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Figure S1: XP survey and HR spectra for P-rich AlInP (001), recorded before (red) and after exposure to 410kL Oq
(blue). To demonstrate the spectral changes in In 3ds,., P 2p, and Al 2p core levels induced by exposure, these spectra
are normalized to their respective maximum intensity, and the post-exposure spectra are shifted to mazimize overlap with
the as-prepared spectra. Accordingly, the x-azis is labeled as ”Relative binding energy.” The horizontal bars positioned
above each spectrum specify the BE ranges of various oxide species, serving as references to facilitate peak assignment.
No C contamination was found upon Oz exposure. FEvolution of emission in the O 1s region is resolved; however, no
significant changes are observed in the line shape of other core levels. This suggests limited interaction of Oz molecules
with the surface. However, subtle variations in the Al 2p line shape indicate potential interactions between Al atoms
and Oz. Based on the emission lines, there is a potential for traces of Al—O—Al and Al—O—P to form. Validating the
formation of Al—O—P presents is challenging due to the low sensitivity of the P 2p core level by X-ray photoemission
spectroscopy (XPS); thus, the presence of a small amount is possible. The BE of O 1s may indicate that the surface
reaction is governed by small amount of H2O inside the exposure chamber.

However, the valence band mazimum (VBM), along with all aluminium indium phosphide (AlInP) core levels, shifts
approzimately 200meV towards higher binding energys (BEs), which can be associated with a partial reduction of surface
states. This implies a reduction of the band bending (BB) towards the surface by 200meV. This reduction can possibly be
attributed to the elimination of surface P dangling bonds in the (2 x 2)-2D-1H surface structure. In a previous study [1]
involving P-rich InP, it was demonstrated that the (2x 2)-2D-1H surface structures, which pins the Fermi level by
introducing P dangling bonds and creates midgap surface states, displays greater reactivity compared to the (2 x 2)-2D-2H
surface. Consequently, these defects are expected to be more susceptible to chemical reactions during exposure experiments
compared to other regions of the surface defined by the 2D-2H unit cell. Therefore, the reduction of surface states is likely
due to the formation of Al—O—P bridges between P atoms in the first monolayer and Al atoms in the second monolayer.
In these investigations, a key limitation is the resolution offered by laboratory-based XPS. Nevertheless, by comparing the
results of water exposure with those from Oz exposure, it becomes apparent that the P-rich AlInP surface reactivity to
water s higher than to Oz. The most energetically favorable adsorption sites for both Oz and HoO are located between Al
atoms in the sub-monolayers and between Al and P. Similarly, in each scenario, a partial reduction of the surface states
are also observed.
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Figure S2: XP survey and HR spectra for P-rich AlInP (001), recorded before (red) and after immersing in DI water
saturated with Oz (blue). XPS measurements were done at 30° configuration. To demonstrate the spectral changes in
In 3ds/9, P 2p, and Al 2p core levels induced by exposure, these spectra are normalized to their respective mazimum
intensity, and the post-exposure spectra are shifted to mazimize overlap with the as-prepared spectra. Accordingly, the
z-azis is labeled as ”Relative binding energy.” The horizontal bars positioned above each spectrum specify the BE ranges
of various oxide species, serving as references to facilitate peak assignment.

Compared to water exposure in vacuum the emission line of O 1s is shifted to higher BE to 532.86 eV. Because also
new emission in In 3ds,s at 445.55eV and P 2p at 133.96 eV core levels are evident, it indicates formation of higher
concentration of In—O—P (In(PO;),) compared to in vacuum experiments. The emission of the P 2p line at approzimately
130.10 €V is minimally diminished, suggesting that the P—P dimers are only partially dissociated (highlighted by green
line in the difference spectrum).

It is clear that the oxide contribution in Al 2p core level is greater than others meaning the surface is rich in Al oride
species. The peak mazimum of the newly observed emission line in the Al 2p, located at 75.55 eV and highlighted by the
green line, suggests that the principal Al-containing ozide specie are Al—O—Al bonds. Compared to ultra-high vacuum
(UHV)-based experiments, the rise in oxide concentration suggests the development of a thin ozide layer characterized
by a more definite lattice structure, which is expected to exhibit higher stoichiometry. Al—O—Al (AlO;) and In—O—P
(In(PO;),) emerge as the most dominant oxides on the surface. However, the exact stoichiometry of these species cannot
be determined due to the limited resolution of the setup. Their electronic structure may significantly influence charge
carrier separation.

The VBM and all core levels exhibit an energy shift of approximately 370 meV towards higher BEs, signifying that the
surface states have undergone enhanced passivation due to contact with water/Ogz, compared to lower exposure levels.
Upon interaction with water/Oz, the VBM is observed at 1.62eV, reflecting a reduction in the upward BB to 0.70€V.
This finding align with previous studies, in which InP, GaP, and gallium indium phosphide (GaInP) surfaces with ozide
layers, both pre- and post-etching, were analyzed using photoemission spectroscopy (PES) measurements [2—4]. The study
demonstrated that samples with a native oxide layer, as well as those chemically etched to remove such layers, exhibit
Fermi level pinning, thereby inducing BB.
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Figure S3: XP survey and HR spectra for P-rich AlInP (001), recorded before (red) and after exposure to air (black). In
3ds/2, P 2p, and Al 2p core levels are normalized to their respective mazimum intensity, and the post-exposure spectra are
shifted to mazimize overlap with the as-prepared spectra. Accordingly, the xz-axis is labeled as ”Relative binding energy.”
Difference spectra vs P-rich are plotted. The horizontal bars positioned above each spectrum specify the binding energy
ranges of various oxide species, serving as references to facilitate peak assignment.

Ezxposure of a P-rich AlInP surface to air leads to the formation of an oxide layer predominantly composed of the
Al—O—Al and In—O—P. This is evidenced by the evolution of emission at 75.70eV in Al 2p and at 446.00eV in In
3ds/9, as indicated by the green guidelines. The dissociation of P—P dimers after air exposure is confirmed by the
reduction in signal at approximately 129.90¢€V, as revealed by the green guideline in the difference spectra.
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Figure S4: (a) XP survey for P-rich AlInP (001), recorded before (red) and after exposure to 75 kL (pink), 314 kL (purple),
and after 1.5x 10° kL (blue) of water. (b) XP survey for In-rich AlInP (001), recorded before (green) and after exposure
to 20kL of water (olive), and 2 days storing in 1 atm Ogz (yellow). No sign of C contamination of the as prepared samples
was found.



Table S1: Binding energies (eV), FWHM (eV, in parenthesis if reported), E, (eV) of for various oxide and hydrozides.

’ Compound \ O 1s \ In 3ds/, \ P 2p \ Al 2p \ Eg \ Ref. ‘

In, O3 530.00 and 444.70 2.70-3.00 [5]

532.70 (1.80)
In(OH)3 531.80 (2.40) 445.20 (1.50) 5.15 [4, 5]
InOOH 530.1 444.6 3.7 6, 7
In(POy), 531.80-533.00 445.70-447.0 133.90-136.00 4.50 4,5
(1.75-2.80) (1.55-2.15) (2.30)

AlO4 532.20 75.50-76.40 3.20-7.60 [8-11]
Al(OH)3 532.10 74.40 5.27-5.54 [12, 13]
AlIOOH 531.9 74.6 3.35-4.73 14-17
AIPOy4 533.00 133.10 74.40 5.90 18-20
P-OH 531.9 (2.5) 132.3 (2.3) [21]

| Al 2p 74.51 eV
| after 75 kL H,O 74.34 eV
;é — —15° AE =0.17 eV
~ r — 2p3/2
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-"? — 2p1/2
[0) - 32
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Figure S5: XP spectra of Al 2p core level at 90° and 15° measurements after the 75kL water exposure. The fitting is
shown only for XP spectrum of 15° measurement. The red and blue contributions are related to Al—P and Al— O bonds.
The predominant spectral contribution arises from Al—P bonds (red). Additionally, a surface component with a 2ps/s
peak at 75.27 €V is detectable exclusively at 15°, attributed to Al—O bonds (blue). Notably, the XP spectra at 15° exhibit
a shift of 170 meV towards higher BEs relative to the 90° measurement. A similar shift is also observable in the P 2p

and In 3d core levels.

Binding energy (eV)
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Figure S6: Top (a) and side (b) view of the most energetically favorable structural configuration for a single adsorbed
water molecule at this site. Calculated water-induced charge redistribution for water adsorbed on the second row three-fold
coordinated In atoms of the (2x 4)-rInMD (c), Blue and red isosurfaces signify areas of charge accumulation and
depletion, respectively.



Energy (eV)

Energy (eV)

1.5

1.0

0.5

0.0

-0.5

-1.0

NS

\

()

\
) /i
¢

I

]
/)

/

//’/f’

-

J! ro

DOS (states/eV)

10

-
Z - / —
Y s~

==/

0 10 20
DOS (states/eV)

DOS (states/eV)

Figure S7: Band structure and the partially-decomposed density of states for the AlInP (2x 2)-2D-2H clean surface (a),
with an H2 O molecule adsorbed (b), an OH and H adsorbed (c) and an O atom adsorbed (d). The shaded areas indicate
the projected bulk band structure. The orbital character of the highest occupied state of the (2x 2)-2D-2H clean surface
at the point J (e) and point K (f). The state at different k-points is indicated by the blue circles in (a). The adsorbed
geometries are explained in the main text.



Note S1 Ab initio molecular dynamics investigation of P-rich and
In-rich Water/AlInP Interfaces

As discussed in the main text, static DFT calculations at T = -273.15 °C (0 K) provided insight into the energetics
and preferred adsorption geometries of single water and hydroxyl species on P-rich AllnP surfaces. However,
it necessarily neglects thermal fluctuations, entropy, and dynamical hydrogen bonding—features essential to
understanding realistic liquid-solid interfaces. To extend this understanding under more realistic interfacial
conditions, we carried out finite-temperature Ab initio molecular dynamics (AIMD) simulations at 26.85°C
(300K) for both P-rich and In-rich AlInP (001) surfaces interfaced with explicit water. These simulations thus
serve to extend and contextualize the T = -273.15°C (0K) picture, revealing how interfacial structure, dipole
alignment, and reactivity signatures unfold in the presence of an explicit solvent environment.

Figure S8 (b) and S8 (d) present a quantitative comparison of the time-averaged interfacial water structure for
the P-rich and In-rich surfaces, respectively. Shown are normalized atomic density profiles for surface and water
atoms along the surface normal z, as well as the orientational distribution of water molecules, measured by the
ensemble average (cosf(z)). Here, 6 is the angle between the water dipole vector (defined from the oxygen atom
to the midpoint of the two hydrogen atoms) and the surface normal. Positive values of (cos#) indicate O-down
orientation (oxygen toward the surface), while negative values indicate H-down orientation (hydrogens toward
the surface). While a more rigorous dipole estimate can be obtained from electronic structure via Wannier
centers, the geometric definition employed here provides a consistent and physically intuitive approximation of
the dipole orientation as a function of depth.

For the P-rich surface (Figure S8 (b)), the water structure remains largely molecular and non-dissociative. A
pronounced positive peak in (cos#) (approximately +0.7) is observed at the first hydration layer near z ~ 20 A,
indicating a strong preference for O-down orientation. The corresponding density profiles show mostly the
water molecules confined above the terminal hydrogen atoms on the surface, with very few interact weekly
with subsurface Al or In atoms in the trench regions between P—P dimers as illustrated in the representative
snapshot shown in Figure S8b. This structured, ordered first layer supports the formation of a transient dipole
upon initial water contact, as observed experimentally through shifts in photoemission cutoffs. The absence of
spontaneous dissociation during the 20 ps simulation is consistent with the chemical inertness of P—P dimers
and the experimentally observed low reactivity of this termination toward water.

For the In-rich surface, the behavior of interfacial water differs markedly from that observed on the P-rich
termination. The first hydration layer forms much closer to the surface, with water molecules making direct
contact with undercoordinated surface In atoms. This is reflected in the density profile, which shows a sharp
peak at lower z values compared to the P-rich case, and in the orientational profile (cos §(z)), which exhibits a
shallow negative dip (around —0.1) near the surface. This partial H-down orientation suggests stronger hydrogen
bonding interactions between water molecules and the exposed In atoms, potentially preconditioning water for
proton transfer. A representative AIMD snapshot (Figure S8 (c)) illustrates this configuration, showing a
water molecule interacting simultaneously with surface and sub-surface In atoms. Beyond this H-down layer,
a strong positive peak in (cosf(z)) is observed, indicating that the second hydration layer adopts an O-down
orientation consistent with bulk-like water structuring and electrostatic layering effects. The radial distribution
functions (RDFs) further support this picture (see the discussion below), with pronounced Oy—In coordination
peaks suggesting stronger water-In interactions on this surface. These observations align with experimental
photoemission data showing a higher degree of hydroxylation and oxide formation on In-rich surfaces. While
direct dissociation events are not observed within the 20 ps AIMD timescale, the observed proximity of water to
surface In atoms and the orientational bias together indicate a more reactive interfacial environment, one that
may facilitate proton transfer and hydroxylation over longer timescales.

To further quantify the nature of interfacial water—surface interactions, we computed the distribution of pair
distances between water oxygen atoms and surface atoms (Al, In, P) during the AIMD trajectories. Specifically,
we consider oxygen—surface atom pair counts within a 3.5 A cutoff, a typical coordination shell radius for
identifying hydrogen bonding and weak chemisorption—and construct radial distribution functions (RDF's)
averaged over time. These allow us to assess the degree of water coordination with different surface elements
and identify specific bonding motifs that may not be apparent from density profiles alone.

Figure S9 presents these pair count distributions for both surface terminations. In the P-rich case, a clear
peak in the In—Oy, distribution is observed just beyond 2.0 A (Figure S9a), indicating direct interaction of water
oxygen atoms with In sites in trench region. A broader peak for Al appears around 3.5 A, suggesting weaker or
more distant interaction. Interestingly, the P—O, distribution also shows a peak, reflecting lateral proximity
of water to the terminal P atoms, though not direct bonding. Overall, the coordination number (Figure S9c¢) is
highest for P, followed by In and then Al. These trends help reconcile the apparently inert P-rich surface with
the subtle dipole changes observed experimentally, and highlight the role of surface morphology (e.g., trenches)
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in mediating water access to subsurface atoms.

In contrast, the In-rich surface shows markedly stronger and more structured water—metal interactions. The
In—0,, distribution (Figure S9b) features a dominant peak below 2.2 A, indicating robust coordination of water
oxygen atoms to surface In sites. Beyond this, secondary peaks reflect longer-range structuring, suggesting an
extended solvation environment with multiple layers of water interacting with In atoms. Coordination with Al
atoms is negligible in this case, consistent with Al being more buried. The P—O,, RDF, however, still shows
a noticeable feature, though at a longer distance, suggesting interaction between water and exposed P atoms,
likely through hydrogen bonding rather than direct O—P coordination.

Taken together, the pair distributions emphasize the contrast in reactivity and solvation environments
at the two terminations. While the P-rich surface exhibits more restrained, trench-limited interactions, the
In-rich surface promotes strong water binding and structural ordering near the surface—behavior consistent
with experimental observations of rapid hydroxylation and oxide formation on In-rich AlInP. Importantly, these
coordination signatures are beyond to be captured in the T = -273.15°C (0K) calculations, where adsorption
was limited to isolated molecules. The AIMD results thus reveal dynamic, cooperative effects that emerge only
under thermal and solvent conditions.

11
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Figure S8: Representative snapshots and structural analysis from AIMD simulations illustrating water—surface
interactions for both surface terminations. Panels (a) and (c¢) show side views of the P-rich and In-rich AlInP (001)
surfaces, respectively, with interfacial water. Surface atoms are color-coded as indicated in panel (a). A van der Waals
representation, combined with an isosurface highlight, illustrates trench regions on the surfaces for visual clarity. Panels
(b) and (d) present the spatial distribution and orientational ordering of interfacial water near the P-rich and In-rich
surfaces, respectively. Dashed curves show normalized one-dimensional number density profiles of surface atoms (Al, In,
P, and surface-bound H) and water molecules (O and H) along the surface normal (z-axzis). The solid black line represents
the average dipole orientation of water molecules, expressed as (cosf(z)), where 0 is the angle between the water dipole
vector (from O to the midpoint of H atoms) and the surface normal. Positive values indicate O-down orientation toward
the surface, while negative values correspond to H-down configurations.
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Figure S9: Radial distribution functions (RDFs) and coordination analysis of interfacial water with surface atoms from
AIMD simulations. The un-normalised pair count distribution functions are computed between water oxygen atoms (O.)
and surface atoms (Al, In, P), averaged over the equilibrated trajectories for (a) P-rich and (b) In-rich AlInP (001)
surfaces. (c) and (d) corresponds to the coordination number up to a cutoff of 3.5 A , providing a quantitative measure
of local water—surface interactions. For the P-rich surface, water oxygen atoms preferentially coordinate with subsurface
In atoms via trench penetration, while P and Al exhibit weaker or more distal interaction. In contrast, the In-rich
surface shows strong, short-range coordination with exposed In atoms and more structured solvation layers, consistent
with enhanced water reactivity. These distributions highlight termination-dependent hydration structure and bonding
motifs not accessible from static calculations alone.
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Note S1.1 Computational Details for AIMD simulations

To investigate the structure and dynamics of the AlInP (001)/H2O interface under realistic conditions, we
performed ab initio molecular dynamics (AIMD) simulations using the open-source CP2K package.[22-24] The
starting configurations for these simulations were constructed by solvating the optimized surface geometries
obtained from our T = -273.15°C (0K) DFT calculations with explicit water molecules. Prior to the AIMD
runs, the solvated systems were relaxed using the BFGS optimization algorithm to remove residual forces and
adjust interfacial hydrogen bonding.

All AIMD simulations were carried out within the Born—Oppenheimer approximation, where the nuclei are
propagated classically, and the electronic structure is evaluated on-the-fly using density functional theory. We
employed the PBE exchange—correlation functional,[25, 26] along with dual Gaussian and plane-wave basis sets
of DZVP-MOLOPT-SR-GTH type,[27] and norm-conserving GTH pseudopotentials.[28, 29] Long-range van der
Waals interactions were accounted for using the empirical D3 dispersion correction by Grimme.[30]

The simulations were performed in the canonical (NVT) ensemble at a target temperature of 76.85°C
(350K), regulated by a Nosé—Hoover chain thermostat.[31-33] This slightly elevated temperature was chosen
to partially compensate for the known over-structuring of water with the PBE functional, and to accelerate
interfacial sampling on accessible simulation timescales.[34]

We modeled two distinct surface terminations: (i) a P-rich AlInP (001)-water interface and (ii) an indium-rich
water/AlInP (001) interface. The P-rich model comprised 100 water molecules (564 total atoms), while the
In-rich model included 177 water molecules (775 total atoms). Each system was equilibrated and propagated
for a total duration of 20 ps. Due to the larger number of atoms in the In-rich system, the simulation throughput
was limited to approximately 450 AIMD steps per day (corresponding to 250 fs), which translates to roughly
5 days of computational time per picosecond of trajectory. Despite these constraints, we were able to obtain
meaningful sampling of structural and orientational properties at the interface.
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Table S2: Peak mazimum position of core levels and VBM before and after 1.5x 10° kL H»O exposure.

Peak maximum position (eV)
Core levels | as-prepared P-rich | after 1.5x103 kL H,O

90° \ 15° 90° \ 15°

Al 2p 74.42 74.20 74.60 74.46

P 2p 129.22 129.15 129.43 129.30

In 3ds/, 444.90 444.80 445.10 445.02

O 1s — — 532.45 532.61
VBM 1.40 1.12 1.60 1.36
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Note S2 Band diagram

We drew the energetic band alignment of P- and In-rich AlInP based on doping concentration and XPS and
UPS results as we already discussed in Ref.[35]. The Fermi level position in the bulk material is calculated by
using the equation S1,

ECBM—EF:kBTIH?:ﬁmEV (Sl)

D

where np is the doping concentration of the AllnP layer (2x10*® cm™, Si as a donor dopant), kg7 is the
Boltzmann term, and N¢ is the AllnP’s effective CB DOS, which is taken as the average of the AIP and InP
DOS [36]. According to this calculation, the bulk Fermi level is approximately 6 meV below the CBM in both
samples. Through XPS and UPS measurements, the VBM of the P-rich AllnP surface before exposure is
determined to be 1.30eV below the Fermi level, as shown in Figure 2 (b) and the VBM of the In-rich AlInP
surface before exposure is determined to be 0.50eV below the Fermi level, as shown in Figure 10 (b). This
indicates the presence of surface states near the mid-gap position, given an AlInP band gap of 2.3eV [37], as
we discussed in Ref. [35]. The difference between the measured (by XPS/UPS on the surface) and calculated
positions of the Fermi level relative to the VB in the bulk suggests a significant BB toward the surface, with
a value of BBp_jjcn = 1.0V and BBy, icn = 1.8eV. This phenomenon is due to the presence of surface states
with electron displacement to the surface, hence pinning the Fermi level. These are illustrated in Figure 4 (a)
and Figure 12 (a) for P-rich and In-rich AlInP before exposure, respectively.

Upon exposure, the changes are anticipated to be limited to the surface of AlInP, leaving the bulk unaffected.
Thus, the band alignment within the bulk of P- and In-rich AlInP remains stable, meaning Fermi level is still
6 meV below the CBM in the bulk. However, alterations occur in the VBM of the surfaces. Analysis of UPS
results allows the distinction of two edges: those of the oxides/hydroxides and the underlying AlInP. For the
P-rich sample, the VBM of AlInP increases to 1.45eV below the Fermi level after 314 kL and stabilizes with
further exposure (see Figure 2 (b)). This results in a reduction in BB from 1.00eV (bare surface) to 0.85eV
(after exposure). Meanwhile, the VBM of the surface oxides/hydroxides shifts from 3.70eV after 314kL to
4.05eV following 1.5x103 kL of water exposure. The VBO between AlInP and oxides/hydroxides is calculated
based on their VB edge difference, resulting in a VBO of 2.25eV after 314kL and 2.60eV after 1.5x103 kL of
water exposure. Accordingly the band alignment after exposure experiments are depicted in Figure 4 (b,c).

For In-rich AlInP, the band alignment can similarly be determined. During exposure experiments, the VB
edge of oxides/hydroxides appears in the UPS data, as depicted in Figure 10 (c). After a 20 kL water exposure,
the VBM of oxides/hydroxides is at 3.30 eV, whereas prolonged exposure to Os results in a VBM of 3.80eV.
Notably, the VB edge of AlInP beneath the oxides/hydroxides remains at 1.45eV, as shown in Figure 10 (b,c).
Consequently, the BB in AlInP is 1.85eV, similar to P-rich sample. The VBO is 1.85¢eV following a 20 kL. water
exposure, increasing to 2.35eV after extended Oy exposure experiments.
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Table S3: Atomic concentrations (%) of P-rich AlInP exposed to varying water dosages, based on 90° XPS measurements.

Sample Atomic concentrations (%)
Al [ln [P ] O
P-rich 24.3 | 25.5 | 50.2 0.0
after 75 kL 24.0 | 24.8 | 47.2 3.9
after 314 kL 23.2 | 22,5 | 479 6.4
after 1.5x10°KkL | 23.4 | 22.6 | 46.6 7.4
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Figure S10: Tr-2PPE data for the bare P-rich AlInP surface using 0.2V bias at pump and probe photon energies
hv=4.49¢eV in (a, b, ¢) and 3.0V bias at hv=3.97eV for (d, e, f). In the latter, there is some drift in emission with
delay time, likely due to a small misalignment between pump and probe. The larger applied bias starts to disturb surface
features, whilst the lower 0.2V bias allows for observations of CBM features especially. The emission cut-off appears to
not be affected significantly by bias, indicating it is a surface feature. At 0.2V bias, no cut-off is observed, showing that it
is not related to detector limits. The cut-off (corrected for the reduced photon energy of 3.97 vs 4.49 V) does not move at
3.0V bias, indicating it is indeed related to surface properties rather than to detector- or other set-up related properties.
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Figure S11: The time-dependence of emission at the CBM and Fermi level are plotted for the bare P-rich AlInP surface
(a), and after 5.5x10°L (b), 3.8x10" L (c), and 1.5x10° L (d) water exposure at sample temperatures of 200 °C. CBM
emission remains largely unchanged, whilst time-dependent emission from around the Fermi level decreases after initial
5.5% 10° L water exposure and cannot be clearly separated from the noise, but again increases afterwards, as also observed
in Figure 7. As previously discussed, UPS shows the DOS of mid-gap states decreasing with water exposure, which should
be correlated with decreased emission in tr-2PPE, as we observe for initial water exposure. At high exposure levels, the
emission cut-off shifts to lower kinetic energies, revealing more of the mid-gap emission peak and reuslting in increased
emission despite the reduced DOS.
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Figure S12: Decay times for emission from the CBM the bare P-rich AllnP surface (a), and after 5.5x10°L (b),
3.8x10" L (¢), and 1.5% 10°L (d) water exposure at sample temperatures of 200 °C. Assuming an exponential decay,
decay times do not change significantly between exposure levels, starting at around 90fs, with only a 10fs drop after
initial water exposure, and another 10fs drop with further exposure. This reduction in CBM lifetime is likely related to
added scattering/relazation pathways in the nascent oxide, introducing defect states or phonons unrelated to the mid-gap

states pinning the Fermi level.
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Figure S13: Decay times at the CBM are shown, again for the bare P-rich AlInP surface (a), and after 5.5x10° L (b),
8.8x10" L (c), and 1.5x10° L (d) water exposure at sample temperatures of 200 °C. Lifetimes increase by more than a
factor of 2 with water exposure, whilst peak occupancy is reached around the same time at each exposure level. The latter
is likely due to CBM lifetimes being unaffected by exposure, so electrons reach the Fermi level at similar times. Decay
from mid-gap states is slowed, indicating some decay channels are suppressed by water exposure and the resulting surface
ozidation. This agrees with previous results on P-rich InP, in which some surface state decay times were slowed by water
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physisorption and P-oxide formation, in part through damping of surface phonon modes.
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Table S4: For each water exposure step, the positions of the emission cut-off at 1.0V sample bias are given, as well as
the position of the low-energy emission peak and CBM position, CBM and Fermi level lifetimes, as well as UPS work
functions, VBM position relative to Fermi level and the expected CBM position based on the UPS results. The latter
deviates from tr-2PPE results by +0.35 and -0.37 eV on the bare P-rich AlInP surface and after 5 pulses of water exposure
respectively, likely related to surface dipole moments due to P—P dimers and adsorbed OH~ groups after initial water
exposure. Data is taken from Figure 6, 7, S10, S11, S12, and S13.

Water exposure level

Cut-off vs vacuum (eV)

Cut-off vs min. energy range (eV)
Low-energy peak vs vacuum (eV)
CBM emission vs E (eV)

CBM decay const. (fs)

E¢ max occupancy (fs)

Fermi level decay time (fs)

UPS @ (eV)

VBM vs E; (eV)

VBM vs vacuum (eV)

CBM vs vacuum (VBM + 2.3 eV) (eV)
Expected CBM emission vs E; (eV)

Bare [-0.560.44|-0.44|0.74|91 £+ 10131 £ 20| 72 £+ 20 |4.18 |-1.21|-5.39|-3.09
5 hc [-0.38/0.62(-0.25|1.22|82 4 10 | unknown | unknown | 4.50 | -1.45|-5.95 | -3.65 | 0.85
35 hc |-0.69|0.31|-0.60|0.87 |80 £+ 10| 136 + 20| 105 £ 20|4.16|-1.41 |-5.57 [-3.27 [ 0.89
135 hc|-0.70(0.30|-0.59]0.82 |70 4+ 10| 125 4+ 20| 167 + 40 |4.14|-1.43 |-5.57|-3.27 | 0.87

=
o
©
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Figure S14: XP survey and HR spectra for In-rich AlInP (001), recorded before (green) and after exposure air (black). In
3ds/2, P 2p, and Al 2p core levels are normalized to their respective mazimum intensity, and the post-exposure spectra are
shifted to mazimize overlap with the as-prepared spectra. Accordingly, the xz-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 binding energy ranges of various oxide species, serving as references to facilitate peak assignment.

Exposure of an In-rich AlInP surface to air results in the formation of an ozxide layer primarily consisting of the In—O—P,
rather than other types of oxides. The reduction in signal at 444.05 eV suggests the dissociation of In—In dimers, a process
we have also observed to occur with low water dosage due to their high reactivity. Furthermore, the emission at 129.90eV
decreases, implying that the remaining P— P dimers from preparation dissociate upon air exposure. Surprisingly, the Al
2p core level does not exhibit any new emissions from oxide species.
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Figure S15: Band structure and the partially-decomposed density of states for the AlInP (2x 4)-rinMD clean surface
(a), with an Hy O molecule adsorbed at the top In—P dimer (b), an H2 O molecule adsorbed at the three-fold coordinated
In atom of the second row (c), an OH and H adsorbed (d) and an O atom adsorbed (e). The shaded areas indicate the
projected bulk band structure. The adsorbed geometries are explained in the main text.
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Table S5: Peak mazxzimum position of core levels and VBM before and after 20 kL HzO exposure and following Oz exposure

(2 days at 1 atm.

Core Peak maximum position (eV)
as-prepared In-rich | after 20 kL H,O after O,

levels g0 15° 90° | 15° 90° | 15°
Al2p | 7418 73.94 7450 | 74.38 | 7450 | 74.37
P2p | 12900 | 12875 | 120.34 | 120.22 | 129.36 | 129.24

In 3ds/, | 444.70 444.52 445.05 445.03 445.07 | 445.10

O 1s — 532.01 532.06 532.16 | 532.29
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Figure S16: Schematic showing the excitation and emission pathways for tr-2PPE. Electrons are photoexcited from
occupied states in the valence band, or surface states in the band gap by a pump pulse at t = 0. Photoexcited electrons
the thermalize through conduction band states, from where they are photoemitted by a probe pulse after a variable time
delay. By scanning over time delay and recording the kinetic energies of electrons in a TOF detector, electron relaxation
paths and electronic band structure in the near-surface region are obtained. Reproduction under terms of the CC-BY 4.0

license. [38], 2024, published by American Chemical Society.
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Figure S17: Schematic of two-photon photoemission using two different frequencies as pump or probe (to scale for 276 nm
UV and 533nm VIS) Reproduced under terms of the CC-BY 4.0 license. [38], 2024, published by American Chemical
Society. In (a), two UV photons are incident simultaneously, in (b) a UV photon photoexcites an electron, which decays
down to the next-lowest state and is emitted from there by a second UV photon. (c¢) and (d) show a combination of two
different photon energies. In (c), a VIS photon pumps an electron which is emitted by a UV photon. In (e) an electron

is pumped by the UV photon, but then thermalizes too much energy before incidence of the VIS photon, and no emission
of electrons is observed.
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Figure S18: Schematic of the overall tr-2PPE set-up, simplified to enhance presentation, Reproduced under terms of the
CC-BY 4.0 license. [38], 2024, published by American Chemical Society. The pulse-generating and -amplifying elements
are on the left, NOPA 1 and 2 including 800nm to 400nm SHG in the middle. A prism path after each NOPA is shown,
the output of NOPA 1 serves as the VIS pump, the output of NOPA 2 is frequency doubled in SHG and split to generate

the UV pump and probe beams. All three beams are co-incident on the sample, which is placed in the UHV system, with
the TOF detector placed 3-5mm from the sample.
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Figure S19: Tr-2PPE pathways are shown for an occupied VB state (a), and for an unoccupied CB state (b). Reproduced
under terms of the CC-BY 4.0 license. [38], 2024, published by American Chemical Society.
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