed oxidation model to interpret
first in operando HAXPES data of uncapped and capped
AlScN-capacitor stacks.

2. The N 1s/Sc 2p Core-Level Fingerprint

To evaluate the long-term stability and oxidation behavior of
Al,Sc; 4N in air, three samples were analyzed. One sample
was capped insitu with W (3nm) and two additional samples
were exposed to air for a fortnight and 6 months, respectively.
The analysis focused on the Sc 2p—N 1s and Al 2s core levels,
as they act as chemical fingerprints for the identification of
oxidation-induced changes.

Figure 1 shows the Sc 2p, N 1s, and Al 2s core levels for each
sample at different stages of air exposure. The results demon-
strate that air exposure led to remarkable changes in the peak
shapes, especially in the Al 2s core level at about 119 eV, where
an additional shoulder emerged, and in the Sc 2p core level,
where the changes become clearly apparent in the energy range
from 399 to 409 eV (see inset).

www.pss-rapid.com

The binding energy scale was calibrated using the Fermi edge
of the W-capped Al g3Sco.17 sample. The uncapped samples were
calibrated using the Al-N component of the Al 2s emission, with
the binding energies aligned accordingly. In order to align the
uncapped samples, a shift toward lower binding energies was
necessary. The observed shift in the sample that was exposed
to air for a period of 2 weeks was 790 meV, while the observed
shiftin the sample that was exposed for a period of 6 months was
540 meV. Similarly, the same shift is applied to the Sc 2p-N 1s
region, which results in spectral alignment. Based on these
observations, the previously described shift can be interpreted
as a rigid binding energy shift resulting from a change in the
valence band offset for AIScN.!"!

The intensity is normalized to the integrated intensity of the
Al 25 emission in the case of Al 25 and to the integrated intensity
of the N 1s-Sc 2p emission, respectively. The N 1s—Sc 2p region is
further scaled up by a factor of 1.3 relative to Al 2s region.

The experimental spectra in Figure 1 are overlaid with the
results obtained from the peak fit analysis. The N 1s emission
should contain two contributions—a Sc—N and a AI-N emission.
This is confirmed by the peak fit results, since the N 1s emission
is slightly asymmetric and cannot be fit by a single line. However,
the chemical shift by replacing Al by a chemically similar Sc ion
and the Sc-N intensity is expected to be small. The intensity ratio
of the underlying N 1s peak fit contributions is estimated by the
Al 25 (Al-N)/Sc 2p (Sc-N) intensity ratios, corrected by its spec-
tral cross section. Comparing literature XPS values of AIN and
AIScN, %] the shift can be estimated to about 500 meV. Our
peak fit yields a chemical shift of about 550 meV.

The Sc 2p spin-orbit splitting and intensity ratio between 2ps,
and 2p ;,, as obtained from the W-capped sample, are kept fixed
for all spectral fits. In the case of the oxidized 2 week-old sample,
a Sc—O doublet was considered in the fitting model in order
to account for the oxidation. The line width slightly increases
for the oxidized samples. The obtained spin-orbit splitting of
Sc 2p of 4.4 eV, as well as the chemical shift of 2.8 eV between
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Figure 1. HAXPES spectra of the Sc 2p, N 1s, and Al 2s core levels recorded at different stages of air exposure which acquired 6 keV photon energy and

5° electron emission angle. Peak fit results are underlain.
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Sc 2p-Oxide (Sc—O) and Sc 2p-nitride (Sc-N), is in agreement
with previously reported values.*¢**!

The model of the 2week-old sample was applied to the
6 month-old sample, and after 6 months of air exposure, the
highly oxidized sample exhibited an additional emission at
~404 eV binding energy in the Sc 2p region. This peak needed
to be accounted for because the fit parameter obtained from the
W-capped and 2 week-old samples could not explain it. It is not
associated with the Sc 2p emission due to the absence of a
spin-orbit doublet. The potential origin of this peak will be dis-
cussed below. It is also worth noting that the Sc-O share within
the Sc 2p core-level spectra is larger than the Al-O share within
the Al 2s spectra.

To pinpoint the origin and development of the oxidation
within the AIScN layer, we performed angle-dependent scans
at a photon energy hv=6000eV (®=5° and 30°) and at
hy =2800eV (®=5°). This translates into IDs of 18, 15, and
9nm, respectively.

Figure 2 illustrates the recorded HAXPES spectra of the
Sc 2p—N 1s and Al 2s core levels in these experimental configu-
rations for the 6 month-old sample. The Sc—O and Al-O spectral
weight is enhanced for more grazing photoelectron emission
and at hv = 2800 eV, which corresponds to an enhanced surface
sensitivity. The same behavior with a less oxide contribution is
observed for the sample after 2 weeks of air exposure (not shown).
Thus, obviously the intensity of the Sc—O and Al-O contribution
continuously increases with air exposure time and is also
enhanced at the surface.

This also holds true for the additional peak at 404.2 eV, which
is not directly related to the Sc 2p emission but seems to be asso-
ciated with the oxidation process. Notably, this peak is absent in
the capped sample.

Furthermore, we investigated the effects of etching and oxida-
tion on AIScN samples. Our findings revealed that the etching
process, which could be performed employed during device fab-
rication of specialized devices, accelerates the oxidation rate. It is

www.pss-rapid.com

anticipated that the etching process increases the surface rough-
ness of the sample, thereby creating an energetically more favor-
able environment for oxidation. Moreover, the etched sample
yielded a signal from the bottom electrode. In the case of a Ti bot-
tom electrode, it was found that the interface between AIScN and
Ti is not stable due to the presence of a Ti-N signature in the Ti 2p
spectra (not shown here). Further details on an analogue experi-

mental analysis in HZO-based devices can be found here.?**!!

3. Origin of Additional N 1s Peak Feature

The chemical origin of the additional peak in the Alyg3Sco 17N
6 month-old sample has been determined through a comparative
analysis of the Al g3Scy 17N samples with a bare, undoped AIN
sample that has been oxidized in air for 6 months.

Figure 3 depicts the N 1s spectra of the bare, undoped AIN. In
addition to the main N 1s (AI-N) peak at 396.8 eV, another peak is
observed at403.2 eV. The splitting for AIN is 6.4 eV, while the split
for Alyg3Sco. 17N was observed to be 7.7 eV. This discrepancy can
be explained by extraatomic screening effects.?>*? It can thus be
concluded that the feature is part of the N 1s core level and that is
related to the oxidation of AIN and AIScN, respectively.

To summarize, the observations of the HAXPES spectra in
Figure 1-3 are notable for two aspects in addition to the expected
surface-enhanced oxidation. First, it can be observed that the con-
tribution of the Sc 2p oxide is larger than that of the Al 2s oxide.
Second, the intensity of the additional N 1s peak correlates with
the oxide intensity and is not observed in the capped, nonoxi-
dized sample. We will discuss the specific process of oxidation
in A10_835C0_17N below.

4. Atomistic Model for the Oxidation of AlScN

Understanding the oxidation behavior of Alyg3Sco 17N is crucial
for predicting its long-term stability and performance in various
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Figure 2. Electron emission angle and photon energy-dependent Sc 2p, N Ts, and Al 2s HAXPES spectra of a 6 month-old Alyg3Sco 7N sample.
The 6keV 5°, 6 keV 30°, and 2.8 keV 5° spectra refer to an ID of about 18, 15, and 9 nm, respectively.
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Figure 3. N 1s spectrum of AIN without Sc doping, taken at photon ener-
gies of 2.8 and 6 keV. The inset highlights the binding energy region of the
N-N feature. The spectral weight refers to the total N 1s intensity and
increases with increasing surface sensitivity.

applications. In this section, we develop a basic model to describe
the oxidation process by considering the differences in bonding
strengths between Sc-N, Sc-O, Al-N, and Al-O and taking into
account the results from the HAXPES measurements. This
model allows us to estimate the relative quantities of metal oxides
and the amount of nitrogen released during oxidation. In addi-
tion, the proposed model provides insights into the depth of oxi-
dation and the formation of oxide layers over time. In the
following, we describe the theoretical framework and its impli-
cations, supported by experimental observations. Additionally,
we also discuss the limitations of the model.

The different oxidation ratios of Al and Sc can be explained by
the different energy gains when replacing Sc—N bond with a
Sc—O bond (207.4kJmol ') compared to a replacement of
AN by AI-O (133.9k] mol 1).

Now, we consider the oxidation process as a replacement of
nitrogen ions by oxygen. In our basic oxidation model of
AlScN, we assume that oxygen replaces only N-lattice sites next
to Sc ions due to the larger energy gain. We now obtain the rela-
tive proportion of metal oxides by counting the number of Sc—N,
Sc—O0, Al—N, and Al—O bonds. As depicted in Figure 4, this is

(@)

(b)
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easily done in a 2D AlScN lattice, where the fourfold coordination
of metal and nitrogen ions is reproduced. Al ions are randomly
replaced by Sc ions, under the assumption that no Sc ion occu-
pies a lattice site next to another Sc ion, thus explicity excluding
Sc—N—Sc bonds. The actual sample most likely contains
Sc—N—Sc bonds. We note that Sc—N—Sc bonds oxidize more
easily due to the larger energy gain compared to Sc—N—Al
and Al-N—AlL

The replacement of a nitrogen ion by oxygen thus only affects
one Scion and results in one Sc—0O bond and three AI-O bonds.
For example, a 50% Sc oxidation (csco =0.5) of one Sc ion
requires the replacement of two nitrogen ions by two oxygen
ones, which in turn affects six AI—N bonds. At Sc concentration
of 20% (csc = 0.2), the resulting AI-O concentration is expected
to be 37.5% (caio = 0.375). This can be easily formalized in gen-
eral terms by

Cge X C
Calo = 3 % Sc ScO (1)

17CSC

As shown in Table 1, this basic model reproduces the reduced
Al 25 (Al-O) content quite well for the 6 month-old sample com-
pared to the Sc 2p (Sc—O) ratio. Next, we consider the N 1s (N-N)
emission at about 404 eV binding energy. Since each oxygen
atom releases one nitrogen, the concentration of released nitro-
gen atoms (cy) is given by

CN =4 X Csc X Csc0 2)

The N-N concentration that is therefore expected is overesti-
mated by a factor of about 4. However, this expectation implies
that the released N-N is completely stored in the lattice, which
seems to be very unlikely. On the contrary, it is expected that
most of the N, produced will be released during the oxidation
process. Since the oxide layer is reportedly very porous, this
applies not only to the surface but also to deeper layers.”*”)
Therefore, an overestimation is to be expected by simply count-
ing the released nitrogen atoms. Nevertheless, some of the gas-
eous nitrogen seemed to be stored as an interstitial site.

In contrast, for the sample with 2 weeks of air exposure, nei-
ther the Al 25 (Al-O) nor the N 1s (N-N) spectral weights are well
reproduced by the model. Here, the N 1s (N-N) emission is
below the detection limit, but an overestimation by the model
is also to be expected. The overestimation of the Al-O concen-
tration is an inherent deficiency of our simplified oxidation
model. For a count of AI-0O and Sc—O bonds, it is assumed that
no Sc ions are adjacent. Therefore, no Sc—O—Sc bonds are

AlScN ()  AIScN 2D-grid
*—90—90 00O
2Dmodel T T T T ¢
o o o o oSC
-_ Py Py oN
L 2 L 2 @&
L 2 L 2 L J

Figure 4. Waurtzite lattice structure of a) AIN, b) Alg 335¢o.17N, and c) simplified 2D grid of Aly g3Sco.17N. The 2D grid reproduces the fourfold coordination

of each metal and nitrogen atom.
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Table 1. Comparison of observed and expected Al 2s (Al-O) and N 1s (N-N) element-specific spectral weights in percent depending on the observed
Sc 2p (Sc-O) spectral weight for Algg3Sco 17N with different air exposure times and IDs. Calculation performed using (1) and (2).

Oxidation time Measurement parameters Experiment Model
Energy [keV] Angle [7] ID [nm] Sc—O [%] Al—O [%] N—N [%] A0 [%] N—N [%]

6 months 2.8 5 9 57.9 37.0 1.7 35.6 39.4

6 30 15 39.8 20.8 6.6 24.4 27.1

6 5 18 327 18.8 5.4 20.1 222
2 weeks 2.8 5 9 18.6 3.6 - 11.4 12.7

6 30 15 19.4 4.4 - 1.9 13.2

6 5 18 15.3 0.9 - 9.4 10.4

formed. At a Sc concentration of about 17%, this assumption can
fail, and especially at an early stage of oxidation, Sc—O—Sc bonds
can predominantly form due to the larger energy gain. This
reduces the number of Al—O bonds that are formed by a single
oxygen ion. Nonetheless, the model reveals that Sc, especially
within Sc—N—Sc bonding configurations, plays a crucial role
in the early stages of oxidation.

The next important question concerns the depth of oxidation.
Does the oxidation form a stable, self-limiting oxide overlayer or
is it a continuous process that eventually leads to a completely
oxidized AIScN layer? We can answer this question by comparing
the measurements at different IDs at photon energies of 2.8 and
6 keV. If we assume a finite oxide overlayer, the thickness can be
calculated from the signal attenuation of Al 2s (Al-N) and Sc 2p
(Sc—N). To be consistent, a finite oxide overlayer should show the
same thickness as calculated from the 2.8 or 6 keV measurement.
Otherwise, both measurements will yield different thicknesses
and thus falsify the assumption of a finite overlayer. We calcu-
lated the thickness of the hypothetical oxide overlayer for the
6 month-old sample as described by Szyjka et al.*!! and found
a calculated thickness of 1.2nm for the 2.8 keV measurement
and 1.5 nm for 6 keV. Thus, the assumption of a finite overlayer
failed. From this, we conclude that there is an oxidation gradient
and a continuous oxidation process that will eventually affect the

entire AlScN layer and we cannot confirm a reported self-limiting
process.['!)

5. Oxidation during Operando HAXPES

Oxidation of AIScN has a significant impact on device perfor-
mance.”*?”! Due to its non-selflimiting nature, continuous
exposure to air will ultimately lead to the degradation of the
entire device. Furthermore, the application of an electric field
has the potential to influence the oxidation process signifi-
cantly.”® Therefore, the selection of the top electrode, which
effectively capped the AIScN layer, is a crucial factor. If the
top electrode on AlIScN is damaged for instance, due to high-
temperature exposure, any resulting crack would allow oxygen
permeation and subsequent oxidation of the underlying
AIScN.?”) Consequently, electrode materials must be identified
that are stable in contact with AlScN. This in particular applies to
AlScN since, and due to its high-temperature stability, it is a
promising candidate for high-temperature applications.

Our operando experiment addresses the question of whether
and how an applied electric field influences the oxidation pro-
cess. We compared a W-capped, unoxidized layer with an oxi-
dized sample. Both samples are equipped with a finger-shaped

//// ////
6keV5 O1s Sc2p, N 1s Al 2s
3 capped
2 pristine
2 after -38V
L
£
he)
I uncapped
g pristine
5 after -1.5V
z
/ L / L
! I ! I ! 7/ ! I ! I ! I ! I ! /7 / ! | ! I !
540 535 530 405 400 395 390 120 115

Binding Energy [eV]

Figure 5. Operando HAXPES measurements of an Algg3Sco 17N-based capacitor stack: Top panel shows capped (3 nm W) AIScN with a maximum

voltage of 38V applied, and bottom shows AIScN without a capping layer with a maximum voltage of

1.5V applied. The capped configuration

demonstrates chemical stability under the applied voltage, whereas the uncapped, oxidized samples show an additional oxidation.
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gold (Au) electrode to apply a homogeneous electric field over a
large area (see sample schematics in Figure 5). The lateral elec-
trode size is about 2 mm by 2 mm, while the X-ray beam spot is
only 50 pm by 150 pm. The W capping effectively prevents the
AlScN layer for oxidation. Even after an air exposure of 6 months,
no oxide components within the Sc 2p core level are observable
(see also Figure 1).

In Figure 5, the O 1s, Sc 2p-N 1s, and Al 2s core-level regions
of both an unoxidized sample capped by a 3nm W film and an
oxidized AlScN sample are shown before and after in operando
application of DC voltage. The uncapped, oxidized sample shows
a significant increase in oxidation even upon application of only
—1.5V, as indicated by the increased O 1s, Sc 2p (Sc-0), and Al 2s
(Al-O) contributions. Conversely, the unoxidized, capped sample
remains stable up to about —38 V and shows a reduction of the
O 1s core-level signal. It should be noticed that we observed a
large increase of the leakage current at —38 V, which indicates
the dielectric breakdown. Nevertheless, the chemical composi-
tion remains stable, which proves the stability of the W capping.

6. Conclusion

In summary, the long-term stability and oxidation process of
tungsten-capped and uncapped Aljg3Sco 7N thin films was
investigated using HAXPES. Samples exposed to air for either
2weeks or 6 months were investigated to mimic real ex situ
growth and device processing.

Our comprehensive HAXPES analysis of the Sc 2p core-level
multiplet and the Al 2s core level has provided the following
insights into the oxidation process: Alyg3Sco.17N is significantly
sensitive to air, shows an oxidation gradient from the surface to
the bulk, and undergoes accelerated oxidation as a result of Sc
doping.

An understanding of the oxidation mechanism could be
achieved by considering the predominant substitution of nitro-
gen bound to scandium. The substituted nitrogen leads to the
formation of N, molecules, which are mainly released from
the sample. However, a small amount of N, remains in the lat-
tice, presumably in an interstitial position. In general, we con-
firm the oxidation model as described by Fang et al. for
undoped AIN."* However, for AIScN the oxidation process is site
selective. Predominantly nitrogen bonded to Sc is released and
its place is subsequently occupied by oxygen.

Applying an operando voltage to the partially oxidized sample
during the HAXPES experiment leads to a considerable intensi-
fication of the oxidation process. In contrast, the AlScN layer,
which protected by a 3nm tungsten capping layer, shows no
signs of oxidation and remains chemically stable up to voltages
of about 38 V.

The results provide a comprehensive insight into the chemical
oxidation processes in AlScN as an active layer in FE devices. The
long-term stability of devices can be achieved through a complete
in situ growth process and selecting appropriate materials for the
electrodes. In this way, the FE functionality of AlScN is encap-
sulated and protected from the effect of air exposure, whereby the
FE switching performance of devices can be improved beyond
the current state of the art.

Phys. Status Solidi RRL 2025, 19, 2400307 2400307 (6 of 7)
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7. Experimental Section

The samples were prepared on p-Si substrates on which a 60 nm-thick
bottom electrode (Ti, TiN, or W) was deposited by DC sputtering.
Subsequently, Al,Sc;_,N films (60 nm) were radio frequency cosputtered
at 400 °C using Al and Sc targets with a sputtering power of 200 and 140 W,
respectively. During the deposition the substrate rotated at 6 rpm, and the
nitrogen flow rate was 10 sccm, which was twice as high as the argon flow
rate of 5 sccm. Consecutive deposition processes were performed without
breaking the vacuum condition in an ultrahigh-vacuum sputter cluster tool
from Bestec GmbH.

The stoichiometry was determined by HAXPES and calculated from the
Al:Sc peak intensity ratio of the Sc 2s, Sc 3s, Sc 3p, Al 2s, and Al 2p peaks
weighed by the respective photoionization cross sections.”! This proce-
dure was performed using six combinations of different Al and Sc core
levels and consistently yielded the stoichiometry Algg;Sco 7N for the
uncapped Al,Sc;_,N sample with an accuracy of +4%.

HAXPES was performed at the P22 beamline of PETRA IIl (DESY,
Hamburg)P? to investigate element-selective chemical properties. Core-
level spectra of Al, Sc, N, and O were recorded at a photon energy of
2.8 and 6 keV, providing IDs of 9 and 18 nm, respectively. The IDs were
estimated using the Electron Spectra for Surface Analysis (SESSA) from
the National Institute of Standards and Technology (NIST).”" A SPECS
PHOIBOS 225HV electron analyzer was used at an emission angle of
5° and 30° and a pass energy of 50 eV, resulting in an overall energy reso-
lution of ~300 meV.

In operando HAXPES was conducted on specially prepared samples,
on which a “finger”-shaped gold (Au) top electrode (30 nm) was deposited
using a corresponding shadow mask. For the uncapped sample, an addi-
tional 4 nm Au rectangle layer was deposited underneath to ensure a
homogeneous voltage distribution across the area between the fingers.
This allowed the Alpg3Sco 17N regions to be made accessible to the
X-ray beam while voltage was applied on the electrode “fingers”. The
Au top electrode was connected to the sample holder electrode, while
p-Si was ground on the holder. Voltage was applied using an Agilent
B2912A power supply, with the DC voltage being gradually increased.
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