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Abstract

Several atomic layer deposition (ALD) processes are now known that leverage the distinct surface
chemistry of two disparate substrates (e.g. metal vs. oxide) to realize markedly different ALD
nucleation rates in an approach referred to as area-selective ALD (AS-ALD). In contrast, few ALD
processes have been identified that allow selective reaction at distinct surface sites of a single
material surface, in a process that might be called site-selective ALD (SS-ALD). We describe one
potential strategy to discriminate among several distinct surface sites on bixbyite In2O3 to achieve
site selectivity. Using density functional theory (DFT) we predict the discriminant hydration and
hydroxylation of In20s terrace and step-edge sites that depends strongly on the substrate
temperature at low water coverage. Infrared measurement of surface hydroxyls on In203
nanoparticles support the predicted temperature dependence. The in situ examination of MgO ALD
nucleation also shows results consistent with the predicted temperature dependence of In20:
hydroxylation. Together, these findings suggest that a selective hydroxylation approach may be a
viable route to SS-ALD on In20s3.



1. Introduction

Area-selective atomic layer deposition (AS-ALD) processes have been developed, and recently
reviewed, that achieve strikingly different ALD nucleation rates on disparate substrates (e.g.
metals vs. oxides).!™ In contrast, very few ALD processes have been identified that hint at even
more subtle synthetic control in which deposition reactions are directed exclusively to distinct
surface sites of a single material surface, a process that may be referred to as site-selective ALD
(SS-ALD). We propose a SS-ALD strategy that leverages the unique activity (e.g.
hydration/hydroxylation) of defect sites which differ from more ideal terrace surface sites. This
defect-selective approach may be useful for targeting and remediating electronic defects that may
otherwise get buried at optoelectronic device interfaces.’*® This precise surface synthesis approach
differs from the common ALD practice of applying synthesis and processing conditions optimized
for thin film growth to interface synthesis. A vast literature of ALD synthesis has been developed
to produce thin films with compositions that span the periodic table.”®* However, applying the
optimal synthesis conditions for growing a thin film to initiating an interface is a lost opportunity,
as the presenting substrate is likely to present surface structure and chemistry that is quite distinct
from the growing ALD film front. In short, a general approach to selective control of growth on
specific surface sites inherited from unique surface site reactivity remains an unmet challenge for

ALD science.

A representative oxide ALD cycle consists of two half-reactions in which the metal and oxygens
are added sequentially. In the first half-cycle, metal deposition is often completed through the
reaction of a metal-organic precursors with surface hydroxyl groups. A temperature-dependent
surface hydroxyl density has previously been invoked to rationalize the temperature-dependent
growth rate of several oxide ALD processes.” However, the precise facet- and defect-specific
hydration of metal oxide substrates, and its implications for ALD growth, remains underexplored.
In one notable exception, Terranova and Bowler computationally studied the incomplete hydration
of a defective TiO2 anatase (101) facet to rationalize the incomplete coverage of ALD Al2O3
observed experimentally.'” They used DFT to predict that under some common ALD processing
conditions the hydration of a flat terrace site is unfavorable even while hydration of step-edges, O
vacancies, and Ti interstitials remains favorable. However, the authors ultimately propose

conditions under which they hope to achieve unselective, uniform deposition to provide more



complete coating coverage. In subsequent work by Jin et al., these computational predictions were
used to inform experiments that indirectly demonstrate site-selective ALD, whereby reaction of
with electronic surface defects led to more uniform charge transfer rates from quantum dot

sensitizers into anatase TiO2.'!

Here we select In203 as a technologically relevant oxide for investigation, although we expect that
the selective hydration strategy for SS-ALD may be broadly applicable to other metal oxide
surfaces. In203 thin films continue to attract attention for myriad applications where both optical
transparency and electrical conductivity are critical to device performance.!>!> We use DFT to
predict the discriminant hydration and hydroxylation of In203 (111) terrace and (211) step-edge
sites to occur over a range of ~900 K, which includes temperatures most relevant to ALD (<
350 °C). In situ infrared investigation of In.O3 nanoparticles corroborate a broad temperature range
of dehydroxylation of surface defects. Furthermore, temperature-dependent ALD nucleation

studies provide evidence that selective surface hydroxylation influences surface synthesis on In20s.

2. Methods

2.1 Computational details

Periodic and spin-polarized DFT calculations were performed using the VASP code!*!* with the
exchange—correlation potential described with the Perdew-Burke-Ernzerhof (PBE) functional.!®
The 4d, 5s and 5p states of In and 2s and 2p states of O are explicitly treated as valance states
within the projector augmented wave (PAW) method.!” In the present work, the Hubbard-U
corrections'® were not included for In 4d electrons, given the fact that the U corrections exhibited
minimum effect on the valence band close to the Fermi level, which is dominated by O 2p and In
5s states.!*2% For the surface model, the Kohn-Sham orbitals were expanded based on a plane-
wave basis set with a cutoff energy of 400 eV. The reciprocal Brillouin zone integrations were
performed using a 2 x 2 x 1 k-point mesh within Monkhorst-Pack grid.?! For the calculation of
density of states, a 7 x 7 x 1 k-point grid was used. The Gaussian smearing was implemented with
a width of 0.02 eV. The electronic convergence threshold of 10 eV was used, whereas the force
convergence criterion for ionic relaxation was 0.02 eV/A. Dipole corrections were included in all

calculations since only one side of the surface was allowed to react with the adsorbates.



To evaluate the hydration conditions of various In2O3 surfaces, the adsorption of water on terrace
sites of (111) and step-edges sites of (211) were investigated. The adsorption energy of water,

AEy, o, was defined as,
AEHZO = EHZO* —E, — EHZOgaSa (1)

where Ey o+, E,,and E are the energies of water adsorbed on the surface, the original surface
H20 > H2 Ogas b

and the water molecule in the gas phase. The adsorption free energy of water, AGy,, was

22-24

estimated using Equation (2) as reported in previous works and the Atomic Simulation

Environment (ASE) tools,
_ T _ 2)
AGy,o = AEy,o + AEzpp + fo AC,dT —T X AS,

where AE;p is the zero-point energy change computed from vibrational frequencies based on the
harmonic oscillator model, [ OT AC,dT the heat capacity change at a constant pressure, T the

temperature and AS the entropy changes of the adsorption. Specifically, the translational,
rotational and vibrational entropies of gas phase species were calculated based on statistical
mechanics?, while only vibrational entropy was included and the translational and rotational
entropies were approximated to be zero for surface adsorbates. In this work, we aim to establish
the boundary conditions for hydration/dehydration. As the adsorptions are strongest (most negative
AEy,o) at low coverages, only low-coverage adsorptions were studied. On In203(111) and
In203(211) surface supercells, only one adsorbed water molecule was included, resulting ina 1/16

monolayer (ML) coverage.

The bixbyite In203(111) and In203(211) surfaces were adopted to represent the lowest energy (111)
facet/terrace and a heavily miscut (111) surface with a high density of step-edges, respectively.
Although other low index surfaces might have step-edges as well, we chose (211) as a
representative to demonstrate the site-selective approach. Similar models have been applied in

previous works.!* 26 The (1 X 1) In203(111) surface slab consists of four O12-Inis—O12 trilayers



stacked in the z-direction as shown Figure 1(a). In the surface O12-Ini16-O12 sandwich trilayer, four
of the 16 In atoms are 6-fold coordinated In (i.e. Inec in pink) and twelve are 5-fold coordinated In
(i.e. Insc in purple), Figure 1(b). The oxygen atoms in the upper most layer are 3-fold coordinated
(i.e. Os3c in blue), while twelve oxygen atoms in the lower O layer are 4-fold coordinated (i.e. O4c

in dark blue).

(a) (b)
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Figure 1. (a) Side view of the slab model used for In203(111) surface, including four O12—Ini6—
On2 trilayers. The top trilayer is marked with a white rectangle. (b) Top view of (111) surface
with only the top O12—Ini16—O12 trilayer shown for clarity. The Insc, Inec, O3c and O4c atoms are
in purple, pink, blue and dark blue, respectively. The yellow dashed lines are the periodic

boundaries of the surface slab model.

During optimization, the bottom two trilayers are kept fixed at the optimized bulk lattice parameter
of 10.31 A (the experimental lattice parameter of cubic bixbyite In203 bulk is 10.12 A%7), while
the top two trilayers along with the adsorbates are allowed to relax. A vacuum layer of 20 A in the
z-direction was utilized to avoid the interaction between two repeated slabs. Convergence tests
showed an adsorption energy difference of < 0.01 eV for molecular water using a slab model of 5

trilayers.

A (211) slab model with four trilayers and a 20 A vacuum in z-direction was used to model a (111)

surface with a high density of step-edge sites, as shown in Figure 2(a). A top view of the surface



is also presented in Figure 2(b) to show the surface sites more clearly. At the step-edge, heavily

under-coordinated Insc (dark rose) and Ozc (light blue) are present.
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Figure 2. (a) Side view of the In203(211) surface slab model with (111) trilayer labeled in a
white rectangle. The (211) surface serves as a model of a heavily miscut (111) slab. The two
step-edges are labeled with arrows for clarity. (b) Top view of the (211) surface with only the
top trilayer atoms shown for clarity. The In4c, Insc, Inec, O2c, O3c and O4c atoms are in dark rose,
purple, pink, light blue, blue and dark blue, respectively. The yellow dashed lines are the

periodic boundaries of the slab model.

We note that different terminations can be obtained in constructing the (211) surface depending
on the cut locations from bulk. These different cuts result in different numbers of 2-fold
coordinated O (i.e. O2x) on the step-edge sites. We obtained four distinct (211) models with
different surface terminations and chose to investigate the one with the lowest surface energy,
0.086 eV/A2, as calculated using the formulation reported by Hameeuw et al.?® The other three
models, with surface energies of 0.087 eV/A2, 0.090 eV/A? and 0.091 eV/A2, are shown in Figure
S1.

2.2 Experimental details

Commercial boron-doped Si(100) substrates were scored from a larger wafer and degreased by

sonication in acetone and then isopropanol and then blown dry with N2. A commercial ALD system



(Cambridge Nanotech, Inc., Savannah 200) was used to deposit In2O3 by alternating pulses of
trimethylindium and O3 from a corona arc discharge generator (DelOzone) which produces ~5 wt%
percent O3 in O2 from high-purity Oz delivered at 0.4 I/min during dosing. Final In203 film
thicknesses were determined via ex situ spectroscopic ellipsometry (alpha-SE, J. A. Woollam).
The crystallinity of the as-deposited films was determined by X-ray diffraction (XRD) on a Bruker
Advance D8Powder X-ray Diffractometer with Ni-filtered Cu Ka radiation operating at 40 kV and
40 mA. The scan range was between 15° and 60° with 0.0047° steps at a collection speed of 1
s/step.

In203-coated Si samples were then introduced into a commercial ALD reactor (Cambridge
Nanotech Inc., Fiji) where the walls were set to 300 °C and the chuck was set to 250 °C. This
corresponded to a surface temperature of 252 °C (525 K) for deposition of MgO via alternate
dosing of bis(ethylcyclopentadienyl)magnesium (Mg(EtCp)2) and water vapor under 200 sccm of
Ar gas. Ar gas (99.999%) is used as the carrier gas after passing through an Entegris GateKeeper
I Series filter to remove water or carbon dioxide contamination down to parts per billion levels. A
standard ALD recipe of t1-t2-t3-t4 was used where t1 is the exposure time of Mg(CsH4C2Hs)2, t2
is the purge time, t3 is the water pulse and t4 is the purge. The recipe used here (6-60-2-300 s),
was selected to provide ~2x larger doses than those required for saturating growth of MgO ALD
on MgO at 252 °C (525 K) to further promote the saturation of interface reactions. The Mg(EtCp)2
cylinder was held at 110 °C while no other precursors were intentionally heated. The MgO
nucleation rate was deduced from in situ spectroscopic ellipsometry (M2000, J. A. Woollam)

collected with a ~5 sec sampling rate.

The relative hydration of commercially available crystalline In203 nanopowder (<100 nm particle
size, Sigma Aldrich) was evaluated with variable-temperature infrared spectroscopy (Nexus 470)
equipped with a praying mantis cell (Harrick) under air or 99.9999% N». The temperature was
ramped from 25 to 500 °C (298 to 773 K) at 5 °C per minute with spectra acquired every 5 °C.
Differential infrared spectra were first baseline shifted by their absorbance at 3800 cm™ and
subsequently subtracted from the final spectra at 500 °C. The peak from 3600 cm™! to 2400 cm™!

(assigned to In-OH at various sites) was integrated to estimate OH coverage.

3. Results and discussion



3.1 Selective hydration of In,O3 terrace and step-edge sites

The adsorption of H20 on different Insc sites on the In203(111) surface was calculated using the
DFT method. Water can adsorb in a molecular form (molecular adsorption, hydration), or
dissociate readily into OH and H on the surface (dissociative adsorption, hydroxylation), as
commonly observed in previous works.?-*? The kinetic barrier to dissociative adsorption of H20

(i.e. reaction with the In2O3 surfaces) was not evaluated here.
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Figure 3. The most stable geometry of (a) molecular and (b) dissociative H20 adsorption on
In203(111). Inse, Inee, O3c and Osc atoms are shown in purple, pink, blue and dark blue,

respectively. The O and H atoms of the H2O molecule are green and white, respectively.

In the most stable geometry for molecular H20 adsorption, Figure 3(a), H20 binds to a surface Insc
atom with 2.4 A between O (in H20) and Insc. One H is further stabilized by a surface Osc, forming
an H-bond with a length of 1.77 A. This geometry is in agreement with one previous reported by
Diebold et al.’! The AE, H,0 Tor this adsorption geometry is -0.73 €V, also in close agreement with
Diebold’s work. In the most favorable dissociative adsorption geometry, Figure 3b, the dissociated

H is adsorbed to a surface Osc, while the remaining OH bridges two Insc atoms. The AEy,  of the

dissociative H20 adsorption, -1.31 eV, is more favorable than the molecular adsorption on the



terrace sites of In203(111). This predicted dissociative single H2O configuration agrees with

Diebold’s report but with a slightly stronger adsorption energy, i.e. -1.31 eV vs. -1.28 eV.

Molecular and dissociative H20 adsorption on the In203(211) surface, which serves as a proxy for
step-edge sites that will be present on even the most perfectly prepared In2O3(111) surface, was

also investigated. H20 prefers to adsorb on the low-coordination In4c sites as shown in Figure 4(a).

(a) (211)step  (211) step (b) (211)step  (211) step

Figure 4. The most favorable configurations of (a) molecular and (b) dissociative H2O

adsorption on In203(211) surface. Atom color coding as in previous figures.

The molecular H20 absorbs parallel to the planes of the steps with two H atoms pointing to the
direction of the lower terrace. The AEy, o, was calculated as -1.61 €V, indicating a much stronger
adsorption than either the molecular (-0.73 eV) or dissociative (-1.31 eV) adsorption of H20 to
In203(111) terraces. However, an even more stable dissociative configuration (AEy, o = -3.09) was

identified at step-edge sites via OH bridging over two adjacent In4c sites and H on the proximal
O2c atom, Figure 4b. The adsorption of H20 on the second stable (211) surface was evaluated as

well. The geometries can be found in Figure S2(a-b). The calculated AEy,  on this (211) surface

are less negative than those shown in Figure 4.
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The hydration and hydroxylation of In203 surfaces will depend on the intrinsic interactions
between water and surface sites as well as substrate temperature and H20 partial pressure. The
effect of temperature and pressure can be modeled with adsorption free energy (AGy, o, Equation
2) calculations, with the caveat that adsorption energies are calculated at the lowest coverage (as
low as 1/16 ML) allowed by our models. Furthermore, we do not consider the kinetics of
adsorption or desorption in this study such that AGy,, captures only the thermodynamic of surface
hydration/hydroxylation. This approximation was made based on a previous study showing low
H:>0 adsorption and desorption barriers on the In203 surface®* and other literature studies showing
generally facile H2O adsorption and desorption kinetics on oxide surfaces.>*3¢ A partial pressure
dependence study of AGy, o, Figure S3, illustrates that larger water doses create more favorable
conditions for hydration/hydroxylation at a given temperature, as expected. In the temperature
dependence study of AGy,,, a computational water partial pressure of 0.01 torr is utilized to
approximate the partial pressure of water applied during each complete ALD cycle. The
temperature-dependent free energies of water adsorption on terrace sites (i.e. In2O3(111)) and step-
edge sites (i.e. In203(211)), Figure 5, reveals the wide range of temperatures at which H2O

adsorption becomes thermodynamically unfavorable for each surface site.
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Figure 5. Adsorption free energies, AGy, o, of molecular (dashed) and dissociative (solid) H20

on In203(111) and In203(211), blue and magenta, respectively. The horizontal dotted black line

represents the threshold for favorable water (de)sorption from the surfaces.

The temperature at which hydroxylation of In2O3(111) terrace sites becomes unfavorable is 512 K.
However, hydrated In203(211) step-edge remain favorable until 637 K and hydroxylation until
1154 K. This analysis reveals a temperature window (> 120 K) where hydration and hydroxylation
of terrace sites is disfavored while both step-edge hydration and hydroxylation are favored. The
computational study further reveals a wide selective hydroxylation window larger than 600 K
where neither hydration nor hydroxylation is favored on terrace sites but hydroxylation remains

favored on step-edges.

3.2 Infrared Investigation of the Dehydration of In>O3
In203 surface hydration was experimentally probed using variable-temperature infrared
spectroscopy, monitoring and integrating the relative intensity of the O-H stretching region (3600

cm! to 2400 cm™). Two distinct regions of OH loss are observed as the sample is heated, Figure

12



6. In order to provide the best baseline, the experimental spectra are referenced to (subtracted

from) the highest temperature spectra acquired at ~773 K.
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Figure 6. (a) Temperature-dependent infrared spectrum of nanoparticle In203. The 773 K
spectrum is subtracted from all raw data to produce relative absorbance spectra with optimal
baseline. (b) Integrated relative OH absorbance versus temperature. The red and purple dash

lines are linear fits to blue and yellow data, respectively.

The most rapid rate of OH loss is observed between 300 and 450 K, the same temperature range
over which (111) terrace site hydroxylation is predicted to become unfavorable or minimally
favorable. The loss of a much smaller population of surface hydroxide occurs at temperatures
greater than 450 K. This behavior is consistent with DFT-predicted dehydration of the most stable
step-sites characteristic of In2O3(211). Note that the integrated relative absorbance of zero at 775K
is not inconsistent with our prediction for favorable hydroxylation of the (211) terrace up to 1154K,
since we define the relative integrated hydroxylation intensity to be that relative to the final 775K
spectra we measure. However, a small OH population may remain at higher temperatures. We
emphasize that the commercial nanoparticle In2O3 powder utilized for these experiments presents
only a very crude approximation of the ideal In2O3(111) and In203(211) surfaces modeled
computationally. Low Miller index surfaces follow the stability order (111)> (110)> (100)?® that
favors (111) faceted nanoparticles. On the other hand, several other facets, edges, and defects are
also likely to be present. Still, the broad trends in In2O3 dehydroxylation as deduced from infrared

spectroscopy support the computational prediction that In2O3 hydration and hydroxylation become
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less favorable at higher temperature and is site-specific such that dehydration/dehydroxylation is

stretched over more than a 400 K temperature window.

3.3 Deposition of MgO on In,0;

The computational predictions of In20O3 surface hydroxylation might further be corroborated
through surface reaction with metalorganic precursors in hydroxyl-mediated ALD-type reactions.
Mg(EtCp)2, which is known to grow MgO upon alternate dosing with H20 in an ALD process that
occurs, at least in part, through a surface hydroxyl-mediated mechanism.” Highly-oriented In20s3
bixbyite films were grown by ALD of trimethylindium and ozone at 250 °C to 30 nm thickness
on Si substrates, as shown by X-ray diffraction (Figure S5) and spectroscopic ellipsometry. This
relatively high temperature In2O3 process was previously reported to produce highly oriented films
with (111) planes film surface.’” The temperature dependence of In2O3 substrate hydration was
indirectly investigated by nucleation of Mg(CpEt)2 and water vapor at two different temperatures,
430 K (157 °C) and 525 K (252 °C). Previous infrared studies provide evidence for an MgO ALD
mechanism in surface hydroxyl groups react with Mg(CpEt): to release one or more HCpEt as a
reaction product.” Therefore we hypothesize that nucleation/growth of the MgO ALD process will
be hindered in the absence of In203 surface hydroxyls. /n situ ellipsometric analysis of MgO ALD
on (111)-oriented In203 reveals nucleation/growth rates that are significantly lower than those for
a SiO2-terminated Si wafer control that is expected to exhibit significantly more hydroxylation at
these temperatures®®>°, Figure 7. Figure 7(a) shows the calculated MgO thickness, where 7(b)
shows the MgO growth of each cycle as calculated by the change in thickness from (a). Steady-
state growth (~0.12 nm/cycle) on itself (MgO) is achieved after 10 — 15 cycles on Si. In contrast,
significantly lower growth rates characteristic of poor nucleation are observed on In203 in early
cycles, and steady state growth is still not achieved after 20 cycles on In203. Based on our
calculations and ALD experimental observations, it is also unlikely that other mechanisms

bypassing the hydroxyl pathway contribute significantly to the growth at these temperatures.
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Figure 7. (a) The thickness of MgO deposited on In203 at 430 K and 525 K is shown in the light
and dark purple traces respectively, and MgO deposited on bare Si at 430 K and 525 K is shown
in the light and dark grey traces respectively. 5 points of adjacent-averaging smoothing is
applied to all traces in (a), and the average growth per cycle and standard deviation of the MgO
thickness, plot (b), were calculated from plot (a).

Furthermore, the MgO ALD nucleation rates on In203 are observed to be strongly temperature
dependent in the range of 430 to 525 K, in agreement with our DFT predictions and FTIR
measurements. Growth at 525 K corresponds to a region of unfavorable hydration for In2O3(111)
terrace sites as predicted by DFT (Figure 5) and as shown by infrared measurement of In203
nanoparticles (Figure 6). The very slow, but non-zero, nucleation suggests that a minority of
“defective” surface sites (e.g. In203(211) step-edge sites) may remain to allow some foothold for
MgO nucleation. This nucleation study further suggests that any thermodynamically favorable
unselective reactions that bypass the protonation and ligand shedding mechanism are not

kinetically competitive.

3.4 Modified electronic density of states (DOS) of step-edge sites

One potential application of site-selective ALD (SS-ALD) may be to passivate surface atomic
arrangements which act as electronic defects on semiconducting oxides. We examined the DOS
distribution of In2O3 surface sites to identify intra-gap states which may act as electronic traps in
optoelectronic devices. We hypothesize that wide band gap oxides including MgO, Ga203, and

Al203 proximally bonded to In2O3 defect surface sites might modify the energy level of some
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electronic defects on the semiconductor surface to remove them from the bandgap. Three popular
precursors, including trimethylaluminium, AI(CH3)3, trimethylgallium, Ga(CHs)3, and
bis(methylcyclopentadienyl)magnesium, Mg(MeCp)2, were selected for reaction at (211) step-
edge sites in our computational study. As detailed above, hydroxyls are predicted to exclusively
terminate the step-edges (but not terraces) at temperatures from 512 to 1154 K. If the OH groups
react with the ALD precursors via the widely known protonation and ligand shedding mechanism,
and are further reacted with water to remove any remaining ligands, we posit that OAI(OH)a,
OGa(OH)2 and OMgOH species could be formed on the step-edge sites of In203(211). We
calculate the density of states (DOS) of the second stable step-edge In203(211) (see Figure Sla)
surface before and after reaction with three metalorganic precursors and compare them with the

terrace In203(111) surface DOS in Figure 8.

pristine (111)
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Figure 8. The density of states (DOSs) of pristine In203(111) (in blue), pristine In203(211) (in
magenta), OAI(OH)2 on In203(211) (in green), OGa(OH)2 on In203(211) (in red) and OMgOH
on In203(211) (in grey). The conduction band intensity was amplified by 20 times for clarity.

The bandgap is 0.87 eV from DOS of In203 bulk based on the PBE functional calculations (Figure

S6). It is consistent with the reported value using a similar method,'” although the experimental
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bandgap is measured as 2.9 eV.*° It is well-known that the bandgap from PBE functional is
severely underestimated,*! however we investigate here only the changing trend in intra-gap state
density, not the absolute energy levels. In addition, previous work have indicated PBE functional
is able to capture the similar trend as HSE06 functional for the band gap estimations.***** The total
and projected DOSs of In203(111) and In203(211) can be found in Figure S7. In all cases the
valance band is dominated by O 2p states and the conducted band by In 5s states.

For the DOS comparison among pristine In2O3(111), pristine In203(211) and modified In203(211),
the DOS intensity is extracted only from the atoms located in a small region of In20O3(211) step-
edge structure, where In3c, In4c, Insc, Inec, O2c, O3c and O4c atoms were all included (Figure 8). For
pristine In203(211) (magenta lines), an intra-gap DOS is located below the Fermi level (ca. -0.50
~0eV), which is mainly derived from the under-coordinated Oz. atoms at the step-edge. However,
after modification with OAI(OH)2 and OGa(OH): the intra-gap DOS is significantly reduced
(green and red lines in Figure 8). In contrast, the addition of OMgOH is computationally predicted
to increase the intra-gap DOS albeit at an energy level closer to the VB, -0.5 ~ -0.2eV. Therefore,
the selective hydration/hydroxylation + ALD strategy may serve as viable route to targeted

remediation of electronic defects for In203(111) surfaces.

However, the careful selection of metalorganic precursors is required and additional defects (i.e.
oxygen vacancies, polycrystalline grain boundaries) need also be considered. Furthermore,
multiple defect configurations may also require additional consideration. For example, the same
analysis of the DOS states on the slightly more stable In2O3(211) surface (shown in Figure 2)
reveals DOS states remain in the bandgap after modification by OAI(OH)2, OGa(OH)2 and
OMgOH, Figure S8. As these two In203(211) configurations are so similar in energy (0.086 vs
0.087 eV/A?), we speculate that the probability of obtaining these two configurations may be
similar. As such, additional or alternative site-selective electronic defect remediation metals or
strategies must be identified to further reduce electronic defect populations. We report the
electronic structure modification of the second most stable (211) by ALD, as it directly addresses

the hypothesis of this study, the potential of this surface approach for defect remediation.

4. Conclusions

17



In this work, we present a strategy for site-selective ALD (SS-ALD) on In203. The predicted
selectivity originates from the discriminant hydration/hydroxylation of step-edges over terrace
sites at elevated temperatures. Using DFT calculations we predict the temperature and water partial
pressure range over which such selectivity might be achieved. Infrared measurement of surface
hydroxyls on In203 nanoparticles support the wide predicted temperature range for site-specific
hydroxylation. In situ examination of MgO ALD also reveals a temperature dependence for
nucleation rates consistent with a hydroxyl-mediated mechanism. Finally, we predict using DOS
calculations that intra-gap states, which may act as electronic traps in optoelectronic devices,
introduced by under-coordinated atoms at one low energy In203 (211) step-edge configuration
could be selectively remediated by reaction with wide band-gap oxide precursors. However,
similar modifications to another low energy In203 (211) step-edge configuration results in a shifted
DOS that remains within the bandgap. We predict that the discriminant hydroxylation approach
may be a general strategy for SS-ALD on oxide surfaces. However, even the computational
remediation of myriad electronic defects on the surface of assorted oxides, each with several facets

and low energy defect configuration, will require significantly more study and additional strategies.

Supporting Information

Structures of less stable (211) surfaces, H2O adsorptions on the second stable (211) surfaces, full
spectrum raw infrared data, X-Ray Diffraction of In2O3 deposited on Si(100), projected DOSs of
In203 bulk, In203(111) and In203(211), and modified DOS of the most stable (211).
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