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S1. Experiment

S1.1. ALD of am-Al,0O3

The ALD of amorphous alumina, as detailed in Ref. [1, 2], involves sequential exposure of the
substrate to trimethylaluminum (TMA) and water (H2O), resulting in the formation of a thin
amorphous alumina film through a series of self-limiting surface reactions. As shown previously
[3, 2], there is a strong correlation between the quantity of unreacted OH groups and the amor-
phous alumina film density; i.e., the amorphous alumina density increases with increasing process
temperature, corresponding to a decrease in the H-impurity content and respective H/Al ratio.
Sapphire (a-Al;O3) and Bayerite (a-Al(OH)3) were selected as crystalline oxide and hydroxide
reference phase, respectively. To this end, a one-side polished a-Al;03[0001] single crystal was pur-
chased from CrysTec GmbH, Germany. The Bayerite hydroxide reference was prepared according
to the procedure described in Ref. [1]. Bayerite is a trihydroxide with an H/Al ratio of 3 and marks
the extreme upper limit of the H/Al spectrum; its density aligns closely with that of the amorphous



alumina grown at ambient temperature [1]. Sapphire is the most stable bulk alumina oxide and
therefore represents the extreme lower end of the H/Al spectrum with a corresponding density of
p=3.9 g/cm3. All Al cations in sapphire and bayerite are octahedrally coordinated by O and OH
ligands, respectively. This makes them exemplary reference materials for the exploration of ligand
polarizability effects, as discussed in the following.

Table S1: Experimentally determined values and estimated errors for the average densities, H/Al atomic
ratios, and measured Auger parameters of the Al cations, for amorphous alumina films deposited by ALD, as
well as for the crystalline oxide and trihydroxide reference phases, sapphire, and bayerite. See Ref. [1, 4, 5]
for more details on the amorphous films and crystalline references. The corresponding densities and H/Al
atomic ratios, as simulated in the present study, are also listed. A reference value for the Auger parameter
of free Al gas of 1454 eV [6] was used to calculate the corresponding Auger parameter shifts, Aaai: see [7].
The final error of the Auger parameter shifts Aaa; of 0.2 eV, accounting for the experimental error aa; of
0.1 eV [1] and assumes the same error for the Auger parameter of the free gas. Notably, the corresponding
Auger parameter for oxygen does not show a correlation with the H content and has an average value of
Aap & 1039.7£ 0.3 eV, as reported in Ref. [1]. The value for Al (crystalline) is an unpublished value, that

is necessary for later comparison.
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Bayerite 24-26 2.50 3 3 74.1 1386.9 1461.0 7.0 931.6
Amorphous (25°C)  2.39+0.12 2.29 2+0.05 2 74.7 1386.4 1461.1 7.1 531.7
Amorphous (50°C)  2.844+0.11 2.60 1.07+0.05 1 746  1387.0 1461.6 7.6  531.7
Amorphous (120°C)  3.05+£0.06 2.99 0.1940.01 0.2 4.7 1387.2 1461.9 7.9 531.8
Amorphous (150°C) 3.07£0.06 3.00 0.13+0.01 0.125 74.8 1387.2 1462.0 8 531.7
Amorphous (200°C) 3.04£0.05 3.01 0.06£0.01 0.0625 74.8 1387.6 1462.4 8.4 531.7

Sapphire 3.9—-4.0 3.90 0 0 73.7 1388.0 1461.7 7.7 531.3

Al (crystalline) 2.7 2.77 0 0 72.7 1393.25 1465.0 12.0

S1.2. Details on Atomistic Simulation Cells

Table S2: Overview of the computational supercells adopted in this work, reporting the structural phase,
ALD process temperature, hydrogen-to-aluminum ratio, the counts of aluminum, oxygen, and hydrogen

atoms, as well as the complete set of cell parameters a, b, ¢, a, 3, and ~.
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Sample H/Alratio # Al #0O0 #H (A] (A] IA] ] ] ]
Sapphire 0.00 108 162 0 14.39 14.39 13.08 90.00 90.00 120.00
Bayerite 3.00 128 384 384 20.33 17.46 18.68 90.00 90.41 90.00
Amorphous (25°C) 2.00 128 320 256 1997 16.74 18.60 90.18 91.03 90.38
Amorphous (50°C) 1.00 128 256 128 19.14 17.04 14.49 90.29 90.43 &88.13
Amorphous (120°C) 0.20 128 205 26 16.89 14.45 15.53 89.21 89.78 88.55
Amorphous (150°C) 0.13 128 200 16 16.74 14.65 15.05 92.33 88.29 88.46
Amorphous (200°C) 0.06 128 196 8 16.58 14.00 15.26 89.90 92.28  88.93

S1.3. XPS/HAXPES Analysis

Combined XPS/HAXPES analysis was performed using a PHI Quantes spectrometer (ULVAC-PHI)
equipped with a soft Al-Ka (1486.6 eV photon energy) and a hard Cr-Ka X-ray source (5414.7 eV
photon energy). The linearity of the energy scale of the hemispherical analyzer (i.e., from 0 eV up
to 5400 eV) was calibrated according to ISO 15472 by referencing the Au 4f7/2, Ag 3d5/2 and Cu
2p3/2 main peaks to the recommended binding energy Fp positions of 83.96 eV, 368.21 eV, and
932.62 eV, respectively (as measured in situ for the sputter-cleaned, high-purity metal references
using both the soft and hard X-ray source). Charge neutralization during each measurement cycle



was accomplished by dual-beam charge neutralization, employing low-energy electron and Ar ion
beams (1-V bias, 20-pA current). First, survey spectra were recorded from all samples with both
the soft Al-Ka (@50 W) and the hard X-ray Cr-Ka source, as reported in Ref. [1]. Next, high-
resolution spectra of the Al 2p, O 1s, and C 1s core levels, as well as of the O KLL Auger line, were
measured with both X-ray sources using a power of 50 W, a step size of 0.1 eV, and a constant
pass energy of 69 eV, resulting in a constant analysis area in the range of 200 - 280 pum?. To
enhance the signal from the interior of the oxide films and the bulk references, all XPS/HAXPES
measurements were performed at a take-off angle of 90°between the sample surface and the center
of the entry lens of the analyzer [8]. The Al KLL Auger transition can only be measured using
Cr-Ka radiation (adopting the same measurement parameters as above). Notably, a pass energy of
69 eV was carefully selected, since it resulted in a similar energy resolution for both X-ray sources,
as evidenced by a constant full-width-at-half-maximum of the Ag 3d5/2 peak of 0.9 eV for the
XPS and HAXPES analysis. It is further noted that the probing depth of Al 2p photoelectrons
excited with Al-Ka radiation is approximately the same as the probing depth of the Al KLL Auger
electrons, thus ensuring chemical-state analysis at a near constant probing depth of about 9 nm [8].

Data analysis involved peak fitting of the Shirley-background corrected spectra using a single
Gaussian-Lorentzian peak component, as fitted to the top of each peak studied (i.e., from approxi-
mately 0.7 of the maximum height of the respective peak) using the MultiPak 9.9 software provided
by ULVAC-PHI. Since the soft and hard X-ray sources operate with different photon fluxes (and
photon energies), their absolute binding energy scales need to be corrected for possible differences
in electronic charging, as performed here by aligning the two sets of spectra (as recorded with both
sources) to their respective adventitious C 1s peak at 284.7 eV. The correctness of this charge-
correction procedure was confirmed by verifying that the photon-source-independent kinetic energy
(KE) peak positions of the charge-corrected O KLL spectra from both X-ray sources were identical
within +0.1 eV. The measured (energy-scale-corrected) Al 2p and Al KLL spectra, as well as the
corresponding Auger parameter shifts versus the experimental H/Al ratios (i.e. A« with respect
to Al gas) are shown in Figs. S1(a-c), respectively.
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Figure S1: (a) Measured Al 2p spectra (with an inverted E's scale by convention) and (b) Al KLL Auger
spectra (with a KE scale) for all ALD and crystalline samples. The spectra’s intensity is represented in
arbitrary units (a.u.) and has been vertically stacked for enhanced distinguishability. The measured spectra
were charge-corrected by aligning them to their adventitious C 1s peak at 284.7 eV (see Sec. S1.3).

The thus obtained values of Al 2p Eg and Al KLL KE will be further denoted as Eip and

EEL%L”, respectively: see Table S1. No clear correlation between Eﬁ‘ 2P and Eﬁl KLasLos wag

found. However, a clear experimental correlation between the H/Al ratio and Ay, is evidenced,
which nicely confirms the specific sensitivity of the Auger parameter to final state relaxation effects
(see Section 1). In particular, no experimental correlation was obtained between the corresponding
Auger parameter for oxygen and the H content, giving an average value of Aagp = Eg Is 4 EI?KLL =
1039.7+ 0.3 eV [1]. As discussed in Ref. [1], only the local chemical state of Al shows a clear trend



with increasing ALD deposition temperature (i.e., with decreasing H content). Therefore, in the
following, we will focus only on modeling the Al Auger parameter shift with increasing H content
in the amorphous alumina films.

S2. Coordination
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Figure S2: Analysis of the NNCS contributions to R®* (for thermal equilibration at T = —173 °C), as
based on the nearest-neighbor ligands count (i.e. n = 4,5, 6) for amorphous polymorphs with (a) H/Al=2,
(b) H/AI=1 and (c) H/Al=0.2. Dashed lines highlight the mean value of each individual distribution.
Individual R®* distributions originating from the 4-fold, 5-fold and 6-fold NNCs variants (independent of
their O/OH ligand fraction).The corresponding R®* distributions from each individual NNCS variant are
displayed in Fig. 9 (a-c).

S3. Charge-density response to an O core hole in sapphire
and bayerite

To assess why oxygen Auger parameters are more difficult to interpret in hydrogenated alumina, we
analyze the valence charge-density response to an O full-core-hole (FCH) excitation in sapphire and
bayerite. We compute the valence charge-density difference Ap, from AKS-DFT ground-state and
FCH calculations following Sec. 4.1. The resulting redistribution patterns are shown as isosurfaces
in Fig. S3 and quantified via the radially integrated charge difference AQ(r) in Fig. S4. In this
way, we provide a direct, materials-specific comparison of how oxygen screening differs from the Al
core-hole case, using the same analysis framework as in the main text.

Figure S3 highlights a qualitative contrast between Al and O core holes. For an Al core hole,
screening is predominantly extra-atomic, i.e., charge accumulates near the ionized Al due to trans-
fer from neighboring O ligands, consistent with a picture of screening dominated by charge flow
from nearest neighbors. For an O core hole, the response is dominated by a strong local con-
traction/depletion pattern around the ionized oxygen, accompanied by polarization of surrounding
atoms. This multi-center character is consistent with the partially delocalized, bonding nature of
O-derived valence states. It complicates an interpretation in terms of localized dipoles or purely
first-shell screening, especially when comparing oxides and hydroxides.

To quantify the spatial extent of the screening response, we evaluate AQ(r), as given in Sec.
4.1. As shown in Fig. S4, the compensating charge for an O core hole is largely supplied by
charge already localized near the oxygen site itself, indicating a substantial intra-atomic screening
contribution. At the same time, the curves reveal additional non-local polarization contributions at
larger radii, consistent with the qualitative isosurface patterns in Fig. S3. In bayerite, O-H bonding
provides an additional electronic reservoir that can be accessed by nearby oxygen atoms, further
increasing the number of available screening channels and reinforcing the multi-center character of
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Figure S3: Valence charge-density differences Ap, for sapphire (top row) and bayerite (bottom row), shown
as isosurfaces. Left column: Al core hole; right column: O core hole. Red indicates charge accumulation
and blue indicates charge depletion induced by the core-hole excitation.
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Figure S4: Radially integrated valence charge difference AQ(r) around the core-ionized site, computed
from Ap,. Solid lines: Al core hole in sapphire (black) and bayerite (grey). Dashed lines: O core hole in
sapphire (dark green) and bayerite (light green). Results for an Al core hole in metallic Al are included for
reference.

the response. Overall, these results support our choice not to use oxygen Auger parameters for
quantitative analysis in the present work and suggest that extensions of the electrostatic model
should be addressed in follow-up work to capture such multi-center screening and polarization
effects consistently.



S4. Building Blocks
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Figure S5: Figures (a), (b), and (c) present the full R®* distribution at Ty = —263°C for the respective H/Al
ratios (2, 1, and 0.2), corresponding again to ALD temperatures of 25°C, 50°C, and 120°C. These figures
also highlight the R®* values for significant Al ligand groups, illustrating their individual contributions to
the overall distribution.

For H/Al=2 (Fig. 9 (a)), the splitting into three distinct subpeaks of the full 7' = —263°C R**
distribution can each be correlated with specific no, non groups. The first subpeak, featuring the
lowest R°*, predominantly originates from the no = 0, nog = 6 and no = 1, nog = 4 groups,
while the third subpeak, represents higher R°* values which are largely composed of the ng = 3,
nog = 1 group. The central peak does not distinctly correspond to specific groups but appears
to be a composite of several contributions. For the H/Al=1 sample (Fig. 9 (b)), three major
subpeaks can again be discerned. The lowest energy peak primarily originates from the group
with the highest OH content, specifically no = 2, nog = 3. The middle subpeak, similar as for
H/Al=2, consists of mixed contributions from several groups. The highest energy subpeaks are
predominantly composed of the ng = 4, nog = 1 and ng = 4, nog = 0 groups, that have the
most O ligands. For H/A1=0.2, (Fig. 9 (¢)), a minor peak at low energy primarily consists of
the no = 4, nog = 1 group, the principal group containing OH ligands. The remainder of the
distribution largely emanates from the no = 5, nog = 0 and ng = 4, nog = 0 groups. Overall,
these distributions reveal that groups with a greater number of ligands exhibit slightly reduced
R°®. Furthermore, groups predominantly bonded with OH ligands tend to shift R°* towards lower
energies, whereas Al groups mainly coordinated with O ligands tend to shift R°* towards higher
energies, which should be attributed to the different ligand polarizabilities of O and OH.



S5. PFP Potential Validation
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Figure S6: (a) Comparison of formation energies E computed using the PFP+D3 machine-learning poten-
tial versus DF'T reference values across a diverse set of alumina and hydroxide-based structures, including
amorphous, porous, and defective phases. (b) Comparison of force F' predicted by the PFP+D3 potential
against DFT-calculated forces for the same structural configurations. Both panels report the root mean
square error (RMSE) and mean absolute error (MAE). Marker shapes distinguish structural types (amor-
phous, porous, defective), while marker colors indicate specific structure families. The black diagonal line
indicates perfect agreement.

S5.1. Correction energies for the AKS method: The case of Al

The correction energies in Eq. 12 can be explicitly expressed as

AECOH = Alacore - 57 (Sl)

where AFE.q.e accounts for the relaxation of the remaining core electrons in the presence of a core-
hole and ¢ is an additional energy shift that one should add to compare directly with experimental
data, mostly depending on the approximations to the exchange-correlation term [9]. AFEgope is
determined by performing an all-electron calculation on the target atom with and without the
core-hole [10], allowing for the extraction of the core contribution to the total energy, usually not
included in pseudopotential calculations. This term can be written as:

_ * 0 _ * * 0 0
AFEcore = Ecore - Ecore — ~atom|total Eatom|val - (Eatom|total - Eatom|val)7 (82)
* 0 * 0
where B otal (Eatom‘total) and E7 (Eatom‘val) are extracted from the all-electron calcu-

lation performed during the core-hole (ground state) pseudopotential generation for the Al atom.
In our case, AE.,.. amounts to 1518.4, 126.4, and 89.8 eV for the 1s, 2s, and 2p core levels,
respectively.

The § term is obtained by fitting a linear model (see Figure S7) using experimental and calculated
FEp as

EB,calc = EB,cxp + 0. (83)
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Figure S7: Calculated Eg compared to experimental values taken on our Al samples and from the NIST
database [11], for both Al and TiAl. The error bar reflects the spread on the Al 2p Ep across the dataset,
and the red points are placed at the mean value. TiAl was chosen as an additional reference for its metallic
character, enabling accurate energy alignment within AKS, and its all-symmetrically equivalent Al atoms,
eliminating ambiguities in assigning XPS contributions. The constant offset § is the correction to the
absolute Ep calc corresponding to the PBE exchange-correlation functional [12].

In this procedure, the experimental £y should correspond to systems where the reference energy
level is well defined (i.e., accessible through DFT calculations), such as in molecules or metals.

S6. TEM image

A cross-sectional TEM image of a 42 nm thick amorphous Al;Og film grown by ALD at 50°C is
provided in Fig. S8. The sample was chosen to closely match the material and processing conditions
considered in this work. The substrate consists of granular Pt grains (bright contrast) embedded in
a carbonaceous matrix (dark contrast). Within the spatial resolution of the TEM measurement, the
alumina layer appears laterally uniform and featureless at the nanometer scale. In particular, over
the ~1.5nm length scale relevant for the periodic simulation cells used here, no obvious structural
inhomogeneities or density modulations are discernible. While this observation does not remove the
conceptual limitations associated with periodic repetition of a finite simulation cell, it is consistent
with the assumption that simulation boxes below ~2nm provide a reasonable representation of the
local amorphous environment for the quantities discussed in this study.



Figure S8: Cross-sectional TEM image of a 42nm thick amorphous Al>Ogs film grown by ALD at 50°C.
The substrate shows granular Pt grains (bright contrast) embedded in a carbonaceous matrix (dark con-
trast). Within the spatial resolution of the measurement, the amorphous alumina layer appears laterally
homogeneous.
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