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For solar water splitting, semiconducting surfaces must be stable and able to efficiently transfer charge
carriers across the semiconductor/aqueous electrolyte interface. Despite its ubiquitous use as the
topmost layer in various record-breaking photoelectrochemical (PEC) devices, the initial interaction of
the AlInP (001) with water remains unexplored. This study examines the interactions between atomically
ordered AllnP (001) surfaces prepared with either phosphorus (P-rich) or indium (In-rich) terminations
and reactive electrolyte species such as water and oxygen are examined. Using photoemission and
reflection anisotropy spectroscopy combined with computational calculations, changes to surface states,
chemistry, and near-surface band structure under representative adsorbate environments are
investigated. Water dissociates on both terminations: on the P-rich surface, the Al and In sites are active,
whereas on the In-rich surface, the In—In bonds dissociate promptly, increasing surface reactivity.
Prolonged oxygen exposure causes surface reordering, resulting in a decrease in band bending from
1.00 to 0.85 eV on the P-rich and from 1.80 to 0.85 eV on the In-rich surface. Time-resolved two-
photon photoemission measurements show that the near-surface band edges remain stable within
0.15 eV upon exposure to water and heat despite the work function increasing by 0.32 eV in UPS.
Meanwhile, hydroxylation reduces surface dipoles. Initial O, exposure has little effect on the P-rich

surface, but prolonged exposure leads to the dehydrogenatition of hydroxyls on the In-rich surface. DFT
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Accepted 2nd April 2026 calculations indicate that the reactivity is dependent on reconstruction, showing that molecular water

adsorption on the In-rich surface (—0.40 eV) is more favorable than on the P-rich AlinP (—0.23 eV).
DOI: 10.1035/d6ta00726k These findings provide a comprehensive understanding of AlinP (001) surfaces under conditions

rsc.li/materials-a representative of PEC and other applications of Il|-V heterostructures.

1 Introduction

III-V compound semiconductors have been identified as
promising materials for optoelectronic applications and are
used extensively in devices such as light-emitting diodes,
detectors, high-electron-mobility transistors, electro-optic
modulators, photovoltaic, and photoelectrochemical (PEC)
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The so-called window layer is a critical component in all
state-of-the-art devices for solar energy conversion, as it selec-
tively transports one type of charge carrier (here electrons) to
the solid/liquid interface, while minimizing interfacial
recombination.”™* This ensures efficient energy extraction
through well-aligned heterointerfaces. This selective contact for
charge carriers has been identified as a crucial factor in opti-
mizing the efficiencies of III-V devices across various
applications.>®*"'"'® Aluminium indium phosphide (AlInP) has
a tunable band gap (E) ranging from 1.35 eV to 2.45 eV,
depending on its composition,’”>* and it is used as a window
layer in most high-efficiency III-V multi-junction devices. Since
in PEC applications, AlInP is in contact with any applied cata-
lysts, electrolytes and other structures, its stability and perfor-
mance are important factors for further device improvements.
The precise electronic structure at the interface - especially the
alignment of conduction band (CB) and valence band (VB), and
the density and distribution of defect states — governs charge
carrier selectivity, interfacial recombination and, ultimately,
device efficiency. However, the performance of such hetero-
structures can be severely limited by losses that originate at or
near the surface, particularly when the AlInP window layer is
only tens of nanometers thick and thus is dominated by surface
and interface properties.

The interaction between AlInP surfaces and species such as
water and oxygen is a largely unexplored area, especially with
respect to surface oxide/hydroxide formation. This area is
crucial because the AlInP window layer is the outermost layer in
many III-V record devices, meaning that changes to its surface
during operation are key for ensuring high device performance
and stability. May et al.® reported a remarkable 14% unassisted
solar-to-hydrogen (STH) efficiency using a functionalized AlInP
surface in contact with an electrolyte within a III-V tandem
structure. Many III-V materials are known to exhibit limited
long-term stability in such reactive or corrosive environments,
necessitating the use of protective layers to chemically passivate
and secure them against corrosion and dissolution. A common
protective layer is titanium dioxide (TiO,), which is typically
deposited via atomic layer deposition (ALD).° In the ALD
process, reactive oxygen precursors such as water are commonly
used, sometimes in conjunction with plasma excitation. This
can result in the semiconductor's surface oxidising prior to the
actual TiO, growth. The TiO,/AlInP heterointerface constitutes
a vital component of PEC devices, with examples achieving
remarkable STH efficiencies close to 20%, approaching highest
efficiencies that can be achieved.®* Recently, Reith et al.*®
demonstrated the TiO,/AlInP heterointerface engineering
significantly enhances charge carrier extraction, the STH effi-
ciency, and stability of the device. Formation of interfacial oxide
species underneath grown TiO, layers can severely degrade
device performance,*® motivating investigation of the stability
of AlInP window layers under initial interactions with water and
oxygen.

The interaction of water and oxygen with III-P surfaces has
been the focus of numerous computational and experimental
studies, which have suggested specific reaction mechanisms
and molecular dynamics on different surfaces.””** Most
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investigations have primarily targeted binary III-V semi-
conductors, such as indium phosphide (InP) and gallium
phosphide (GaP) surfaces, due to the longstanding challenge
associated with preparing, characterizing, and simulating
ternary compounds. Henrion et al* demonstrated that at
—173.15 °C (100 K), low coverages of H,O on ultra-high vacuum
(UHV)-cleaved InP (110) result in dissociative adsorption,
forming In-OH and P-H bonds, which introduce midgap
acceptor states that pin the Fermi level. As H,O coverage
increases, molecular water becomes the main adsorbed species,
whilst maintaining the flat-band potential. During an annealing
process, molecular water desorbs initially, followed by a phase
reorganization towards non-stoichiometric indium oxide. These
findings highlight transitions between adsorption regimes that
influence the electronic properties of InP (110).>* May et al.*
demonstrated that indium-rich (In-rich) mixed-dimer InP (001)
surfaces, when exposed to water, experience dissociative
adsorption forming In-O-P bonds, as opposed to In-O-In. In
contrast, H-terminated, phosphorous-rich (P-rich) surfaces are
irreversibly etched by water. It was observed that O, attacks the
In-rich surface more aggressively than H,O, even disrupting its
bulk optical transitions. The absence of detectable hydroxyl
intermediates suggests that the dehydrogenation of adsorbed
species occurs rapidly at ambient temperature. These findings
on reconstruction-dependent reactivity have guided strategies
for stabilizing InP-based photoelectrodes under aqueous
environments.*

Wood et al* conducted a density functional theory (DFT)
analysis of complex oxygen- and hydroxyl-rich GaP/InP (001)
surfaces, identifying four dominant local bonding motifs: M-O-
M and M-O-P bridges on oxygenated surfaces, and M-[OH]—-M
bridges along with atop M-OH configurations on hydroxylated
surfaces (M = Ga, In). Each topology yields a unique signature
to the electronic density of states, thereby offering a clear
structural framework for analyzing the spectroscopy of native
oxide layers. Notably, the M-O-M bridge motif can generate
localized hole-trap states when subjected to strain or chemical
disturbances, providing an atomistic rationale for photo-
corrosion in III-V photoelectrodes.”” Some of the present
authors in ref. 31, utilizing DFT calculations, demonstrated that
single H,O molecules preferentially adsorb on three-fold coor-
dinated In atoms on the In-rich InP (001) surface. Dissociative
adsorption is found to be more favorable than molecular
adsorption and upon dissociation, the hydroxyl group prefer-
entially bonds to In-In dimers, while hydrogen adsorbs at the
mixed-dimer P atom. Furthermore, the energy barrier for water
dissociation progressively diminishes as coverage is increased.
By increasing the water coverage, an attractive interaction
between the water molecules determines the interface
morphology. When the surface is rich in water (when thick
water layers are formed), the reaction barrier for water dissoci-
ation reduces distinctly. The resulting interfacial dipole shifts
the InP valence band maximum (VBM) toward more positive
values with respect to the oxygen evolution potential, yielding
overpotentials of =1.7-1.8 eV for oxygen evolution reaction and
0.2-0.3 eV for hydrogen evolution reaction. These findings
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underscore how water coverage and surface termination jointly
tune the electrochemical behavior of III-V photoelectrodes.**

Only a few studies have explored the interaction between
ternary III-P materials, such as AlInP and gallium indium
phosphide (GaInP), with water and oxygen. Key studies con-
ducted by some of the present authors in ref. 32 employed DFT
to illustrate that on Aly 5In, 5P, Al-Al dimers within the second
layer are preferred adsorption sites. These dimers create III-O
bond states within the band gap, which can serve as surface-
localized recombination centers. Calculations suggest that the
early stages of oxygen adsorption do not result in the passiv-
ation of the II-V (001) surface states.* However, the AlInP
surface reconstruction examined in the DFT study®* differs from
those prepared experimentally via metal-organic vapor phase
epitaxy (MOVPE), which is a crucial point. Ostheimer et al.*®
investigated the interaction of GaInP (001) with water utilizing
both experimental and ab initio molecular dynamics (AIMD)
methods. They determined that water vapor interaction with
GaInP (001) surfaces is markedly affected by surface recon-
struction. Molecular adsorption is preferred on P-rich surfaces,
while dissociative adsorption occurs on Ill-rich (4 x 2) termi-
nations. Hajduk et al.*’ utilized soft X-ray photoemission spec-
troscopy (SXPS) to show that p-GaInP (001) with a native sub-
monolayer oxide, when immersed in liquid water, forms Ga-
OH, In-OH, and H-In-OH species. This transformation
converts Ga oxides to hydroxides, occasionally leaving metallic
Ga, and produces P-H bonds, elevating work function (&) by
approximately 80 meV and altering the VB edge. The substitu-
tion of Al with Ga can lead to alterations in the surface's
chemical properties, thereby influencing its reactivity, which
emphasizes the necessity for a detailed examination of AlInP to
allow for a more targeted design of this key III-V interface.

Understanding the surface reactivity as a function of AlInP
surface reconstruction is crucial for preparing well-defined
heterointerfaces and minimizing potential photovoltage los-
ses. Therefore, it is essential to investigate how AlInP surfaces
are modified upon exposure to water and oxidative environ-
ments. Such modifications can result in surface reconstruc-
tions, the quenching of defects, or the introduction of new
recombination sites, potentially affecting the band gap surface
states.” Hence, acquiring a comprehensive theoretical and
experimental understanding of the electronic structure of AlInP
surfaces and interfaces is crucial for further optimization III-V
heterostructures, since both basic properties of clean and
knowledge-based engineering of modified surfaces are vital for
achieving maximal device efficiency.*®

We employ a combination of experimental methods and DFT
calculations to understand the modification of electronic
structure and chemical composition of P- and In-rich AlInP
surfaces upon oxidation. In particular, we explore how the early-
stage interactions of the AlInP surface with H,0 and O, depend
on surface reconstruction, which atomic motifs act as the initial
reactive sites (P-P dimers versus subsurface Al/In sites versus In-
In bonds), and how the resulting hydroxide/oxide species
modify surface states and near-surface band energetics. Well
defined surface reconstructions of AlInP prepared by MOVPE
are examined before interacting with O containing species, as
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previously explored in detail by some of the present authors in
ref. 16. Reflection anisotropy (RA) spectroscopy as a surface
sensitive method is used to in situ monitor surface changes
during initial stages of the interaction of water with the
surfaces. We utilized photoemission spectroscopy (PES) to
examine the alteration in chemical and electronic characteris-
tics of AlInP surfaces upon exposure and oxidation utilizing its
chemical and electronic information content. Additionally,
time-resolved two-photon photoemission (tr-2PPE) measure-
ments were employed to resolve near-surface electron
dynamics. The adsorption of single water molecules, hydroxyls
and O atoms on the P- and In-rich AlInP surfaces are investi-
gated by DFT calculations. The calculations are compared to
experimental measurements in order to understand the water
interaction with the surface during initial exposure. The
reconstruction-controlled “reactive-site” model developed here
is expected to be broadly transferable to other III-V (001)
surfaces. Here, surface reconstruction governs whether group-
III back-bond sites, group-V dimers, or group-III-group-III
motifs dominate the earliest hydroxylation/oxidation steps. In
this sense, AlInP (001) is a model case that helps to connect
previous observations on related III-P systems (e.g., InP, GaP, or
GaInP) that were dependent on surface reconstruction,
including those by the present authors, to the resulting changes
in surface state and band alignment that are relevant to PEC
operation and ALD-based interface formation.

2 Results and discussion

2.1 Oxidation processes on P-rich AlInP (001) and their
impact on near-surface electronic structure

The P-rich AlInP surface, prepared via MOVPE, has been thor-
oughly characterized previously as shown in ref. 16. AlInP with
a P-rich termination features P-P dimers on the surface, with
one P atom per dimer buckled by a hydrogen atom, resulting in
a (2 x 2)-2D-2H surface reconstruction consisting of 2 dimers
and 2 H atoms within each unit cell.”'*** The modification of
the P-rich AlInP surface is examined after different reactive
stages: (i) the initial stages of interaction with water in vacuum,
where the water dosage introduced to the surface is regulated by
the partial pressure of water within the chamber at room
temperature while monitoring surface changes in situ, followed
by higher dosages of water, (ii) the surface is simultaneously
exposed to heat (200 °C) and water to stimulate possible reac-
tions similar to the ALD process. The following sections discuss
the findings from these set of experiments. Additionally, anal-
ysis of the surface exposed to controlled amounts of O, in
vacuum and finally, the surface in contact with liquid water and
air can be found in the SI (Fig. S1-S3).

2.1.1 Water exposure of the P-rich AlInP surface. At first, we
focus on the early stages of water-induced modifications of the
P-rich AlInP surfaces. After MOVPE growth, the pristine sample
is immediately transferred via a dedicated UHV shuttle to the
UHV cluster with a base pressure on the order of 10~ mbar,
ensuring the sample remains free of C, O, and other contami-
nation throughout the transfer process. Within the UHV cluster,
the sample is introduced into a specially designed chamber for

This journal is © The Royal Society of Chemistry 2026
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(a) 3D color plot of in situ RAS measurement during exposure of 75 kL of water to P-rich AlInP (001) surface and (b) RA spectra measured at

the beginning and end of the exposure. Red spectrum: as-prepared P-rich AlInP; pink spectrum: after 75 kL water exposure.

water exposure. This chamber is equipped with a water reservoir
connected through a leak valve, which allows for the controlled
delivery of water vapor dosage onto the surface by controlling
the partial pressure and exposure time. Exposure is measured in
Langmuir (L), with 1 L equal to 100 s at 1.3 x 10~ ° mbar. RAS is
employed as an in situ monitoring technique to capture early
stage surface modifications and reaction processes. Before
initiating water exposure, the RA spectra of transferred samples
are measured to confirm P-rich, contamination-free surfaces
and to serve as a reference for changes after water exposure.
First, a total of 75 kL (47 min at 1 x 10~> mbar + 11 min at 1 x
10~ mbar) of water is exposed to the P-rich AlInP surface. Fig. 1
illustrates (a) a color plot of the RA spectra continuously
recorded throughout the exposure process, providing a time-
resolved view of spectral changes as the surface reacts with
water molecules, and (b) representative RA spectra recorded at
the beginning and the end of the exposure for direct
comparison.

This 75 kL dose was chosen for saturation exposure at room-
temperature in UHV. Water dosing continued until the in situ
RA spectra stopped evolving, providing a reproducible endpoint
for the “initial interaction” regime (ie. early-stage
hydroxylation/oxidation rather than deliberate growth of
a thick oxide layer). The exposure experiment was ended by
closing the leak valve, resulting in a rapid pressure drop from
10~* mbar to low 10~% mbar within a few seconds, effectively
“freezing” the condition. Subsequently, the sample was
promptly transferred to the PES chamber, where the pressure is
maintained in the low 10~ '° mbar range to facilitate a detailed
post-exposure chemical and electronic analysis. To track
chemical and electronic changes upon exposure, X-ray photo-
emission spectroscopy (XPS) measurements were performed on
the samples before and after the exposure experiments.

Fig. 1 demonstrates that upon water exposure, only the peak
around 2.60 eV in the RA spectrum shows a moderate reduction
in intensity and undergoes a blue shift (shifting to higher
photon energies), whereas the overall line shape of the RA

This journal is © The Royal Society of Chemistry 2026

spectrum remains unchanged. Previously, this feature at 2.60 eV
was assigned to electronic transitions between electronic states
localized at the partially hydrogen-terminated P dimers.*
Reduced intensity of this feature suggests that the P-P dimers
on the P-rich AlInP surface are only partially affected by water.
In the scenario of complete surface dissociation, it is antici-
pated that the RA signal would reduce to zero.*>*° Hence, the
analysis of these spectra suggests that the surface structure
remains largely unchanged under water exposure, though the
intensity of spectral features decreases. Furthermore, the blue
shift is particularly noticeable in the lower photon energy region
of the spectrum. Modifications in the surface dipole may also
contribute to this shift, as they can induce a linear electro-optic
effect‘35,40,4l

Fig. 2 presents the XPS results acquired at an emission angle
of 15°, enhancing surface sensitivity to effectively resolve low-
concentration surface species. The initial characterization of
the P-rich AlInP surfaces, represented by the red spectra, reveals
a pristine surface free of C or O contamination, as confirmed by
the survey spectra and the high-resolution (HR) scan of the O 1s
core level in Fig. 2 (see Fig. S4(a) in the SI). The pink spectra
correspond to the same surface after exposure to 75 kL of water.

To identify the nature of the oxygen species formed, the
primary AlInP core levels - In 3ds,, P 2p, and Al 2p - are further
analyzed. Modification of the surfaces can results in changes of
the energetic position of the Fermi level pinning and the band
bending (BB), which induces shifts in core level energies. To
sensitively resolve newly formed surface species, the spectral
line shapes are compared before and after water exposure. To
distinguish changes of chemical composition from core level
shifts due to changes in the BB, all the XP spectra of In 3ds,, P
2p, and Al 2p are normalized, with peak positions aligned to
maximize spectral overlap, thereby presenting the X-axes in
Fig. 2 as “relative binding energy.” Furthermore, difference
spectra vs. the as-prepared P-rich AlInP surfaces are plotted and
scaled by a factor of two to emphasize the observed changes.
Horizontal bars positioned above each spectrum illustrate the

J. Mater. Chem. A, 2026, 14, 18742-18768 | 18745
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Fig. 2

(a) HR XP spectra of O 1s, In 3ds,,, P 2p, and Al 2p core levels (left to right) for P-rich AlInP (001), recorded before (red) and after exposure

to 75 KL (pink), 314 kL (purple), and after 1.5 x 10° kL (blue) of water. To demonstrate the spectral changes induced by exposure, In 3ds/», P 2p, and
Al 2p core levels spectra are normalized to their respective maximum intensity, and the post-exposure spectra are shifted to maximize overlap
with the as-prepared spectra. Accordingly, the x-axis is labeled as "Relative binding energy.” Difference spectra vs. P-rich are multiplied to two
and plotted. The horizontal bars positioned above each spectrum specify the BE ranges of various oxide species, serving as references to facilitate
peak assignment. (b) The UP VB spectra with He Il excitation of P-rich AlinP before and after exposure.

binding energy (BE) of various components, as reported in the
literature.””~>® A summary of these values is provided in the SIin
Table S1. As depicted in the diagram, the contributions from
various oxides and hydroxides are in very close proximity or
overlap, making precise fitting both challenging and potentially
unreliable. This challenge is enhanced by the low concentration
of oxide species and the use of Al Ko as an XPS source.
Compared to synchrotron radiation with lower X-ray energy, Al
Ko has a lower surface sensitivity, which limits its ability to
resolve low concentration oxides accurately while accounting
for all possible contributions. It should also be noted that the
complete formation of a stoichiometric oxide bulk phase with
well-defined BE values may not occur in the experiments pre-
sented, as we attempt to simulate the early stages of water
exposure, and do not optimize for oxide growth. This most likely
results in BE values that are only qualitatively related to the
respective bulk values due to the sub-monolayer or few-layer
nature of created oxides. It is anticipated that increasing the
dosage of water and subjecting the surface to more drastic
oxidation will lead to the formation of lattices of different oxides
and hydroxides, thereby bringing the BE of emission lines
closer to literature values. In the following discussion, the
likelihood of the presence of each component is assessed.

18746 | J Mater. Chem. A, 2026, 14, 18742-18768

In Fig. 2(a), interestingly, the In 3d;,, and P 2p core levels do
not exhibit significant changes of their line shapes after 75 kL
water exposure (see the pink spectra). If P-P dimers were
dissociated, a decrease in the signal at approximately 130.0 eV
would be detected, along with a new components appearing
between 133.9-136.0 eV in P 2p and 445.7-447.0 eV in In
3ds5,,.*>"® However, such changes in the core levels are not
observed, indicating that the surface has not undergone
modifications leading to the formation of In(PO,), species with
In-O-P bonds.**® Similarly, the formation of In,0; (In-O-In
bonds) can be ruled out. Although the In-O-In emission line in
In 3ds,, core level would appear at 444.7 eV, close to the In-P
contribution, its presence would also result in O 1s signals at
530.0 eV and 532.7 eV (with full width at half maximum
(FWHM) of 1.8 eV for each emission line),*** which are not
observed. A small quantity of In-OH cannot be entirely ruled
out, since In(OH); is known to appear at 445.2 eV in the In 3d;,
region and at 531.8 eV in the O 1s region,**® overlapping with
the In-P signal in the In 3ds,, core level and the identified peak
in O 1s, respectively. However, if present, the concentration of
In-OH is expected to be minimal. This is because a substantial
concentration would result in an asymmetric profile of the In
3ds,, peak. This observation suggests that In-P sites in the first

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Calculated potential energy surfaces for single water molecules on P-rich AlinP (001) (2 x 2)-2D-2H (a). A more negative adsorption
energy indicates a more favorable adsorption site. Calculated water-induced charge redistribution for water adsorbed on (2 x 2)-2D-2H (b), blue
and red isosurfaces signify areas of charge accumulation and depletion, respectively. Top (c) and side (d) view of the most energetically favorable
structural configuration for a single adsorbed water molecule. Top (e) and side (f) view of the most energetically favorable structural configu-
ration for an adsorbed OH group. Top (g) and side (h) view of the most energetically favorable structural configuration for an adsorbed O atom.

and the second monolayers do not serve as the most favorable
site for the absorption of water molecules. Minor variations in
In and P core levels remain within the noise level and do not
conclusively indicate chemical changes by 75 kL water.

In contrast, a broadening at higher BEs in the Al 2p core level
is observed, as evident in the difference spectrum, suggesting
the formation of a new contribution upon water exposure. This
contribution is only detectable at a 15° measurement and not at
90° (see Fig. S5 in the SI), appearing at roughly 75.3 eV as
indicated by the green guideline in the difference spectrum.
This BE correlates with values reported in the literature for non-
stoichiometric AlO, and Al-O-Al bonding configurations.**** In
the case of Al-O-Al formation due to water exposure, the pres-
ence of O-containing bonds requires detecting a correlated
signal at 532.2 eV in the O 1s core level as well. The clear
observation of a pronounced emission in this region after the
exposure of 75 kL of water indisputably confirms that water
molecules are dissociated and form Al-O-Al bonds. It should be
emphasized that Al and In atoms located in the second and
third monolayers from the surface are not entirely buried;
rather, they remain exposed to the vacuum and are available for
interaction with incoming species if such sites are reactive to
the particular species (refer to Fig. 3(a) for a top view of the
surface reconstruction; which will be discussed in the
following).

The absence of a peak at 133.0 eV in the P 2p core level after
only 75 KL water suggests that the formation of AIPO,

This journal is © The Royal Society of Chemistry 2026

(characterized by Al-O-P bonds)**” can be excluded, though it
is expected that some Al-OH bonds are formed on the surface.*®
The dissociation of water into OH™ and H', leading to the
adsorption of OH™ on Al and In sites, and H on P sites (where P
possesses dangling bonds on the P-P dimers at the surface),
may constitute a viable mechanism for the formation of AI-OH
and In-OH. The interaction between H and P does not lead to
noticeable emission changes, because H has a minimal effect
on P. Similar mechanisms are reported for interaction of water
with other III-V surfaces.**** Nonetheless, the inherent surface
sensitivity and resolution limitations of XPS using a mono-
chromatic Al Ko X-ray source must be considered, particularly
when attempting to resolve low concentrations of P-O-Al and
P-O-In bonds in the P 2p region. While considering hydroxyl-
ation, the potential formation of AIOOH and InOOH should also
be taken into account. However, distinguishing these chemical
states from other hydroxyl and oxides species remains chal-
lenging (check Table S1 to see their BEs in the SI).

To summarize, under the given water exposure conditions,
these findings lead to several insights: (i) P-P dimers at the
surface have not dissociated and do not serve as the primary
active sites for water interaction in the first step; (ii) the initial
interaction likely involves Al atoms located in the second or
third atomic layers beneath the surface at the initial lower
exposure; (iii) water molecules preferentially adsorb into
surface valleys rather than undergoing direct chemical reac-
tions at first monolayer sites; (iv) the surface experiences partial
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surface reordering; (v) hydroxylation occurs through the disso-
ciation of water into OH™ and H', with OH ™~ adsorbing onto Al
and In sites and H onto P; and (vi) the interaction between water
and the surface is not in a steady state, additional exposure will
further alter the surface chemistry. These observations are
consistent with the prior work on the interaction of water with
P-rich InP (001).** Both experimental results and DFT calcula-
tions indicated that on InP (2 x 2)-2D-2H and (2 x 2)-2D-1H
surfaces, the most energetically favorable adsorption sites for
water molecules are not the P-P dimers, but rather the valleys
between them.*® Furthermore, a previous work®* has demon-
strated that the oxidation of AlInP predominantly results in the
formation of Al-O bonds rather than In-O bonds, aligning with
the findings shown here for the initial low water exposure.

To investigate further surface modification through addi-
tional oxidation, a P-rich AlInP surface was exposed to 314 kL
(purple, 68 min at 1 x 10 * mbar) and 1.5 x 10> kL (blue,
129 min at 2 x 10~* mbar after 314 kL) of water, see Fig. 2.
However, the process was not monitored in situ by RAS. After
314 KL of exposure, spectral modifications are observed not only
in the Al 2p but also in the P 2p and In 3d;, core levels. Analysis
of the In 3d;, spectrum reveals an asymmetric feature at
445.4 eV, suggesting formation of In(PO,), components.*** In
the P 2p region, a decrease in intensity is noted at 130.2 eV,
associated with contributions from P-P dimers, indicating
partial dissociation of P-P dimers.'*** Additionally, an evolution
of signal at 132.5-136.0 eV region, with a maximum at 133.9 eV
is observed, which can be attributed to In-O-P (In(PO,),)*>**
and Al-O-P species.***” Thus, these findings suggest the
development of a mixture of both In-O-P and Al-O-P bonds.
This interpretation is further supported by emissions detected
in the O 1s region. The presence of In-O-In bonds, character-
istic of In,0;, is generally unanticipated and will likely only
occur at a very low concentrations, as evidenced by the lack of
a 530.0 eV signal in the O 1s region.*** The dominant Al-
containing oxide species on the surface is Al-O-Al, as evi-
denced by the evolution of a signal around 75.50 eV in the Al 2p
region and the peak with a maximum at 532.37 eV in the O 1s
region.*>*®

Increasing the water dosage to 1.5 x 10° KL leads to a higher
concentration of oxide/hydroxide species on the surface. The
peak intensity associated with oxide/hydroxide species in the O
1s spectrum not only rises but also exhibits an asymmetry
change in addition to a chemical shift of peak maximum by 300
meV towards higher BEs, which aligns with the expected pres-
ence of In-O-P and Al-O-P.*>*® Such a change in the asymmetry
of the peak indicates changes in the ratio of different oxide/
hydroxide types. The changes observed in In 3ds/,, P 2p, and
Al 2p spectra are consistent with this observation. Notably,
within the P 2p region, the peak maximum attributed to P-
containing oxide species (highlighted in the difference spec-
trum) similarly shows an asymmetric change and shifts to
134.81 eV, indicating an increased In-O-P to Al-O-P ratio. This
observation indicates a higher degree of oxidation of P atoms
upon further exposure, potentially transitioning from P** to
p>*.%0-%¢ The formation of P-OH on the surface might be
considered; however, as these species are anticipated to emerge
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at approximately 132.30 eV, where no emissions are detected,
their presence is unlikely or minimal.*® The increase in emis-
sion at 75.50 eV within the Al 2p spectrum, particularly linked to
the Al-O-Al bonds, indicates a heightened concentration due to
prolonged exposure. The results shown here seem to support
the formation of a mixture of non-stoichiometric In-O and Al-O
species.

Fig. 2(b) illustrates the VB cutoff of the UP spectra for P-rich
AlInP, depicted both before (red) and after exposure to 314 kL
(purple) and to 1.5 x 10° kL (blue) of water using He II light.
Exposure to 314 kL of water results in a notable decrease in
emission below 5 eV as indicated in the difference spectrum,
associated with the surface states of P-rich AlInP surface, as well
as P dangling bonds. Although emission in this region is
decreased, it is not entirely eliminated, indicating that surface
states are only partially removed. This observation aligns with
the XPS analysis, which shows a decreased emission line at
130.20 eV in the P 2p core level, indicating the partial dissoci-
ation of P-P dimers and consequently a reduction in the density
of surface states linked to these dimers. In ref. 16, the analogies
between P-rich InP and AlInP surface VB is discussed. Moreover,
the observed decrease in surface states for P-rich AlInP upon
exposure parallels the findings following the initial water pulse
in the ALD process on P-rich InP, as detailed in ref. 66. As
a result, the VBM of AlInP shifts from 1.30 eV to 1.45 eV below
the Fermi level. It indicates that the BB in AlInP decreases from
1.00 eV on the P-rich surface to 0.85 eV after water exposure. The
fact that P-P dimer contributions remain visible in the P 2p
region, together with the VBM of AlInP located just 1.45 eV
below the Fermi level which implies an upward BB towards the
surface, support the conclusion that some defect surface states
remain preserved, pinning the Fermi level.*®

Upon examining the difference spectra in Fig. 2(b), two
emission lines located at approximately 7 eV and 9 eV (high-
lighted by green lines) are observed as the sample is subjected
to water exposure. It is known that OH™ species exhibit emis-
sion lines in this region®***”* where the 17 and 3¢ orbitals of
adsorbed OH™ contribute to emissions near 8 and 10 eV. Lars-
son et al.®® proposed that these emissions correspond to OH™
species at bridge sites between the first and second monolayers
of the surface. Hydroxylation of the III-V surface when exposed
to water has been previously reported, demonstrating that
hydroxyl groups remain stable up to 400 °C.*® While considering
hydroxylation, the potential formation of AIOOH and InOOH
should also be taken into account. However, distinguishing
these chemical states from other hydroxyl species and oxides
remains challenging.

Although certain VB features are identified and correlated
with the formation of OH™ species, which are well-documented,
the identification of different species based on the ultraviolet
photoemission spectroscopy (UPS) necessitates an emphasis on
two parameters that influence the VB features and the overall
UP spectra: (i) the reduction of emission from the AlInP surface
and (ii) the evolution of emission from newly formed oxide and
hydroxide species. In some BEs, these two parameters can
intersect and potentially counteract each other's effects, thereby
complicating the evaluation of VB modifications and
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introducing a level of uncertainty. For instance, the emission
from the VB of various oxide species identified by XPS (e.g., In-
O, Al-O, In-O-P, etc.) is expected to emerge within this BE
region, resulting in overlapping emissions that complicate
precise evaluation.

The emission occurring in the 10-12 eV range, which is
attributed to the In 4d satellite, decreases slightly after 314 kL
exposure; however, it increases again with 1.5 x 10> kL water
exposure. This suggests that the emission of the In 4d satellite
overlaps with the emissions from oxide species that become
more prevalent with prolonged exposure. The VBM of the oxide
becomes more pronounced after 1.5 x 10° kL exposure. By
extrapolation, the VBM is determined to be 4.05 eV below the
Fermi level. The ¢ of the sample, based on the secondary
electron cut-off measured with UPS, changes from 4.30 to
4.10 eV. Typically, an increase in @ upon oxidation is antici-
pated,® but this is not observed here. On the surface of the
clean P-rich AlInP, a net dipole forms due to surface P-P dimer
layer for this surface reconstruction. Upon water exposure,
these dipoles are altered and new dipoles form as various oxide
and hydroxide species form. An exact prediction is challenging
due to the complexity introduced by the modification of the
surface through oxidation and hydroxylation.

To corroborate the experimental observations, DFT calcula-
tions were employed to determine the water adsorption
configuration on the P-rich surface, denoted here as the (2 x 2)-
2D-2H reconstruction. The potential energy surface character-
izing single water molecule adsorption on the AlInP (001) (2 X
2)-2D-2H surface is depicted in Fig. 3(a). A more negative value
of the adsorption energy implies more favorable adsorption
conditions; thus, the most favorable adsorption sites can be
identified as the brighter spots in the diagram. The differences
in adsorption sites and energies are minimal when compared to
InP P-rich surfaces, which aligns with established expecta-
tions.*® Overall, intact water molecules adsorb favorably every-
where on the AlInP 2D-2H surface, with the most favorable sites
having an energy of —0.23 eV. Notably, the P-P dimer is less
favorable than other sites for water bonding. These observa-
tions are consistent with prior research on In-rich InP
surfaces,”** which demonstrated that water molecules prefer-
entially adsorb at In sites rather than P sites. Similarly, on the
AlInP (2 x 2)-2D-2H surface, the water molecule exhibits
a preference for adsorption on top of the trench near Al and In
atoms, with negligible energy differences observed between
adsorption at Al and In sites, slightly favoring sites near In by
0.02 eV. The most favorable adsorption configuration is shown
in Fig. 3(c) and (d). The water O atom faces the exposed surface
In atom, while one of the water H points towards the under-
coordinated P atom of the P-P dimer and the remaining H
upwards normal to the surface. The surface geometry remains
mostly intact, with molecular water adsorption only slightly
disturbing the atoms from their ground state positions. It is
worth mentioning that only one possible (2 x 2)-2D-2H surface
is considered here for DFT calculation. As shown in ref. 39,
a different subsurface ordering could be present which would
result in Al always interacting with water like CuPt-B ordering
(it refers to a cation ordering along the (111) direction in III-Vs’
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lattice) or the D4-C (please see ref. 39 for more details about
these surface structures).

Fig. 3(b) depicts the minimum-energy geometry of a water
molecule adsorbed on the surface, combined by the calculated
charge redistribution caused by this adsorption. There is
a modest charge accumulation between the water's H and the P
atom in the P-P dimer, alongside a relatively weaker charge
accumulation between the water's O atom and the second-layer
In atom, resulting in weak physisorption. Calculated electronic
structures indicate that water adsorption does not introduce
additional states within the band gap, and that the states near
the band gap are unchanged from the clean surface (cf.
Fig. S7(a) and (b) in the SI). Indications of water dissociation on
AlInP suggest that the presence of Al—particularly Al-P bonds -
may facilitate dissociative adsorption, possibly by stabilizing
intermediate hydroxyl species or lowering the activation barrier
for O-H bond cleavage. Indeed, DFT calculations reveal that Al
plays an important role for the dissociation process together
with P-P dimers. This is consistent with previous theoretical
study where Al atoms where found to oxidize faster than In.**

To gain further insight into interfacial water behavior under
realistic conditions, we performed AIMD simulations of the
solvated (2 x 2)-2D-2H P-rich AlInP (001) surface at 76.85 °C
(350 K) (see Note S1 in the SI). The trajectory was analyzed to
characterize the structural organization and dipole orientation
of interfacial water layers. The density profile (Fig. S8(b) in the
SI) confirms that water adsorption is localized above the dimer
trenches, with the first hydration layer forming in the trench in
between the P-P dimers. This layer remains molecular and non-
dissociative throughout the 20 ps trajectory. Moreover, on
average, water molecules dipoles are aligned with their oxygen
atoms directed toward the surface. This behavior aligns well
with the single-molecule T = —273.15 °C (0 K) adsorption
geometry. The structural stability and orientational ordering
suggest that the surface is chemically passive under these
conditions.

Dissociative water adsorption was considered for an OH and
H at the surface simultaneously, therefore the adsorption
energy was calculated with eqn (2) (see Section 4.2) and E, =
Ey,0. Fig. 3(e) and (f) show the most stable configuration for an
OH adsorbed at the AlInP (2 x 2)-2D-2H and a H at one of the P-
P dimers. This configuration presents an adsorption energy of
—0.26 eV, slightly more favorable than the adsorption of the
intact water molecule. Consequently, the proposed scheme
during the first stages of water dissociation is for one of the H
atoms to dissociate from the H,O molecule and adsorb at the P-
dangling bond and the OH™ at the exposed second-layer Al
atom. Unlike molecular adsorption, the hydroxide modifies the
surface geometry by pulling the Al upwards. Similarly, the extra
H, pushes the P downwards to the same height of its counter-
part on the P-P dimer. Furthermore, the electronic structure is
modified as the highest occupied states is pushed down in
energy. More notably the VBM originally found between I'-/, is
now located below the bulk VBM (see Fig. S7(c)). This surface
orbital is related to the ¢ - like bonds between second row Al/In
and the top P atoms (Fig. S7(e)). The shift in energy is a direct
result of the OH bonding at Al atoms. Furthermore, the shift at

J. Mater. Chem. A, 2026, 14, 18742-18768 | 18749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00726k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 April 2026. Downloaded on 6/17/2026 8:07:11 PM.

(cc)

Journal of Materials Chemistry A

point K is due to H passivating one the P dangling bonds
(Fig. S7(f)) that are related to this state.*>* This could help to
explain the decrease in the negative peak observed located at
2.6 eV in the RA spectra after water exposure in Fig. 1, as it is
directly related to the P dangling bond.'** Overall the E,
increases by ~0.2 eV. Interestingly, the lowest unoccupied states
remain largely intact throughout the reciprocal space. It is
important to mention that OH adsorption was only found to be
energetically favorable when an H atom also adsorbs at the
surface.

Oxidation from water exposure was also modeled by calcu-
lating a single O atom adsorbed at the surface and assuming the
desorption of both H atoms. Here, the adsorbate energy in eqn
(2) (see Section 4.2) is defined as the energy difference between
water and hydrogen molecules, i.e., Ex = Ey,0—FEn,, where the
later term is the total energy of a free H, molecule. The most
favorable O adsorption geometry is shown in Fig. 3(g) and (h).
This configuration presents an adsorption energy of —0.37 eV,
about 0.1 eV larger than the adsorption of an intact water
molecule. The O bonds between the second and third layers of
the 2D-2H surface forming an Al-O-P bond. Interestingly, the
AlInP surface remains largely intact, only perturbing the atoms
involved in the Al-O-P bond. The band gap is virtually the same
only decreasing by 0.01 eV compared to the clean surface.
However, the band structure is modified by lowering the
dispersion of the P dangling state'*>*® between k-points I" and J,
see Fig. S7(d). Nevertheless, there are no additional states
introduced in the band gap that otherwise might affect the BB.

These observations align well with the experimental data.
While Al atoms predominantly interact with water, a slight
increase in water dosage also leads to the involvement of In
atoms in the interaction with water. A possible water

(a) Band alignment of P-rich

(b) P-rich AlInP after 314 kL H,O
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dissociation reaction would be for OH™ to adsorb at the second
layer Al atoms and the H on the dangling bond of P-P dimers.
Afterwards, the two hydrogen may desorb from the surface and
consequently form an H, molecule leaving behind an O which
forms an Al-O-P bond at the surface. Experimentally Al-O-P
bonds were only observed after increased exposure to water,
thus the oxidation of the Al-P bonds could be associated with
large energy barriers that hinder the reaction. Additionally,
dissociation of water and adsorption of OH™ on the surface can
impact the situation by changing the adsorption landscape as
the surface exposure to water is increased, as demonstrated for
InP.*®* Furthermore, hydrogen-related defects could play
a similar role in the dissociation of water as those observed on
the InP surface. In this scenario, H atoms are likely to adsorb
onto the phosphorus dangling bonds of the (2 x 2)-2D-1H P-P
dimers. This adsorption would potentially result in partial
passivation of the associated surface states, thereby contrib-
uting to a decrease in the BB.

To assess the impact of water-induced surface modifications
on the electronic structure, the surface energy band diagrams of
the P-rich AlInP before and after exposure to 314 kL and 1.5 X
10° KL of water, based on the experimental data, are illustrated
in Fig. 4(a—c), respectively. In Fig. 2, the VBM of AlInP is
observed to rise from 1.30 eV on the pristine surface (a) to
1.45 eV following exposure to 314 kL water (b) and remain stable
at higher dosages of water (c). To determine whether this initial
alteration can be attributed to modifications in the BB, the peak
maximum positions of core levels are monitored both before
and after a 1.5 x 10° KL H,O exposure at emission angles of 90°
and 15°, as detailed in Table S2 in the SI. Evidently, all core
levels, along with the VBM, are shifted by approximately 200
meV towards higher BEs after exposure. Given the uniform

(c) P-rich AllnP after 1.5x10° kL H,0
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Fig. 4 The band alignment of P-rich AlinP before (a) and after 314 kL (b) and 1.5 x 10 kL (c) water exposure.
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shifts observed in core levels as well as the VBM, it can be
concluded that the magnitude of upward BB towards the
surface is reduced to 0.85 eV. Nevertheless, the presence of
upward BB is still detectable by comparing the XPS post-
exposure results at angles of 90° and 15°, where a decrease in
emission angle displays a shift of core levels towards lower BEs.
For further details on the determination of band alignments,
please refer to Note S2 in the SI.

The VBM of the oxide/hydroxide covered surfaces reaches
3.70 eV after 314 kL exposure (see Fig. 2(b), purple spectrum).
After exposure to 1.5 x 10° kL, the VBM of oxides/hydroxides
increases to 4.05 eV (see Fig. 2(b), blue spectrum). Consid-
ering the band gaps of various oxide species, the positions of
their conduction band maximum (CBM) are determined and
depicted in Fig. 4(b) and (c). As the water dosage is increased,
the VBM of the oxides/hydroxides undergoes a shift, which
simultaneously influences the position of the CBM. The band
gaps of oxides/hydroxides can be significantly affected by their
phase and stoichiometry, leading to uncertainty in accurately
determining the exact location of the CBM of oxides/hydroxides.
Owing to the presence of a thin oxide/hydroxide containing
surface layer, achieving precise determination of these param-
eters is challenging. Consequently, Fig. 4 provides only a sche-
matic representation of the band diagram.

The variation in the VBM of the oxides measured at 3.70 eV
after 314 kL and 4.05 eV following 1.5 x 10° kL, compared to
AlInP's VBM of 1.45 eV, establishes the valence band offset
(VBO) at the AlInP/oxide interface. This VBO is determined to be
2.25 eV after 314 kL and rises to 2.60 eV after 1.5 x 10® kL. This
may suggest the formation of additional donor states within the
oxide layers, resulting in a more n-type characteristic as oxide
formation progresses further. Given that the layer may interface
with an electrolyte in water-splitting applications, the relative
position of the H'/H, potential is shown in green in Fig. 4.7
However, this alignment requires careful consideration because
even a small presence of adsorbates from the electrolyte can
significantly alter the ionization potential. This shift may affect
the precise placement of the electrode’s electronic states relative
to the electrolyte's redox potentials. Reference values, deter-
mined without contact formation, could be displaced owing to
additional electrochemical dipolar potential drops. In the
present band alignment, because the CBM of AlInP and the
Fermi level are positioned just above the H'/H, potential, this
configuration suggests a favorable band alignment for
hydrogen evolution reactions. However, the impact of oxide
species on charge separation strongly depends on their chem-
ical nature and the thickness of the oxidic layer. If the oxidic
layer remains thin, and below the critical tunneling thickness,
its presence may have a limited effect on charge carrier transfer.
In contrast, a thicker oxidic layer, particularly in combination
with a large conduction band offset (CBO), can act as a barrier to
charge transport and contribute to photovoltage losses. The
function of n'-AlInP as an electron-selective contact further
enhances the separation of charge carriers and promotes the
transport of photo-generated electrons towards the surface,
where the electrochemical reduction of H' to H, takes place.

This journal is © The Royal Society of Chemistry 2026
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The band diagram conveys essential information regarding
the electronic structure of the material. It illustrates the rela-
tionship between the energies of electrons and the allowed
electronic states within the material. The positions of the CB
and VB, along with the band gap, reveal critical insights into
charge carrier behavior, conductivity properties, and potential
applications of the material in electronic devices. Additionally,
the diagram may indicate the influence of doping, defects, or
external factors on the energy levels, thereby aiding in the
understanding and optimization of the material's performance
in various technological contexts. The measured data might
indicate the presence of an energy barrier for electron transport
across the n-AllnP/oxide (or hydroxide) interface layer, attrib-
uted to the remaining depletion layer in the AlInP. Table S3 in
the SI summarizes the elemental atomic concentration (%)
before and after subjecting P-rich AlInP to varying doses of
water, based on XPS measurements at 90° emission angle. The
O atomic concentration is observed to rise from 3.9% after 75 kL
of water exposure to 6.4% after 314 kL, eventually reaching 7.4%
following the dose of 1.5 x 10® kL. Assuming the formation of
a uniform layer, the oxide/hydroxide thickness after 1.5 x 10°
KL water exposure is estimated to be below 3 A, which is less
than a full monolayer.

To summarize, RAS analysis during the initial water expo-
sure to 75 kL showed minor spectral alterations, implying
limited surface modification and preservation of P-P dimers.
XPS data support this observation, indicating minimal shifts in
the In and P core levels but identifying Al-O-Al bonds forma-
tion, as indicated by the appearance of new features in the Al 2p
and O 1s regions. With higher water exposures (314 kL and 1.5
x 10° kL), more pronounced chemical changes occurred,
including partial dissociation of P-P dimers and the formation
of In-O-P and Al-O-P bonds. Overall, the study reveals that
water initially interacts with subsurface Al sites rather than P
dimers, and that oxidation progresses gradually proceed with
increasing water exposure, resulting in the formation of ultra-
thin oxidic layers. UPS measurements indicated partial reduc-
tion of surface states and shifts in the VBM and @, reflecting
a reduction in BB and changes of the electronic structure.
Despite the reduced BB, its presence indicates only a partial
elimination of AlInP surface states. This implies that depending
on the application, distinct strategies should be considered for
the electronic passivation of the AlInP surface. Moreover, the
band diagram post-exposure is illustrated, revealing a CBO
reaching up to 2.60 eV. If the oxidic layer exceeds the critical
thickness for tunneling, this offset may influence charge sepa-
ration mechanisms, potentially hindering electron transport
across the interface. It should be mentioned at this stage that
the investigation of changes induced by water exposure just
presents the initial modification of the surface. Exposure to
electrolyte may further modify the surface conditions.

2.1.2 Combined water and heat exposure. To correlate
exposure experiments with the ALD process, an as-prepared P-
rich AlInP surface (without any prior water exposure) was sub-
jected to water pulses while the substrate was heated to 200 °C.
The duration of each pulse was set to match the time used in
TiO, deposition. This condition is referred to as “water and heat
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Fig.5 XPS and UPS measurements upon water and heat (200 °C) exposure. XPS measurements are done at 90°. As-prepared P-rich AlinP, after
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where different spectra vs. P-rich are plotted and to investigate changes in spectral line shape, the spectra are normalized to 1 and shifted to
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"(d) is O 1s core level and not normalized to show the evolution of O on

the surface. The horizontal bars positioned above each spectrum specify the BE ranges of various oxide species, serving as references to facilitate
peak assignment. (e) UP spectra with He | excitation. For comparison, the difference spectra vs. as prepared surface (P-rich) is plotted.

exposure.” Fig. 5 presents the XPS and UPS results of this
experiment, where 5 (orange), 30 (bright blue), and 100 (dark
blue) pulses of water — a cumulative total of 135 pulses — were
applied to the P-rich surface (red). Here, 5, 30, and 100 pulses
(in total 135 pulses) are equivalent to water dosages of 5.5 X
10°L, 3.8 x 10” L, and 1.5 x 10® L, respectively. After each stage,
the sample was transferred to the analysis chamber for PES and
tr-2PPE measurements. The Al 2p, P 2p, and In 3ds,, core levels
are depicted in (a-c), with difference spectra plotted vs. the as
prepared surface (P-rich).

Similar to the observation in the previous section, evolution
of a new emission at 75.50 eV in the Al 2p line (indicated by the
green guideline) becomes evident following 30 and 100 pulses
which is correlated to the formation of Al-O-Al. The peak
maxima of O 1s at ca. 532.10 eV support the formation of these
bonds. Furthermore, examining the alterations in the P 2p
spectra, an asymmetric decrease around 129.74 eV is noted,
indicating the partial dissociation of P-P dimers. This asym-
metry arises from the overlap of the 2p;, and 2p,, states.
However, despite this observed decrease in the P 2p spectra, no
noticeable increase in P 2p at a BE of 132-136 eV was detected,
where one might expect the presence of P-O or Al-O-P. The

18752 | J Mater. Chem. A, 2026, 14, 18742-18768

induced asymmetry observed at higher BEs of the Al 2p line in
addition to the BE range of O 1s emission line suggests the
formation of AlI-OH as a result of water and heat exposure.*®
This hypothesis is supported with UP spectra obtained post-
exposure, where the appearance of emission lines at 6.50 and
8.20 eV are commonly linked to OH™ groups**”%”% (the emis-
sion lines are more clearly visible in the difference spectra in
Fig. 5(e), where they are highlighted by green dashed lines).
Hydroxylation of In may also occur as these VB features can
similarly relate to In-OH. Given the absence of significant
spectral changes in the In 3ds,, core level, it becomes evident
that Al undergoes hydroxylation more extensively than In. This
inference is supported by Al's greater affinity for O. Apart from
In-OH, no other In-containing oxide compound was detected by
PES, or their presence lies below the detection limit. This
implies that a fully oxidized layer is not formed.

Inspecting the UP spectra in Fig. 5(e), it is evident that the
surface undergoes modification after 5 pulses. To facilitate
comparison, the difference spectra vs. the P-rich surface are
depicted, parallel to the UP spectra following exposure. In line
with observation in the previous section, water rapidly modifies
the P-rich surface, as indicated by partial elimination of surface

This journal is © The Royal Society of Chemistry 2026
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states. Additionally, there is an emerging emission above 4 eV,
where P-rich characteristic features either disappear or overlap
with the rising VB features of oxides/hydroxides. As the number
of water pulses increases, the emission above 4 eV becomes
more pronounced, which is associated with the formation of
oxide/hydroxide species on the surface. Considering the
inelastic mean free path (IMFP) of UPS with He I excitation (0.5-
1 nm), the VBM of the AlInP surface under the oxide/hydroxide
species/layer remains observable, suggesting that the formed
oxidic layer is still relatively thin, and the VBM of AlInP
(underneath the oxidic layer) can still be measured. The AlInP
VBM shifts from 1.21 eV to 1.45 eV after 5 pulses and remains
there even with more water pulses. This shift is attributed to
a decrease in the density of surface states, resulting in a reduc-
tion of upward BB magnitude. With further water exposure, the
UP spectra transforms towards the VB characteristic of oxide
species, with the VBM of oxides/hydroxide determined to be at
4.22 eV.

Beyond static band alignments, ultrafast carrier dynamics
near the band gap and changes in the photoemission threshold
provide deeper insight into how water exposure modifies the
near-surface electrostatic environment and electronic states
relevant to surface reactions. We performed tr-2PPE measure-
ments (Fig. S16) on the P-rich AlInP (001) surface after each level
of H,0 exposure at 200 °C. The resulting spectra and ultrafast
dynamics (Fig. 6 and 7, as well as Fig. S10-S13 in the SI) reveal
distinct changes in near-threshold photoemission and carrier
relaxation that correlate with the PES observations of surface
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composition and electronic structure. Data is given up to 3.5 ps
to show the relevant time-dependent features; the set-up is
limited to 50 ps, so slower relaxation processes may not be
captured. These measurements allow us to track how surface
dipoles evolve under water/heat treatment and how the near-
surface CBM states respond. tr-2PPE spectra are plotted
against the Fermi level (from UPS ¢ data, Table S4) to allow for
the energies of initial states to be more directly apparent.

On the bare P-rich AlInP surface before water exposure, two
primary photoemission features are observed, as reported in
ref. 16: a CBM-related peak at an emission energy of 0.74 eV vs.
Er, and a broader mid-gap emission near the Fermi level,
arising from surface/interface states that pin Er. These mid-gap
states are already occupied (due to Fermi-level pinning) and can
be emitted by the probe photon alone, thus producing a strong
one-photon photoemission signal. Accompanying these
features is a well-defined low-energy cut-off in the photoelectron
spectrum, corresponding to about 0.56 eV below the nominal
vacuum level (all emission energies are reported with a +1.0 V
sample bias correction to enable detection of electrons with low
kinetic energies). Varying the detection bias confirms that this
cut-off is an intrinsic surface property, i.e., a real vacuum-level
shift rather than an instrumental artifact. At a reduced bias of
+0.2 V (Fig. S10(a) in the SI), the cut-off vanishes, yet it reappears
at the same energy (relative to vacuum) when the bias is
increased to +3.0 V (Fig. S10(b)). Thus, the ~0.56 eV cut-off
reflects a modest surface barrier present on the clean P-rich
surface, not a detector threshold. We attribute this initial
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Fig. 6 Tr-2PPE spectra of the bare P-rich AlinP surface (a) and after 5 (b), 30 (c), and 100 pulses (d) of water exposure at 200 °C. Emission from
the CBM is significantly lower than that from mid-gap states. The CBM emission intensity remains within a factor of ~2, whereas emission from
mid-gap states varies more strongly due to the evolving low-energy cut-off. The initial energy of states that are then photoexcited is given vs. the

Fermi level in the x-scale on each image.
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Fig.7 Time-dependent component of photoemission from Fig. 6 for the bare P-rich AlinP surface (a), and after 5 (b), 30 (c), and 100 pulses (d) of
water exposure at 200 °C. All panels share the same energy scale, showing that CBM emission intensities remain within about a factor of 3
between exposure levels, whereas sub-Fermi-level emissions change more markedly.

barrier to a surface dipole associated with the buckled P-P
dimer reconstruction of the (2 x 2)-2D-2H AlInP (001) surface.
Notably, the measured CBM position and the inferred valence-
band maximum (VBM) on the bare surface are consistent with
the UPS-derived band alignments, indicating that any changes
to near-surface band bending are minimal. Table S4 (in SI)
quantitatively tracks the evolution of the surface dipole,
photoemission threshold, and state lifetimes with water expo-
sure. In summary, before water exposure the tr-2PPE spectrum
reflects a mid-gap-pinned Fermi level (due to surface states) and
a slight intrinsic surface dipole that lowers the local vacuum
level.

Initial water exposure (5 pulses, equal to 5.5 x 10° L) causes
a pronounced upward shift of the low-energy cut-off by
approximately +0.18 eV, indicating that the effective surface
barrier has increased by this amount. This likely reflects the
addition of a surface dipole that selectively inhibits the escape
of the lowest-energy electrons. Importantly, the CBM peak
remains nearly unchanged, shifting by only 0.15 eV to 1.20 eV
after this initial dosing - demonstrating that the CB edge is
largely unaffected by the surface modification. Consistently, the
UPS work function (@) rises by ~0.32 eV after the first water
dose, in line with the 0.18 eV cut-off shift observed in tr-2PPE.
Upon further water dosing, this trend reverses. After 30 pulses
(3.8 x 107 L) at 200 °C, the low-energy cut-off shifts downward
by 0.31 eV, and after 100 pulses (135 total, 1.5 x 10° L) it
stabilizes at 0.13 eV below the original (pre-exposure) value. In
other words, the initial barrier increase is not only undone but
the surface barrier is slightly lowered compared to the pristine

18754 | J Mater. Chem. A, 2026, 14, 18742-18768

surface. Correspondingly, by 35 pulses the UPS-derived @
returns to within experimental uncertainty of its initial value.
These work function changes mirror the surface dipole evolu-
tion observed by tr-2PPE.

Throughout the later exposure stages, the CBM photoemis-
sion peak remains remarkably stable at 1.20 eV emission energy
or about 0.85 eV vs. Eg for the initial states from which emission
occurs (within experimental error). By contrast, UPS @ changes
(+0.32 eV) and VBM shift relative to the Fermi level (+0.24 eV)
would suggest that the VBM and CBM should move down by
around 0.56 eV vs. vacuum energy during initial oxidation,
before recovering their initial position upon further exposure.
However, the tr-2PPE CBM does not follow this prediction: on
the bare surface it appears about 0.35 eV lower in energy than
the UPS-inferred CBM position, and after the initial water dose
it appears about 0.37 eV higher than expected, only converging
with the UPS values at higher exposure levels. In other words,
water- and heat-induced oxidation causes negligible real
movement of the band edges relative to the detector. This
discrepancy arises because UPS assumes a rigid shift of the
band structure relative to the vacuum level, whereas tr-2PPE
probes the photoemission threshold directly, which can shift
due to surface dipoles without actually moving the semi-
conductor band edges. The evolution of the cut-off energy can
be understood in terms of transient surface dipoles forming
and dissipating during water exposure. Initially, the clean P-rich
surface carries a built-in dipole on the order of hundreds of
meV, likely originating from its polar P-P dimers (this intrinsic
dipole is responsible for the 0.56 eV initial cut-off). Water

This journal is © The Royal Society of Chemistry 2026
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dosing leads to rapid surface hydroxylation: XPS and UPS
indicate the formation of Al-OH groups (see Fig. 5). These
hydroxyl species likely orient with their negative end (O~ or
OH™) towards the surface, bonding to positively polarized Al
atoms. DFT calculations, not shown here, reveal that OH
adsorption leads to a reduction of ¢. The OH™ dipole partially
screens the surface P-P dipole and reduces barriers to emission.
However, after initial water exposure (5 pulses) we notice an
increased ¢ and suppressed low-kinetic-energy emission
(Fig. 6). This may be related to transient surface rearrangements
or other changes not fully captured in the DFT calculations
preformed, initially increasing natural dipole barriers.

As water exposure continues, the surface chemistry evolves
from this hydroxylated state toward a more fully oxidized
surface, and the net dipole at the interface relaxes. The XPS/UPS
data show that the initially abundant AlI-OH species are grad-
ually consumed or incorporated into an oxide network: AI-OH
signals diminish while new Al-O-Al and In-O-P oxide species
grow, and the P-P dimer structure is disrupted or oxidized. The
formation of this oxide layer (likely an amorphous mixed Al/In
oxy-phosphate) reduces the overall surface dipole compared to
both the pristine dimer surface and the intermediate OH™
covered surface. An oxidized surface tends to have its charges
more symmetrically distributed or internally compensated,
yielding a smaller net dipole at the interface. Additionally,
eliminating some of the P-P dimers and removing polar
adsorbates removes part of the original dipole contributions.
The net effect is that the initial dipole field is neutralized or
slightly overcompensated as water exposure increases. This
explains the downward overcorrection (the cut-off ending
0.13 eV below its initial position) of the cut-off: by the final
exposure stages, low-energy electrons can escape more easily
than on the clean surface because the surface barrier is lower
than it originally was. In summary, the rising and falling of the
photoemission threshold is a direct manifestation of forming
and relaxing interfacial dipoles: initial water adsorption
increases the P-P dimers natural dipole initially, raising the
local vacuum level, and continued exposure/oxidation dissi-
pates that dipole, lowering the vacuum level below its initial
value. Importantly, these significant vacuum-level changes
occur without any substantial movement of the semiconductor
band edges, as discussed above.

These findings are in good agreement with theoretical
expectations: the CB states of AlInP are calculated to be largely
unaffected by molecular water and only slightly perturbed by
surface OH™ groups. The resilience of the CBM is remarkable
given that it lies within a 2-7 nm photoelectron escape depth, so
very close to the surface, and is likely crucial for interfacial
charge transfer, yet remains essentially unperturbed by changes
in the topmost atomic layers. The combined tr-2PPE andXPS/
UPS data thus paint a nuanced picture: surface chemical reac-
tions initially affect local electrostatic dipoles but soon reach
a steady-state where the band edges remain at their original
positions throughout. The stability of the CBM, alongside the
transient nature of any dipole-induced barriers, helps explain
the excellent performance of AlInP as a window layer in III-V
heterostructures. The CBM feature's intensity likewise remains

This journal is © The Royal Society of Chemistry 2026
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within the same order of magnitude across all exposure stages,
indicating that these near-band-edge states are neither elimi-
nated by oxidation nor heavily depopulated. In our measure-
ments the CBM peak amplitude varied by at most a factor of
three between the pristine and most oxidized surfaces. Only
a slight downward trend in CBM signal is observed at the
highest exposures, which we attribute to the growing oxide layer
attenuating photoelectron escape rates. Importantly, there is no
evidence of any drastic quenching of the CBM emission; the key
near-surface CB states persist robustly through the surface
changes.

It is notable that the ultrafast decay dynamics of the CBM
feature remain largely unchanged. On the pristine P-rich
surface, electrons excited into the near-surface CBM decay
with a characteristic lifetime of ~90 fs (Fig. S11 and S12(a) in
the SI). After the initial water exposure, the CBM decay becomes
only slightly faster (~80 fs, Fig. S12(b and c) in the SI), and by
the final heavily oxidized stage it is ~70 fs (Fig. S12(d)). This
modest ~20 fs lifetime reduction suggests a slight increase in
available relaxation pathways in the presence of the oxide, for
instance, via defect states in the nascent oxide that provide
additional scattering channels. The CBM state remains an
ultrafast-decaying state in all cases, and we do not observe any
order-of-magnitude change in its lifetime. The persistence of
a short CBM lifetime and stable CBM energy despite extensive
surface hydroxylation/oxidation strongly indicates that the
CBM-related photoemission originates from a near-surface (or
sub-surface) resonance of the AlInP conduction band, rather
than from a state localized at the very surface. If the CBM peak
were due to a surface-localized state (for example, a state tied to
the P-P dimers or a shallow surface quantum-well), one would
expect its energy or lifetime to change dramatically upon
altering the surface chemistry. Surface-localized states are
extremely sensitive to bonding and atomic coordination at the
surface, so significant hydroxylation and oxide formation would
likely shift their energy or even quench them entirely. In
contrast, the observed near-constant CBM energy and only
slight lifetime shortening imply that this feature is predomi-
nantly governed by the bulk-like electronic structure of AlInP
just beneath the surface, and is only weakly affected by modi-
fications in the outermost layers. This is in agreement with DFT
calculations (Fig. S7 in the SI), where the CBM is dominated by
bulk states at I" which remain stable under the calculated
adsorbates. This resilience is remarkable given that the CBM
lies within a 2-7 nm photoelectron escape depth,” very close to
the surface and likely to play a key role in interfacial charge
transfer, yet remains unaffected by changes in the topmost
layer. In practical terms, the CBM resonance behaves as if it
were “buried” a few atomic layers deep: tr-2PPE can still detect it
(given the few-nanometer escape depth of photoelectrons), but
the state's character is bulk-like enough that surface perturba-
tions do not appreciably shift it.

Meanwhile, the mid-gap emission (from states at or just
below Eg) continues to dominate the low-energy portion of the
spectra (see Fig. 6) even after water exposure. This behavior is
expected in tr-2PPE, since electrons in mid-gap surface states
can be emitted by the 4.49 eV probe photon alone, requiring no
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pump excitation, whereas CBM emission necessitates an initial
pump to populate the state, inherently limiting its intensity.
The persistence of this strong sub-gap emission confirms that
the Fermi level remains pinned by surface/interface states
throughout the exposure sequence, despite the changing
surface chemistry. We also observe that the effective lifetime of
electrons near Ey increases from ~70 fs on the bare surface to
~170 fs at the highest exposure, more than doubling as the
surface becomes oxidized. In other words, once the surface is
modified by hydroxylation and oxide growth, electrons in the
mid-gap states recombine more slowly. This suggests that the
oxidized interface introduces fewer ultrafast nonradiative
pathways for those electrons, or oxide-related defect states may
act as shallow traps that slow their decay. Thus, while the mid-
gap states pinning Er persist through the entire water exposure
sequence, the presence of surface hydroxides/oxides extends
their lifetimes, causing electrons to remain trapped in these
states for longer. We note that immediately after the initial
water exposure the time-resolved signal near Er was noisy,
precluding a reliable fit for that stage; however, the overall trend
of increasing lifetimes with increasing oxidation is clear for the
subsequent steps. Taken together, the tr-2PPE results reveal
that surface dipole barriers evolve markedly with initial water
exposure and then diminish upon oxide formation, while the
CBM position and lifetimes remain spectroscopically and
dynamically stable. The combined tr-2PPE and XPS/UPS find-
ings suggest that surface reactions initially affect local electro-
static dipoles but soon reach a steady state where the CB edges
are unchanged. This is likely to be a key reason why AlInP
performs well as a window layer; even if AlInP undergoes envi-
ronmental exposure and oxidation, its critical CB edge stays
fixed, preserving favorable band alignment for charge transport,
and any introduced interfacial barriers are low in energy and
short-lived.
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Finally, we compare these results with the P-rich InP (001)
surface under similar conditions. P-rich InP shares the same
dimerized P-P surface reconstruction as AlInP but contains no
Al. In previous experiments by some of the present authors,” P-
rich InP subjected to identical water dosing (also at 200 °C)
showed minimal work function changes with no significant low-
energy cut-off shift, so no appreciable dipole-induced vacuum
level shift was observed. Instead, water increased the surface
CBM-state lifetime by at least an order of magnitude.” This
dramatic slowing of electron decay on InP was attributed using
DFT to adsorbed H,0 and the formation of surface indium
phosphate species that damp high-frequency surface vibra-
tional modes, thereby reducing nonradiative recombination. By
contrast, P-rich AlInP shows a surface dipole after initial water
exposure, not observed on InP, while its CBM-related state
retains an ultrafast decay even after significant oxidation. The
mid-gap Fermi-level pinning state on AlInP does become
longer-lived upon hydroxylation and oxidation, but is still an
order of magnitude shorter lived than on InP, where CBM and
Fermi level lifetimes are in the picosecond range.” This
suggests that the AlInP surface hosts fewer or different trap
states than InP even in the pristine state. More broadly,
substituting Al fundamentally changes the surface response.
The bare P-rich AlInP surface does not exhibit the multitude of
CB surface states that InP does, where six CB-related resonances
were observed on InP under the same tr-2PPE conditions,” as
shown in Fig. 8. Moreover, water- and heat exposure on AlInP
produces primarily AI-OH and oxide species with negligible
phosphate formation. Crucially, AlInP maintains a stable near-
surface CBM energy and reverts to a low-dipole state after the
initial modification. Thus, a P-rich AlInP window layer can
withstand water exposure or oxidation while retaining its band-
edge alignment. This interfacial stability under conditions
representing adlayer deposition or electrolyte exposure rein-
forces the status of AlInP as a state-of-the-art III-V window layer.
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Fig.8 Schematic of photoexcitation in InP (a) and AlinP (b), interpretation based on ref. 71 for InP, and ref. 16 as well as the present work for AlinP.
In InP, a complex mix of surface and near-surface CB states is found. The substitution of some In for Alin AlInP leads to only a single near-surface
state at the CBM. This state is much more resilient to surface modification than the complex InP CB structure, which is modified by water- and
heat exposure, and was easily passivated by oxygen exposure during measurements in ref. 71 and 72 by the present authors, not the case for

AllnP, though this comparison was not measured in detail.
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(a) 3D color plot of in situ RAS measurement during exposure of 20 kL of water to In-rich AlInP (001) surface and (b) RA spectra measured

at the beginning and end of the exposure. Green spectrum: as-prepared In-rich AlinP; olive spectrum: after 20 kL water exposure.

2.2 Oxidation processes on the In-rich AlInP (001) surface
and their impact on electronic and chemical structure

The modification of In-rich AlInP via oxidation using water and
oxygen was investigated to understand the influence of AlInP
surface reconstruction on its surface reactivity (modification of
the surface upon exposure to air is discussed in Fig. S14 in the
SI). The interaction of an In-rich AlInP surface with water gas in
vacuum is investigated using a methodology analogous to that
described in the previous section for the P-rich surface. The In-
rich AlInP surface was prepared and characterized as described
in ref. 16. The prepared sample was then exposed to water, with
in situ monitoring of surface changes using RAS. Fig. 9(a)
presents the 3D color plot from the in situ measurement, and (b)
shows the RA spectra corresponding to the initial and final
measurements, extracted from the color plot.

The first spectrum (green) is identical to the RA spectrum of
the In-rich AlInP surface after preparation as reported in ref. 16,
confirming that the surface of the sample is free of contami-
nation and the (2 x 4)-rInMD surface reconstruction. The first
monolayer of the (2 x 4)-rInMD consists of In-P mixed dimers,
while the second monolayer illustrates the existence of In-In
dimers'® (top view in Fig. 11(a); will be discussed in the
following). The pronounced negative peak at 2.1 eV on the
pristine surface is associated with transitions involving the In-
In bonds located in the second layer beneath the surface.*
Significant alterations in the spectral line shape occur following
a 20 kL exposure to water. Notably, this negative peak observed
in the RA spectrum decreases within the initial 10 kL of water
exposure and subsequently remains constant. The intensity of
the peak at 3.0 eV decreases only slightly, and remains stable
after 10 kL. Analogous to the response of the RA spectra of P-
rich samples upon water exposure, a blue shift is also
observed here, particularly pronounced at lower photon ener-
gies. Due to the stabilization of the RA spectra, the exposure was
stopped, and the sample was transferred to the analysis
chamber.

This journal is © The Royal Society of Chemistry 2026

The green and olive spectra in Fig. 10 show XP spectra of In-
rich AlInP measured at 15°before and after exposure to 20 kL
water, respectively. Initially, no C or O contamination was
detected on the sample, confirming the cleanliness of the UHV
transfer process (see Fig. S4(b) in the SI). Notably, even after
exposure to water, C contamination remains absent. Upon
exposure to 20 KL of water, the evolution of emissions within the
O 1s region is observed.

Examining the core levels of AlInP reveals that in contrast to
the P-rich surface - where the Al 2p core level is the first to
exhibit changes upon exposure, indicating a high reactivity of
the Al sites to water molecules — alterations in the In 3d spectral
line are observed. The emission at 444.0 eV decreases in the In
3ds,, indicating that In-In bonds on the In-rich surface are
dissociated upon exposure to water. Considering the asym-
metric increase at higher BEs of In 3ds, (visible in the differ-
ence spectrum), this observation suggests the formation of In-
OH and In-O-P bonds. Considering that the emission peak is
located at 445.20 eV, it is probable that the concentration of In—-
OH bonds is larger than In-O-P bonds. Although the P 2p line
in XPS demonstrates low sensitivity, the absence of emissions
within the 133-136 eV range may indicate that the formation of
In-OH bonds dominates over In-O-P bonds. The formation of
a trace of In-O-In bonds on the In-rich surface upon exposure is
anticipated because the emission of the O 1s line ranges from
529.20 to 535.00 eV (indicated with a red arrow in O 1s). Hence,
two emission lines at 530.00 and 532.70 eV, each with a FWHM
of 1.8 eV, can be considered here, corresponding to In-O-In
bonds.

Fig. 10(c) presents the UP spectra of VB before (green) and
after exposure (olive and orange) experiments utilizing He I
excitation. The UP spectrum undergoes significant alteration
following exposure to 20 kL of water (olive). Upon examining the
difference spectra, there is an evident attenuation of the signal
up to 4.50 eV, implying a partial elimination of surface states of
AlInP. Another factor contributing to the observed downward
signal in the difference spectra is the predominance of
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(@) HR XP spectra of O 1s, In 3ds/,, P 2p, and Al 2p core levels (left to right) for In-rich AllnP (001), recorded before (green) and after

exposure to 20 kL of water (olive), and 2 days storing in 1 atm O, (orange). To demonstrate the spectral changes induced by exposure, In 3ds,,, P
2p, and Al 2p core levels spectra are normalized to their respective maximum intensity, and the post-exposure spectra are shifted to maximize
overlap with the as-prepared spectra. Accordingly, the x-axis is labeled as “relative binding energy.” Difference spectra vs. In-rich are multiplied to
two and plotted. The horizontal bars positioned above each spectrum specify the BE ranges of various oxide species, serving as references to
facilitate peak assignment. (b) The XP and (c) UP (He | excitation) VB spectra of In-rich AlinP before and after exposure.

emissions from surface oxides/hydroxides formed, which
hinder the emission originating from the underlying AlInP
layer. Given that the oxide layer's thickness is considerably
smaller than the IMFP of electrons when excited by He I radi-
ation, the AlInP VB located beneath the oxides remains detect-
able even after 20 kL water exposure. Consequently, the signal
in the 1.45-3.8 eV range is attributed to the AlInP VB. Evolution
of the emission near approximately 6 and 8 eV (indicated by red
lines in Fig. 10(c)) closely resembles the findings regarding the
interaction of water with the P-rich surface (see previous
section, Fig. 2 and 5). Since these VB features are associated
with OH™ groups,**7¢7%® the results suggest the formation of
In-OH during the initial 20 kL water exposure. This inference is
supported by the emission lines of O 1s and In 3ds),, as illus-
trated in Fig. 10, olive spectra. As no alterations are evident in Al
2p after 20 kL water exposure (olive spectrum), the presence of
Al-OH is likely negligible, if present at all.

Water exposure effects on the In-rich (2 x 4)-rInMD AlInP are
evaluated by comparing them with the oxidation characteristics
of In-rich (2 x 4)-InMD InP,***>% given that the atomic species
and relative positions between the surface reconstructions are

18758 | J Mater. Chem. A, 2026, 14, 18742-18768

almost identical, as outlined in ref. 16. It was demonstrated that
individual adsorbed water molecules preferentially bond with
In surface atoms.** It was revealed that dissociative adsorption
is thermodynamically more favorable than molecular adsorp-
tion. When dissociation occurs, the hydroxyl group preferen-
tially bonds with In-In dimers, while hydrogen atoms are more
likely to adsorb onto the mixed-dimer P atom. This observation
aligns with the experimental results regarding water exposure
on In-rich (2 x 4)-rInMD AlInP found in this study. Cleaved
gallium arsenide (GaAs) (001) surfaces undergo hydroxylation,
which facilitates the adsorption of water molecules by forming
hydrogen bonds with surface OH™ species.*® Additionally, the
hydroxyl group demonstrated stability on the surface even at
temperatures up to 946 °C (673 K).*> Moreover, it has been
suggested that a similar interaction mechanism takes place
between water and a cation-rich InP surface. In this scenario,
water films on InP are stabilized through anchorage to hydroxyl
groups bonded to the surface.** Therefore, upon comparing
these findings with the literature,* it appears that the presence
of Al in the fourth monolayer beneath the surface modifies the

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Calculated potential energy surfaces for single water molecules on In-rich AlinP (001) (2 x 4)-rInMD (a). A more negative adsorption
energy indicates a more favorable adsorption site. Calculated water-induced charge redistribution for water adsorbed on the top mixed dimer of
the (2 x 4)-rInMD (b), blue and red isosurfaces signify areas of charge accumulation and depletion, respectively. Top (c) and side (d) view of the
most energetically favorable structural configuration for a single adsorbed water molecule on the top mixed dimer. Top (e) and side (f) view of the
most energetically favorable structural configuration for an adsorbed OH group. Top (g) and side (h) view of the most energetically favorable

structural configuration for adsorbed two O atoms.

surface chemistry, enhancing the likelihood of hydroxyl group
formation and possibly also forming Al-OH bonds.

To validate the experimental findings, DFT calculations were
employed to determine the configuration of water adsorption
on the (2 x 4)-rInMD surface. The potential energy surface,
which describes the adsorption of a single water molecule on
the AlInP (001) (2 x 4)-rInMD surface, is illustrated in Fig. 11(a).
Full relaxation calculations for the water molecule showed that
the adsorption energy is essentially identical between adsorp-
tion on the dangling bonds of the second row In atoms or at the

This journal is © The Royal Society of Chemistry 2026

top In dangling bond, despite the different chemical environ-
ment. The adsorption energy is calculated to be —0.40 eV for
both sites. Fig. 11(c) and (d) illustrate the top and side views of
the structural arrangement of molecular water when adsorbed
on the surface top mixed dimer. For this AlInP surface, it is
particularly surprising that there is a preference for the topmost
In atom compared to the three-fold coordinated In atoms of the
second row, in contrast to the adsorption found for the In-rich
InP surface, despite both surfaces having the same chemical
composition for the first 3 layers.* The difference in size of the
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Al atoms compared to the In atoms might explain the different
bonding scenarios. This is evident in the AlInP lattice constant
being smaller than that of InP, resulting in slightly smaller
bond lengths in the AlInP surface, which in turn will equiva-
lently change the electronic environment, explaining the
adsorption differences between the AlInP and InP surfaces.
Molecular adsorption on the second-row In atoms is found in
the same configuration as for the In-rich InP,*" i.e., forming an
In-O bond with the H pointing downwards (see Fig. S6(a) and
(b))

Fig. 11(b) illustrates the equilibrium bonding configuration
of a water molecule adsorbed onto the top In-P dimer of the
surface, along with the computed charge redistribution induced
by this adsorption. There is a charge accumulation between the
water's O and the In atom in the first monolayer. The 1b; orbital
of the water molecule donates electrons to the dangling In p-
orbital. A minor interaction between one of the hydrogen
atoms and the P atom is observed, with the O-H bond oriented
parallel to the In-P bond. For the water molecule adsorbed at
second-row In back-bonds (Fig. S6(c)) the charge redistributes
in a similar manner to the one found for the In-rich InP
surface.*® Electronic structure calculations reveal that water
adsorption does not contribute any additional states within the
band gap (¢f Fig. S15(a—c)), furthermore the band gap size
remains the same. There is a small modification of the
conduction states near the band gap. The effect is more
pronounced for a water molecule adsorbing at the second-row
In back-bonds, notably, the unoccupied state C2 is pushed
downwards in energy (see Fig. S15(c)).

Similar to the P-rich surface, AIMD calculations were per-
formed for the water/AlInP interface of the (2 x 4)-rInMD
surface at 350 K (see Note S1 in the SI). The first hydration layer
forms remarkably close to the surface bonding to the under-
coordianted In atoms of the second layer as can be seen from
the density profile (Fig. S8(d) in the SI). The water molecules are
orientated on average in an H-down configuration, similar to
the one found for single molecular adsorption at 0 K. The
second hydration layer adopts an O-down orientation consis-
tent with bulk-like water structuring and electrostatic layering
effects. Additionally, some water molecules adsorb with a side-
ways orientation on top of the mixed dimer not captured in
Fig. S8(d), but can be seen in Fig. S8(c). This is a similar
orientation observed for single molecular adsorption on the top
In atom. No water dissociation was observed during the 20 ps
AIMD timescale, the observed proximity of water to surface In
atoms and the orientational bias together indicate a reactive
interfacial environment, one that may facilitate proton transfer
and hydroxylation over longer timescales.

Following water molecular adsorption, water dissociation is
studied by investigating the adsorption of hydroxyl species on
the surface. The adsorption energies were calculated using eqn
(2) (see Section 4) and E, = Ey,0, considering hydrogen also
adsorbs at the surface. The most energetically favorable
configuration, with an energy of —0.31 €V, is shown in Fig. 11(e)
and (f). The OH adsorbs preferentially between an In-In bond of
the second row and the H at the top P dangling bond. As
a result, the surface geometry is a modified form of the relaxed
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ground state, this is more evident on the three-fold coordinated
In atom which is lifted upwards. This adsorption configuration
on the AlInP In-rich surface is similar to the one found for InP
surface.* However, in the case of AlInP, the adsorption energy is
lower for the intact water compared to the OH and H adsorp-
tion, i.e., molecular adsorption is favored. Additionally, similar
energy barriers found for the InP**** surface might be present
for the AlInP surface, further hindering water dissociation.
Despite this, once the full water/surface interface is taken into
account water dissociation may be energetically preferred. On
the (2 x 4) InP surface water layer formation is observed to
anchor onto hydroxyl groups present at the surface, enhancing
dissociative adsorption.** The electronic structure of the OH
adsorbed at the AlInP surface (Fig. S15 in the SI) reveals that
while the band gap remains essentially the same, there is
a stronger effect on both occupied and unoccupied states close
to the band gap compared to the other types of adsorption
studied here. In particular the dispersion for the highest occu-
pied band is reduced, and the second lowest unoccupied state
C2 is further pushed down in energy. This is not surprising as
the states near the band gap are related to the In-In bonds of
the second layer."® Thus, dissociative water adsorption on the
second In atoms results in modification in the electronic states
related to the negative feature of the RAS signal around 2 eVv."®
This can explain the dampening observed as exposure is
increased (see Fig. 9). Similarly to a molecular adsorption, there
are no additional states introduced in the band gap that could
affect the BB.

In the next step, oxidation on the In-rich AlInP surface was
explored. An energetically favorable configuration for two
adsorbed O atoms is shown in Fig. 11(g) and (h). Here, each O
atom adsorbs at the In-P bonds between the top dimer and
second row, in mirroring positions, forming In-O-P bonds. The
inserted O atoms push the top mixed dimer in the [001] and
[110] directions. In addition there is a small rearrangement of
the In atoms in the second row. It is important to note that O
adsorption was only found to be energetically favorable when
two O atoms were considered. The energy adsorption per
adsorbate for this configuration is —8.2 meV calculated with the
following equation

EAds = (EA+surf - Esurf)/2 —E A (1)

with E, = Eyo — En, This geometry has been previously
proposed and studied for the In-rich InP surface.®**** It is,
however, less favorable than the molecular and dissociative
water adsorption discussed above. Although, the adsorption
energy per molecule could potentially decrease when the entire
water-surface interface is considered. Adsorbed O or OH ions at
the surface could serve as anchor points for the water layers that
form on top. This phenomenon has been observed previously
on the InP surface, see ref. 31 and 59. Yet, the less favorable
adsorption explains why XPS results suggest a larger concen-
tration of In-OH bonds compared to In-O-P bonds. Further-
more, dissociative adsorption on the already adsorbed hydroxyl
groups could lead directly to In-O-In even though they are
found here not to be favorable. This could be a result of rather

This journal is © The Royal Society of Chemistry 2026
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high diffusion barriers but further studies are needed in order
to fully comprehend the dissociation process. The electronic
structure (see Fig. S15(e)) reveals a strong effect on the occupied
and unoccupied states close to the band gap. This is a result of
the relaxation of the top two rows which in turn affects the
surface states energetics. This would coincide with a further
decrease in the RAS signal strength in Fig. 9.

The DFT calculations show that the adsorption of water
molecules on the In-rich surface is favored over adsorption on
the P-rich surface, exhibiting approximately twice the adsorp-
tion energy. The presence of Al atoms appears to have a negli-
gible influence as they are only present in the fourth layer and
below. These observations align with experimental interpreta-
tions, suggesting that In atoms primarily interact with water
which leads to the dissociation of In-In bonds, whereas the Al
does not show a significant influence on the interaction with
water. The full dissociation reaction mechanism have not yet
been included in DFT calculations; however, the initial calcu-
lations performed offer an understanding of the most energet-
ically favorable adsorption sites for water and OH molecules as
well as atomic O, which is consistent with experimental find-
ings. The dissociation process is proposed to follow water
molecules adsorbing at the top mixed dimer. Soon thereafter
one of the hydrogen bond breaks adsorbing the H on the top P
dangling bond and the OH™ at the second layer In-In bonds.
The similarities between these findings and those obtained
from analogous surfaces may contribute to a first approxima-
tion about the dissociation mechanism on AlInP surfaces, ie.,
the reaction paths and transition states. Furthermore, this
study may be extended to other III-V semiconductors, in
particular those with similar surface reconstruction, by helping
to identify surface-active sites and possible water dissociation
paths.

(a) Band alignment of In-rich

(b) In-rich AllnP after 20 kL H,0O

View Article Online
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The exposure experiment was prolonged by placing the water
exposed sample in an oxygen-filled chamber at 1 atm for two
days. Subsequent XPS analysis was performed to examine the
chemical alterations. The orange spectra in Fig. 10(a and b)
illustrate the XPS results. An enhanced intensity of the O 1s
emission line signifies an elevated concentration of oxides
present on the surface. Analysis of the difference spectra reveals
no further reduction at 444.00 eV in In 3ds,,, implying that the
majority of In-In bonds have already been dissociated after
exposure to 20 kL of water. Notably, there is a further increment
around 445.20 eV, associated with the rising presence of In-O-
P. The formation of In-O-P is supported by the evolution of an
emission within the 132-136 eV range. Simultaneously, alter-
ations in the Al core level suggest the formation of AI-O-Al and
Al-O-P.

The UP spectrum, following the storage of the sample in O,,
reflected in the orange spectrum of Fig. 10(c). The thickness of
the oxide/hydroxide layer grows further with the oxidation of the
In-rich surface. As the oxide layer surpasses 3 x IMFP of elec-
trons in UPS, the AlInP layer beneath the oxides becomes
undetectable by UPS. The VBM of the oxides increases from
3.30 eV after 20 kL water exposure to 3.80 eV following pro-
longed O, exposure. The rise in VBM induced by further
oxidation is consistent with the observations on the P-rich AlInP
surface. The VBM of AlInP beneath the oxides as measured by
XPS (Fig. 10(c), orange spectrum) is 1.45 eV. Furthermore, the
VB features related to hydroxyl groups are no longer detected.
Hence, extended O, exposure leads to the dehydrogenation of
hydroxyl species and further oxidation on the surface.

The band diagrams of modified In-rich AlInP surfaces
following sequential exposures are presented in Fig. 12.
Fig. 12(a) shows the band alignment of an as-prepared In-rich
surface, (b) shows an In-rich surface after exposure to 20 kL of

(c) In-rich AllnP after 2 days in 1 atm O,
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Fig. 12 The band alignment of In-rich AlInP before (a), and after 20 kL water (b), and after long (2 days in 1 atm) O, exposure (c).
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water, while (c) displays the further modifications after an
additional two days in 1 atm of O,. The diagrams are based on
combined XPS and UPS analyses, which identify the specific
oxides and hydroxides formed after each step. Band alignments
were constructed by considering these chemical assignments
together with the band gap of the most relevant compounds.
After 20 kL, mostly In-O-In and In-OH are discernible; thus,
the CBM for these two components is shown in Fig. 12(b).
Subsequent oxidation of the surface through prolonged O,
exposure leads to more complex surface chemistry. Conse-
quently, multiple oxides are considered for the band alignment
depicted in Fig. 12(c).

In Fig. 10, for constructing difference spectra, the peaks were
shifted in BE. Therefore, detailed values of the core level peak
maxima before and after exposure, measured at emission
angles of 90° and 15°, are summarized separately in Table S5 in
the SI. Across all core levels, a consistent shift of approximately
350 meV toward higher BEs is observed. Notably, the VBM
position of AlInP exhibits a larger shift, increasing from 0.50 eV
to 1.45 eV. As all observed shifts occur towards higher BEs, this
implies an alteration and reduction in the magnitude of the BB.
However, a more pronounced shift of the VBM indicates
a modification in both the chemical composition and the
surface characteristics of the AlInP.

As discussed in ref. 16, one key origin of Fermi level pinning
at the In-rich AlInP surface is the formation of 1D In-In atomic
chains in (2 x 2)-InMD-2H in minority domains, which intro-
duce midgap states. Given the high reactivity of In-In sites
toward water, the initial modifications upon exposure are
attributed to dissociation of In-In dimers of (2 x 4)-rInMD and
1D In-In atomic chains in (2 x 2)-InMD-2H, leading to forma-
tion of In-O-In and In-O-P as well as a reduction in the surface
BB. Remarkably, the ultimate position of the VBM in the AlInP
layer beneath the oxide layer reaches 1.45 eV, which is similar to
the observed value for P-rich surfaces following exposure. This
finding indicates that only the magnitude of the BB on the In-
rich surface changes, while a BB remains present. It implies
that prior to exposure, midgap states attributed to 1D In-In
atomic chains were predominant in determining the electronic
properties.'® The exposure eliminates these states, thereby
allowing different surface states to subsequently influence the
band diagram. Given that the VBM attains 1.45 eV on both
surfaces, one reasonable explanation is the presence of a small
concentration of P-P dimers with P dangling bonds on the In-
rich surface that likely originates from growth process imper-
fections (effect of non-ideal preparation condition is discussed
in ref. 16). These defects dominate the electronic structure by
pinning the Fermi level on the surface of AlInP and inducing the
BB in AlInP layer. Although the density of P dangling bonds is
considerably lower compared to the P-rich surface, their pres-
ence may still introduce midgap states.

As previously discussed,"**>'¢ the role of AlInP as a charge-
selective contact layer its due to its inherently high n-type
doping, which significantly suppresses hole transport toward
the surface. Consequently, midgap states introduced by surface
oxidation or hydroxylation are unlikely to serve as dominant
recombination centers under operational conditions. However,
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if the CBM of the surface oxide lies significantly above that of
AlInP, it could introduce an energy barrier for electron trans-
port, potentially affecting device performance. Therefore,
identifying the chemical nature and electronic structure of the
oxide species is critical. One of the differences in the oxidation
behavior of In-rich and P-rich AlInP surfaces upon exposure to
H,0/0, is the formation of small concentration of In-O-In
bonds on the In-rich surface. This bonding leads to a higher
density of midgap states, which originate from III-O bonds and
are known to act as electronic trap states, potentially reducing
the functional quality of the oxide layer.””?* Nevertheless,
considering the role of AlInP as a window layer — which inher-
ently blocks hole transport due to both the large VBO at the
AlInP/photoabsorber interface, and its high donor concentra-
tion, and small concentration of In-O-In-the probability of
charge carrier recombination at these III-O midgap states
remains minimal during operation.

3 Conclusion

We conducted a comparative study of P-rich and In-rich AlInP
(001) surfaces, examining oxidation processes, surface chemical
stability, and the composition of the resulting surface oxidic
phases upon exposure to H,0 and O, under various conditions,
depending on the surface reconstruction. The adsorption
experiments primarily offered insights into the initial reaction
steps. Surface reactivity was found to be determined by the
distinct surface reconstructions. On the P-rich AlInP, charac-
terized by P-P dimers on the topmost layer, a small amount of
water rapidly altered the surface through partial elimination of
surface states. Water molecules preferentially adsorb on Al
atoms located in the second or third monolayer, while P-P
dimers exhibit limited interaction with water. Observations
indicate that water dissociates upon contact with this surface,
leading to the formation of hydroxyl groups (Al-OH and In-OH)
and Al-O-Al bonds. At higher exposures, additional oxidation
and partial P-P disruption occur, but the near-surface band
energetics remain robust. Even after prolonged exposure (from
314 kL to 1.5 x 10° KL), the VBM of AlInP beneath the oxidic
layer remained at 1.45 eV, indicating the presence of surface
states that continue to pin the Fermi level. Exposure results in
an increase in the VBO at the oxide/AlInP interface, rising from
2.00 eV after 75 KL to 2.60 eV after 1.5 x 10° kL of water. Tr-2PPE
showed a remarkable stability of near-surface CBM states to
surface modification when compared to similar P-rich InP
surfaces. While the photoemission threshold/work-function
changes with transient dipole formation during initial hydrox-
ylation, the near-surface CBM remains essentially fixed in
energy and retains ultrafast decay dynamics across oxidation
levels, supporting predictable band-edge alignment under
interface modification. The stability of the CBM energy and
-lifetimes under this modification helps explain the high
performance of AlInP as a window layer, maintaining predict-
able band positions even under changes to the surface/
interface.

In contrast, In-rich AlInP surfaces exhibited more extended
surface modifications when exposed to water, interacting more

This journal is © The Royal Society of Chemistry 2026
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rapidly than the P-rich surface. On the In-rich surface, the
presence of In-In bonds in the outermost layers (second layer
from top) altered the chemical behavior and increased the
surface's chemical reactivity. Consequently, In atoms are more
susceptible to changes compared to P and Al atoms, which are
exclusively incorporated into III-P bonds (In-P or Al-P). In-In
bonds exhibited higher reactivity than III-P bonds, and disso-
ciate after only 20 kL water exposure. Additionally, hydroxyl-
ation also occurred on this surface. Extended O, exposure led to
the dehydrogenation of hydroxyl groups, resulting in the
formation of various oxides, notably In-O-P and Al-O-Al
Similar to the P-rich surface, upon oxidation, the VBM of the
underlying AlInP layer beneath the oxides remained at 1.45 eV,
signifying that the Fermi level was pinned at the same position
in both scenarios. The VBO at the oxide/AlInP interface,
resulting from the oxidation of the In-rich surface is measured
of 1.85 eV after the 20 kL water exposure and increased to
2.35 €V after the extended exposure to O,. These values are
lower than the VBO measured at the interface formed by
oxidizing the P-rich AlInP surface. DFT calculations showed that
water absorbs more favorably on the In-rich AlInP surface
compared to the P-rich surface. The dissociation of water on the
In-rich AlInP surface resembles the dissociation process
observed in the InP system, leading to OH bonding at In-In
bonds and H bonding to the top P dangling bond. Similar
energy barriers as the ones present for InP are expected for the
AlInP surface that may hinder the reactions. At the same time,
the water/surface interface is expected to reduce the energy
barriers and further enhance dissociative adsorption.

Overall, the surface chemistry is strongly reconstruction-
dependent (subsurface-Al-driven hydroxylation/oxidation on P-
rich versus In-In-driven reactivity on In-rich), whereas the
underlying AlInP band bending converges to a similar pinned
state after oxidation. These findings provide a reconstruction-
based framework for anticipating early-stage oxidation/
hydroxylation and resulting interfacial band offsets in AlInP-
based III-V heterostructures under conditions relevant to ALD
processing and photoelectrochemical operation. While the
band diagrams of oxidized P-rich and In-rich AlInP surfaces are
largely similar, the key distinction lies in the nature of the oxide-
induced surface states, which may significantly affect charge
transport. At the same time, certain oxides such as Al-O-Al
could enhance structural stability against corrosion, suggesting
that their role should be examined further. Due to the intricate
nature of chemical compounds and diversity of reaction sites,
such studies are experimentally challenging and difficult to
interpret, thus necessitating the integration of calculations with
experimental data to enhance understanding.

4 Methodology

4.1 Experimental part

4.1.1 Sample preparation. Following the epilayer prepara-
tion reported in ref. 16, a horizontal MOVPE reactor (Aixtron,
AIX-200) at a pressure of 100 mbar were employed. H, was used
as the carrier gas. For substrates, n-GaAs (001) wafers (Si-doped,
2 x 10"® em™?) with a 0.1° miscut toward the [111] direction are

This journal is © The Royal Society of Chemistry 2026
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employed. Tert-butylarsine (TBAs), trimethylgallium (TMGa),
tert-butylphosphine (TBP), trimethylindium (TMIn), and tri-
methylaluminium (TMAI) were used as precursors. Di-tert-
butylsilane (DTBSi) was utilized as a precursor for Si for n-type
doping of samples. The AlInP layer is doped to a relatively high
level of 8 x 10*® em ™3, chosen to match the doping levels found
in window layer of device structures.>** P- and In-rich AlInP
surfaces were prepared as detailed in ref. 16, by post annealing
at 310 °C and 440 °C, respectively. RAS (LayTec) as a highly
surface-sensitive method*® were used to in situ monitor all
MOVPE processes. A mobile UHV shuttle with a base pressure of
<5 x 10 '° mbar were utilized for transferring the sample from
the MOVPE reactor to UHV-based characterization stations and
exposure chamber.”

4.1.2 Exposure setup. One of the chambers in the UHV-
cluster with a base pressure of 1 x 10~ '° mbar is equipped
with a leak valve connected to a water reservoir. The absorbent
dosage can be accurately regulated by adjusting the chamber
pressure by the leak valve. A stress-free window is installed in
the chamber, enabling the integration of an RA spectrometer for
the in situ monitoring of surface modifications. Before and after
the exposure experiments, samples were characterized with XPS
and UPS, which is located within the same UHV-cluster as the
exposure chamber. To prolong O, exposure on the In-rich
surface, the sample was stored for 2 days in a transfer rod
which was equipped with a gate and connection to a pure O,
cylinder where the pressure of the closed rod could rise to 10°
mbar.

For water and heat exposure experiments, the ALD chamber
is used to introduce water pulses while heating the sample to
200 °C. Before and after 5, 30, and 100 water pulses, XPS, UPS,
and tr-2PPE were conducted.

4.1.3 Characterization techniques. Samples were measured
by a calibrated XP spectrometer (Specs Focus 500/Phoibos 150/
1D-DLD-43-100, monochromatic Al-Ka line). For the UPS
measurements, the same spectrometer is used, utilizing He I
and He II excitations, which are provided by a Helium gas
discharge lamp with energies of 21.22 eV and 40.81 eV,
respectively.

In tr-2PPE, electrons originating from occupied electronic
states near the surface, typically from the VB or surface states
located within the band gap, are photoexcited by means of
a pump pulse. As shown in Fig. S16 in the SI, these so-called
“hot” electrons subsequently relax towards the CBM, followed
by transitions to mid-gap surface states and the VB. Via
a computer-controlled delay stage, a probe pulse is incident
after a time delay A¢. Electrons are photoemitted by this probe
pulse, and their measurement is carried out using a time-of-
flight (TOF) spectrometer. The time delay At is scanned over
a range extending to several picoseconds or more, with positive
time delays indicating the pump pulse preceding the probe
pulse and negative delays denoting the reverse sequence. This
excitation and measurement sequence is shown schematically
in Fig. S16. In the measurements presented in this study, both
the pump and probe are set to 4.49 eV photon energy to allow
for photoexcitation across the AlInP band gap and for photo-
emission of conduction band electrons. The IMFP of
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photoelectrons in tr-2PPE approximates 2-7 nm,”"”® enabling
observation of emissions from both the surface and near-
surface regions, while effectively suppressing bulk signal
contributions. This capability allows for the examination of
electron dynamics within unoccupied CB or band gap states in
the near-surface region; these dynamics remain inaccessible
with single-photon spectroscopic methods, such as XPS and
UPS.**757¢ Comprehensive details on the experimental param-
eters and an in-depth introduction to tr-2PPE can be found in
ref. 71 and the SI.

4.2 Calculations

The total-energy and electronic structure calculations are per-
formed within DFT using the Vienna Ab initio Simulation
Package (VASP).”” The projected-augmented-wave (PAW)
method”®” is used to describe the electron-ion interaction. The
wave functions are expanded into plane-waves up to an energy
cut-off of 500 eV. The electron exchange correlation energy is
calculated within the General Gradient Approximation (GGA)
using the PBE functional.* The semi-infinite crystal are simu-
lated by a slab consisting of 14 atomic layers and a vacuum layer
of ~15 A. The bottom of the slab is terminated with partially
charged hydrogen atoms (Z = 1.25). In order to avoid spurious
interaction in the vacuum region a dipole correction normal to
the surface is implemented. The Brillouin zone is integrated
using a proportional I' centered k-point mesh of 8 x 8 x 1 per
a (1 x 1) unit cell.

All structures are considered to be structurally relaxed when
the forces acting on the atoms are lower than 2 mev A~
Potential energy surface calculations were performed to deter-
mine the most favorable adsorption sites for low coverages. The
potential energy surfaces were sampled at 50 and 64 equidistant
mesh points for the (2 x 4) and (2 x 2) unit cells, respectively. At
each mesh point, three different starting configurations are
probed for the water molecule adsorption. Here, the oxygen
lateral degrees of freedom parallel to the surface are con-
strained, while other degrees of freedom are allowed to relax.

The adsorption energy, for each individual site is calculated
as

Eads = EA+surf - Esurf - EA (2)

where E.qf is the total energy of the system after adsorption of
an adsorbate A on the surface, Es,r and E, are the total energies
of the clean surface and adsorbate, respectively. The adsorption
energy describes the energy difference with respect to a reser-
voir of water molecules, therefore, E, is referenced to the total
energy of a water molecule. For the potential energy surface
calculations of a single water molecule the adsorbate energy is
simply the total energy of a free water molecule, i.e., Ey = Ey o.

Detailed descriptions of the AIMD calculations are available
in the SI.
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Supporting experimental data and computational results are
provided in the supplementary information (SI). The complete
raw datasets, including XPS, UPS, RAS, time-resolved 2PPE
measurements, as well as DFT and molecular dynamics data,
are available in a public repository at https://doi.org/10.5281/
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Supplementary information: additional supporting experi-
mental and computational (DFT and AIMD) results, discussion,
and schematics of the 2PPE principle. See DOI: https://doi.org/
10.1039/d6ta00726k.
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