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ABSTRACT: The role of disorder and particularly of the
interfacial region between crystalline and amorphous phases of
indium oxide in the formation of hydrogen defects with covalent
(In—OH) or ionic (In—H-In) bonding are investigated using ab
initio molecular dynamics and hybrid density-functional ap-
proaches. The results reveal that disorder stabilizes In—H—In
defects even in the stoichiometric amorphous oxide and also
promotes the formation of deep electron traps adjacent to In—OH
defects. Furthermore, below-room-temperature fluctuations help
switch interfacial In—H—In into In—OH, creating a new deep state
in the process. This H-defect transformation limits not only the
number of free carriers but also the grain size, as observed experimentally in heavily H-doped sputtered In,0,. On the other hand,
the presence of In—OH helps break O, defects, abundant in the disordered indium oxide, and thus contributes to faster
crystallization rates. The divergent electronic properties of the ionic vs covalent H defects—passivation of undercoordinated In
atoms vs creation of new deep electron traps, respectively—and the different behavior of the two types of H defects during
crystallization suggest that the resulting macroscopic properties of H-doped indium oxide are governed by the relative concentrations
of the In—H—In and In—OH defects. The microscopic understanding of the H defect formation and properties developed in this
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work serves as a foundation for future research efforts to find ways to control H species during deposition.

KEYWORDS: wide-band-gap amorphous oxide semiconductors, hydrogen defects, crystalline/amorphous interfaces,
ab initio molecular dynamics, density functional theory, carrier generation and transport, crystallization

1. INTRODUCTION

Hydrogen has been known to play a key role in crystallization,
defect passivation, doping, and improved transport properties
in covalent semiconductors such as Si, although the properties
of H defects in silicon are still under debate.' Revealing the
microscopic behavior of hydrogen in wide-band-gap metal
oxides that have been employed as transparent electrodes in
many optoelectronic devices, including highly efficient silicon
heterojunction solar cells, and that recently became com-
petitive with silicon as an active transistor layer in large-area
flexible displays,”™'” represents a separate formidable problem.
In oxides, hydrogen may passivate undercoordinated oxygen or
metal atoms, forming covalent or ionic H bonds, respectively,
and the resulting macroscopic properties depend on the
relative formation, distribution, and behavior of the competing
H defects.'' ™"

Although the structure and properties of substitutional and
interstitial H defects in crystalline In,O; have been studied
theoretically,'"*™>* the results cannot be transferred to the
disordered phase. The ionic nature of metal—oxygen bonding
renders a substantial disorder within the short-range structure
of the amorphous oxide phases that feature large fractions of
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undecoordinated oxygen (O) and metal (M) atoms.”*~*” The
wide coordination distributions and strong distortions in the
M—0O and O—M polyhedra dramatically increase the number
of possible locations for hydrogen and the diversity of its
immediate neighbor environment. The latter affects the
formation, activation, and stability of various H defects as
well as H mobility through the disordered structure. Therefore,
accurate (quantum-mechanical) and statistically significant
calculations are required to elucidate the complex H behavior
in wide-band-gap amorphous oxide semiconductors.

It has been shown that H-doped crystalline indium oxide
exhibits an excellent carrier mobility (>100 cm?/(V s)) in
combination with a tunable carrier density (10*3—10%° cm™)
and optical transparency in the visible and near-infrared
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regions, outperforming commercially employed tin-doped
indium oxide (ITO).”°™> H doping was shown to be
responsible for a remarkable 70-fold increase in carrier mobility
in amorphous In—Ga—0.** However, a recent observation of
atypical semiconductor behavior in 7 atom % H-doped In,0;_,
grown by sputtering, namely, the decreasing carrier concen-
tration when temperature is increased from 50 to 300 K,*°
contradicts the widespread consensus that hydrogen is a
shallow donor in In,O; regardless of its crystallographic
location (interstitial or substitutional) within the ordered oxide
lattice.'"*">>**** In addition, the observed temperature-
dependent electron mobility in In,O; with variable H contents
suggests that several carrier scattering mechanisms are
simultaneously at Elay and that H partitioning or segregation
is likely to occur.” To explain these puzzling observations,
microscopic mechanisms of the formation and properties of H
defects at the crystalline/amorphous In,O; interface must be
established.

Furthermore, the role of hydrogen in the crystallization of
In, O, has not been fully understood.”>~** Although H doping
leads to faster crystallization rates, there are contradictory
reports regarding the grain size of the hydrogenated samples.
On one hand, H-doped In,0; films annealed at 250 °C exhibit
larger grain sizes in comparison to the comparable films grown
without hydrogen.”” At the same time, systematic inves-
tigations have shown that the In,O; grain size gradually
decreases with increasing H content (from 0 to 3, S, and 7
atom % H) in the samples grown by sputtering at room
temperature and then annealing at 200 °C.* Studies of H-
defect stability near the amorphous/crystalline interface may
help determine H pinning and distribution at grain boundaries.

In this work, the formation, distribution, stability, and
electronic properties of hydrogen defects within a crystalline/
amorphous (c/a) In,O; interface are studied using accurate
hybrid density-functional calculations as implemented in
VASP.*~* The interfacial models are built from crystalline
and amorphous bulk; the latter was obtained via ab initio
molecular dynamics liquid-quench simulations, and the
structure has been experimentally validated in prior
works.?*7*7*3** For statistically significant results, the
formation energy and bonding preferences of hydrogen in
amorphous, interfacial, and crystalline regions are compared by
placing a single H radical at 110 different locations in a 160-
atom (IngOy) interface model followed by full structural
optimization using the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional**® and self-consistent hy-
brid-functional Heyd—Scuseria—Ernzerhof (HSE06) ap-
proach*”** for accurate electronic property calculations. To
study the thermal stability of H defects, molecular dynamics
simulations are performed at elevated temperatures: namely, at
100, 200, 300, 400, and 500 K. The specific details of the
calculations and structural analysis are given in Section 4.

2. RESULTS AND DISCUSSION

2.1. Properties of the Hydrogen-Free c/a In,0O;
Interface. First, the structural properties of an H-free
stoichiometic fully relaxed c¢/a In,O; interface were analyzed
by calculating the first-shell effective coordination numbers
(ECN) as well as In—O and O—In polyhedral distortions for
each atom in the system (see Section 4 for details of the
calculations). These characteristics highlight the differences
between crystalline and amorphous regions in the interface:
disorder reduces the average coordination and increases

distortions in In—O and O-In polyhedra (Figure lab),
making the distributions much broader in comparison to those
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Figure 1. Atomic structure of the c/a In,Oj; interface with In and O
polyhedra shown in (a) and (b), respectively. The effective
coordination numbers (ECN; see Section 4, (c) and (d), and
polyhedral distortions, (e) and (f), calculated as a function of the Z
coordinate of the In and O atoms, respectively. Dashed lines represent
average values in different regions.

in the crystalline part of the interface (Figure 1c—f). A notable
fraction of undercoordinated O (ECN ~ 3) and In (ECN < 5)
atoms is found at the interface and within the amorphous
region (Figure 1c—f). The results are in agreement with prior
reports for amorphous In,O; bulk: namely, with the average
effective coordination of In (O) being equal to 5.4 (3.6) and
the average distortion of In—O (O—In) being equal to 0.0135
(0.0137).772%*% This suggests that the c/a interface model
adequately describes the amorphous oxide and also that the
structural characteristics of the disordered oxide are attained
within 1—2 atomic layers from the crystalline layer.

To determine the charge density distribution across the c/a
interface, Bader charge contributions from individual In atoms
to the conduction band (CB) bottom and from O atoms to the
valence band (VB) top were calculated (Figure 2). The CB
contributions from most of the In atoms located within the
amorphous part are notably larger in comparison to those in
the crystalline region (Figure 2a,c,e). Overall, the charge
density distribution across the amorphous region is relatively
uniform, with no charge accumulation at the interfaces (Figure
2¢).

In marked contrast to In atoms, only six O atoms show
significantly larger Bader contributions to the top of the VB in
comparison to all other oxygen atoms (Figure 2b,d,f). All six O
atoms are located near or at the interfaces between the
crystalline and amorphous regions, forming three pairs with
O—-0 distances of 2.8—3.0 A, and five of them are 3-
coordinated. Most importantly, all six localized O p orbitals are
nearly perpendicular to the plane formed by the nearest
neighbor In atoms (Figure 3a) and the charge localization is
strongest when the two nonbonding O p orbitals align with
each other, allowing for their direct overlap. At the same time,
no two neighboring 3-coordinated O atoms abundant within
the amorphous region (Figure 1d), arrange in similar mutually
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Figure 2. Charge density distribution calculated for the lowest-energy
conduction band (a) and for the three highest-energy valence bands
(b). Integrated charge density calculated as a projection to the z axis
for the conduction (c) and valence bands (d). Bader charge
contributions from In atoms to the conduction (e) and from O
atoms to the valence bands (f). Inset in (f): a pair of localized O p
orbitals oriented perpendicular to the plane formed by the nearest In
atoms.

Figure 3. (a) Charge density distribution calculated within the top
three occupied bands showing the localization at the six O p orbitals
with the highest Bader charge contributions to these states, 28—35%
of the total charge in one band per each O atom. The blue planes are
constructed through the centers of the neighboring In atoms. (b)
Atomic structures for pairs of 3-coordinated O atoms having an O—0O
distance of 2.8—3.0 A, which is similar to the cases shown in (a).
Black arrows show the direction normal to the plane drawn through
the In neighbors. In these cases, the Bader charge contributions from
the O atoms to the top three valence bands are below 0.5% of the
total charge.

oriented planes of the In neighbors that would allow the p
orbital alignment (Figure 3b). One can argue that the
interfacial region with highly ordered In atoms on the
crystalline side of the interface favors the formation of such
defects. Nevertheless, the nonbonding O pairs that form
strongly localized tail states at the top of the valence band were
reported to be present in amorphous In—O and In—Ga—O
bulk.””*” As will be shown below, these nonbonding O p
orbitals attract hydrogen.

The band offset between crystalline and amorphous In,0;
phases is an important characteristic for device engineering as

well as for an understanding of the charge transport within
nanostructured In,O; where both phases are present. It has
been reported that disorder reduces the band gap of
amorphous stoichiometric In,O; bulk by 1 eV in comparison
to bixbyite In,O;.”” For the interfacial model, the band offset is
estimated based on the projected electronic band structure
calculations with contributions from the atoms in the
crystalline and amorphous regions summed up separately.
We find that the top of the valence band coincides for the
crystalline and amorphous parts, whereas the conduction band
is lower by 0.78 eV for the amorphous region than that for the
crystalline region. This in accord with the CB charge density
distribution across the interface (Figure 2a,c). We note here
that the room-temperature equilibration with subsequent 0 K
lattice relaxation of the c¢/a model appears to be sufficient to
suppress structural defects that may cause charge accumulation
at the stoichiometric interface.

The only interfacial defect that consistently appeared in the
MD simulations is an O, defect with an O—O distance of 1.6
A. Tt should be noted that the formation of O, defects has been
reported to occur in bulk amorphous In,O; and other ionic
amorphous oxides.””””**! Given the strong O—O bonding in
the O, defect, especially in comparison to the weak ionic In—O
bonding of the matrix, the peroxide is found to be stable up to
1100 K = 830 °C in our MD simulations. Therefore, the O,
diffusion throughout the lattice during annealing and
crystallization is limited and we do not expect segregation of
O, defects at the c/a interface. This is supported by our MD
simulations for the H-free c/a interface, which crystallizes at
room temperature with the O, defect (see Section 2.6). At the
same time, the abundant O, defects located in amorphous
regions will become interfacial during crystal growth and may
be broken apart by In—OH defects, as shown in Section 2.6.

For both c/a interfacial regions (formed due to periodic
boundary conditions), the structural and electronic properties
change within 2 A, as is represented by the sloped parts of the
dashed lines in Figures lc—f and 2e. The narrow interfacial
regions between crystalline and amorphous parts can be
further illustrated using the partial vibrational density of states
(VDOS) calculated for three different parts of the interface:
namely, crystalline, amorphous, and interfacial regions (see
Figure 13 in Section 4). The interfacial VDOS shows behavior
intermediate to those of crystalline and amorphous regions
with partially suppressed peaks, broadening, and a slight shift
to the low-frequency modes, characteristic for an amorphous
phase. Thus, we find that the structural, dynamic, and
electronic properties reach their corresponding crystalline or
amorphous bulk values within about 2 A, making our choice of
a 20 A model sufficient to describe the c/a interface. The sharp
c/a interface obtained in our calculations is in accord with the
high-resolution TEM imaging of nanocrystallites in amorphous
indium oxide.”

2.2. Properties of H Defects in c/a In,0; Interface. To
study H distribution within the c/a interface, 110 random
locations were identified throughout the structure so that the
initial distance from H to its nearest neighbor was at least 1.6
A. Each of the 110 structures with a single H radical placed
into the initial location was fully relaxed with all atoms in the
supercell allowed to move during the energy and atomic force
minimization. The optimized H locations are shown
simultaneously within the initial supercell in Figure 4a. Note
that, during the relaxation, the positions for several H atoms
converged to the same local minimum. Due to the structural
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Figure 4. (a) 110 optimized H locations within the initial supercell
shown simultaneously. (b) Formation energy as a function of the Z
coordinate of H atoms. Light blue shading represents interfacial
regions. (c, d) Charge transfer for the lowest-energy In—OH and In—
H-In defects, respectively. The yellow (blue) isosurfaces represent
positive (negative) charge density calculated as the charge difference
with and without H.

and electronic differences of individual atoms in the c/a
interface (Figures 1 and 2), the energy of formation of H-
doped structures, calculated as Egmaion = E(IngOgs:H); —
E(Ing,O9s) — E(H,)/2, varies significantly for different H
locations (Figure 4b). Based on the H nearest-neighbor
environment, we identify two types of defects, In—OH and
In—-H-In. For the H defects in the crystalline part, the
formation energy (+0.73 eV for In—OH and +2.01 eV for In—
H-In) agrees well with previous works.'”*” Among all H
defects located in the disordered parts (interfaces and
amorphous regions), 67% of In—OH and 13% of In—H—In
have a negative formation energy. At the same time, both types
of defects have several cases with a comparably low formation
energy (Figure 4a). Further calculations of positively and
negatively charged supercells show a similar trend in the
formation energies of the charged H defects (see the
Supporting Information).

2.2.1. In—OH Defects. From the total 110 cases of the
hydrogenated c/a interface, 56 correspond to the formation of
In—OH defects (Figure 4c). The O—H bond lengths for the
OH defects located in the crystalline (17 cases) or disordered
(39 cases) parts of the interface are similar, about 1.0 A
(Figure Sa,b). This implies that, regardless of the OH location
in the c/a interface, hydrogen forms a strong covalent bond
with sn O atom to become OHT, as confirmed by the charge
transfer plots (Figure 4c) and charged supercell calculations
(see the Supporting Information). The results are also in
agreement with previous reports.””> Accordingly, for both
crystalline and disordered regions, the OH states are located
deep at the bottom of the valence band, about 8—10 eV below
the Fermi level (see the Supporting Information).

Although the H distances to its nearest O atom are similar
for all In—OH defects located in the crystalline and disordered
regions, the proximity of the second O neighbor varies,
especially in the latter case (Figure Sab). It has been shown
that the distance from H to the second O neighbor determines
the vibrational characteristics of the OH defects:"” the shorter
the distance, the lower the infrared frequency of the OH
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Figure 5. Calculated distances from the H atom to its nearest
neighbors for (a, b) In—OH and (¢, d) In—H—In defects located in
(a, c) crystalline or (b, d) disordered regions of the c/a In,O,
interface. Diamond symbols represent the average values, and the
lines show the distance ranges. For In—OH defects, the first and
second nearest neighbors are always O atoms, whereas the third
neighbor can be either an O or an In atom. For the In—H—In defects
located in the crystalline part, the first three neighbors are always In
atoms, whereas for the In—H—In defect located in the disordered
regions, the second and/or third neighbor can be either an O atom or
an In atom.

defect. In the case of the shortest distance from H to the
second O neighbor (1.34 A), hydrogen becomes trapped
between the two oxygen nearest neighbors, forming an In—
OH—-O-In complex. This configuration limits the thermal
motion of the OH bond—in contrast to the cases when the
second O neighbor is far away (up to 2.63 A) from H, so that
the OH bond is free to rotate at high frequency with respect to
the In—O bonds that form a “stationary” base in the In—OH
defect. Importantly, we find that the average distances from H
to the second O neighbor are 1.63 or 1.97 A for the In—OH
defects located in the interfacial or amorphous regions. This
means that there is a higher probability to form In—OH—-O—
In complexes with trapped hydrogen either at or near the
interface, likely due to the strong coordination mismatch of the
In atoms that belong to the ordered and disordered sides of the
interface.

Most strikingly, the formation of the covalent OH bond in
the ordered or the disordered region has a different effect on
the structure in the defect vicinity and also on the resulting
electronic properties. An OH formed in the crystalline part
weakens the In—O bonds in the In—OH defect: the average
In—O bond length increases from 2.17 to 2.26 A, in accord
with the results of earlier works for H-doped crystalline In,O,
bulk."”*** Among the In—OH defects formed in the
disordered regions, in addition to the In—O bond length
elongation, we find that several In—O bonds are eliminated
upon the OH formation. For example, in the H-doped
structure with the lowest formation energy, one of the In—O
distances increases by as much as 2.2 A: namely, from 2.26 to
442 A. In this case, the In atom displaced due to the OH
formation not only loses one oxygen and becomes under-
coordinated but also pairs with another low-coordinated In in
its vicinity. The formation of a nonshared undercoordinated
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In—In metallic bond with an In—In distance of 2.6—2.9 A gives
rise to a deep localized state within the band gap, at about —2.7
eV below the Fermi level, similar to an electron trap found in
nonstoichiometric a-In,O;_, and related oxides.””*®>*°
Among the 110 H-doped cases considered (both In—OH
and In—H—-In defects), 6 cases form deep-gap states. All of
them correspond to In—OH defect located in the disordered
region (4 in the amorphous and 2 in the interfacial part), and
all 6 cases have negative formation energy, 3 with Eg.4on
values below —6 eV and 3 with Eg, .0 & —0.6 eV (Figure
4b). It should be noted that we find other cases of In—O bond
breaking caused by the OH formation; however, the In atom
bonds with another oxygen to compensate its unbalanced
charge created by the covalent OH bonding, so that no deep
defect state appears in the electronic structure. Thus, our
results reveal that H doping is likely to introduce deep electron
trap defects via energetically favorable OH formation which
causes a subsequent structural bond rearrangement in the
disordered oxide, enabling the In—In metallic bonding. The
latter requires the presence of undercoordinated In atom(s) in
its vicinity which, in turn, depends on the stoichiometry of the
disordered oxide”””” and also on the ability of hydrogen to
passivate the undercoordinated In atoms by forming
competing In—H—In defects.”®

2.2.2. In—H—In Defects. Nearly half (54) of the total 110
cases of H-doped c/a interface converged to an In—H-In
defect, although only a few (13%) of the In—H—In located in
the disordered parts of the stoichiometric interface show a
negative formation energy. Unlike In—OH, the structural
characteristics of In—H—In defects formed within the
crystalline (8 cases) or disordered (46 cases) regions differ
significantly. In the crystalline oxide, H is nearly equidistant
from its first 2 (and in some cases, 3) In nearest neighbors
(Figure Sc). For the In—H—In defects in the disordered
regions, the average nearest-neighbor In—H distance is
considerably shorter (1.83 A) in comparison to that for the
H defects in the crystalline region (2.01 A). Importantly, the
shortest In—H distance of 1.68 A is still above the typical In—
H bond length in indium hydride (1.63 A), suggesting a weak
In—H bonding in the oxide. The second and third neighbors of
H not only are found at shorter or much longer distances in
comparison to the crystalline oxide (cf. Figure 5(cd) but also
may be either In or O atoms. Specifically, 28% of the second
and 85% of the third neighbors of H are oxygen atoms,
resulting in the formation of 1 (28%)-, 2 (59%)- or 3-
coordinated (13%) hydrogens surrounded with In atoms—in
marked contrast to the crystalline region, where all H defects
are 3-coordinated with In. Despite the low occurrence, 4 In—
H-In defects with the lowest formation energy, with an
Eformation value below —5 eV (Figure 4b), correspond to the
three-coordinated H (Figure 4d). The asymmetry of the H
neighbor environment originates from the low In coordination
and/or strong distortions of the In—O polyhedra in the
disordered part of the interface (Figure 1c,e). It reduces the H
defect formation energy in compared to those in the crystalline
In,0; (Figure 4b).

The formation of In—H—In defects reduces the effective
coordination of participating In atoms from $.85 (5.22) to 5.73
(4.97) for the H defects located in the crystalline (disordered)
regions. Weakening of the In—O bonding signifies that
hydrogen gains an additional electron from the neighboring
In atoms to become H~ and to form ionic bond(s), as
confirmed by the charge transfer analysis (Figure 4d), charged

supercell calculations (see the Supporting Information), and
the calculated Bader charge. Due to the short nearest-neighbor
H-In distances for the In—H-In defects located in the
disordered regions (Figure Sc,d), the In—H hybridization leads
to the formation of bonding/antibonding H states that
contribute to the valence/conduction bands, respectively—in
marked contrast to the strongly localized H states formed
within the band gap, at about —1.9 eV below the Fermi level,
for the In—H—In defects in the crystalline region of the
interface (see the Supporting Information).

Note that the formation of In—H—In defects in highly
nonstoichiometric amorphous indium oxide has been inves-
tigated previously.”® It was shown that H passivation of
undercoordinated In atoms leads to compensation of the
strongly localized O defect states, enhancing both the number
of free carriers and the carrier mobility. The results of the
current work reveal that there is a second, competing
mechanism of defect formation in H-doped disordered oxides,
and the overall electronic properties depend on the balance
between the number of defects with ionic and covalent H
bonding.

2.3. Hydrogen Passivation of Undercoordinated In or
O vs Bond Reconfiguration. Hydrogen passivation of
dangling bonds arising from undercoordinated Si atoms is
one of the major reasons for the improved properties of
amorphous Si. In wide-band-gap oxide semiconductors, the
role of hydrogen is more complex. For In—OH defects, we find
that neither the low coordination of oxygen (Figure 1d) nor
the nonbonding oxygen tail states (Figure 2b,d,f) determine
the defect formation in amorphous indium oxide. The average
formation energy of the OH defects formed with 3-
coordinated O atoms (22 cases, ECN = 2.9-3.2), —0.78 eV,
is slightly higher than that for the 4-coordinated O atoms (17
cases, ECN = 3.6—4.5), —1.0S eV. Similar formation energies
(=09, —1.1, and —2.1 eV) are obtained for the structures
where hydrogen passivates one of the three strongly localized
O p orbital pairs (Figure 2b,d,f). The four lowest-energy cases
with In—OH defects, i.e., those with a formation energy below
—S eV (Figure 4b), do not show a preference for a 3-
coordinated O atom.

Similarly, the formation energy of In—H—In defects in the
stoichiometric c¢/a In,0O; interface does not appear to correlate
with the initial (prior to H doping) coordination of In atoms
or the resulting nearest-neighbor In—H distance. (In highly
nonstoichiometric amorphous indium oxide, hydrogen was
found to effectively passivate the oxygen defects formed by
clusters of two or more undercoordinated, undershared In
atoms.”®)

A further analysis reveals that both covalent and ionic H
bonding reduces the coordination of the nearest neighbors of
H to as low as 2.0 for O in In—OH and 3.4 for In in the In—
H—In defects in some of the low-energy cases. The H-induced
coordination reduction causes a ripple effect on the structure
well beyond the nearest neighbors of H. The long-range effect
of H doping on the structural rearrangement can be seen from
infrared (IR) calculations. Both types of H defects lead to
significant changes within the IR spectrum of the oxide lattice
itself: i.e., within the range from 20 to 700 cm ™" (see Figure 13
in Section 4. Similar results were recently reported for H-
doped amorphous In—Ga—O, where changes in the coordina-
tion and polyhedral distortions were found to occur for the In
and Ga atoms located as far away from H defects as 9 A.*
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The structural reconfiguration can be quantified by
comparing the formation energy of the fully relaxed structures
(Figure 4b) to that obtained using constrained relaxation when
only the H position is optimized in an otherwise fixed lattice
(Figure 6a). In the latter approach, a negative formation energy
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Figure 6. (a) Formation energy of the 110 cases of an H-doped c/a
In,0; interface with constrained relaxation when only the H position
is optimized in an otherwise fixed lattice. (b) Total number of edge-
and corner-shared In—In pairs for 110 fully relaxed cases as a function
of the corresponding formation energy, shown in Figure 4b. Dashed
lines represent the corresponding values for the H-free case; shaded
areas highlight the ranges for the majority of cases with higher
formation energy.

is found only for the H passivation of one of the six strongly
localized O p orbitals (Figures 2b,d,f), whereas In—H—In
defects not only are scarce but also have a notably higher
formation energy in comparison to that for the In—OH cases
(Figure 6a). This implies that structural relaxation (i) lowers
the energy of some cases by as much as 8 €V, (ii) outweighs
the energy gains of H passivation of the nonbonding O tail
states, and (iii) favors the formation of In—H—In defects in the
stoichiometric disordered oxide.

To further quantify the effect of H doping on the structural
rearrangement in the c/a In,O; interface, we calculated the
number of edge- and corner-shared In—In pairs in the fully
relaxed structures before and after H doping and plotted the
results as a function of the H defect formation energy for all
110 cases (Figure 6b). The number of corner-shared pairs is
found to be notably larger for several low-energy cases in
comparison to all other H-doped cases. The increased number
of corner-shared polyhedra has been associated with better
mobility in amorphous In,0,.°%*****° Indeed, in the In—H—
In case that has the largest number of corner-shared pairs
(232), the calculated conduction bandwidth is 1.79 eV, which
is considerably larger than that in the H-free case, 1.67 eV. The
CB width determines the free electron velocity; hence, it

governs the free carrier mobility.”**’ This is in accord with the
improved electron mobility upon H doping of amorphous
indium oxide® ™" and of amorphous In—Ga—0.**

2.4. Thermal Stability of Hydrogen Defects. To study
the thermal stability of the energetically favorable H defects
and to understand their role during crystallization, we
performed molecular dynamics simulations at elevated temper-
atures, from 100 to 500 K. For this, the following structures
were chosen: (i) the In—OH and In—H-In defects that
correspond to the lowest formation energy (both defects are in
the disordered region), (ii) the In—OH defect located in the
crystalline region, and (iii) one of the low-energy In—H—In
defects located in the amorphous region. For comparison, MD
simulations were also performed for an H-free interface.

We find that the lowest-energy In—H—In defect (Eormation =
—7.5 eV) that is closest to the c/a interface among the five low-
energy In—H—In defects (Figure 4b) is stable at 100 and 200
K: i.e., hydrogen maintains the average distance to its three In
nearest neighbors as well as to the fourth neighbor, an oxygen
atom (Figure 7a). However, room-temperature fluctuations

(a) Unstable In-H-In at c/a interface (b)  Stable In-H-In within amorphous
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Figure 7. Calculated distance from H to its nearest neighbors at
elevated temperatures as a function of time for two In—H—In defects.
(a) The initial structure that at 0 K corresponds to the lowest-energy
In—H-In defect located near the c/a interface, with an E¢ .0, value
below —7.5 eV (Figure 4b). (b) The initial structure that at 0 K
corresponds to one of the low-energy In—H—In defects located within
the amorphous region of the c/a interface, with an Eg, .40, value
below —5.5 eV (Figure 4b).

break the ionic H bonds of this defect so that hydrogen moves
away, gets captured by its oxygen neighbor, and forms a stable
covalent OH bond at the interface (Figures 7a and 8).
Importantly, the two undercoordinated In atoms that the
hydrogen leaves behind move closer together, creating an
undershared pair with an In—In distance of 2.67 A. This is
facilitated by the In—OH formation that weakens the In—O
bonds in the defect, resulting in a lack of available oxygen for
the nearby In atoms. As a result, the shallow state associated
with the interfacial In—H—In defect (Figure 8a) changes to a
deep electron trap at —2.6 eV below the Fermi level (Figure
8b), located at the interface. Hence, in addition to the
energetically favorable OH-induced deep traps found at 0 K
relaxation (see Section 2.2), moderate temperature will
increase the number of in-gap defect states due to switching
of the interfacial In—H—In defects into In—OH.
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(a) In-H-In at OK, Shallow defect

Figure 8. (a) Charge density distribution in the conduction band of
the lowest-energy structure with an In—H—In defect located at the ¢/
a interface. The defect is part of a shallow state that accumulates
charge at the interface. (b) Charge density distribution for the
strongly localized state located inside the band gap at —2.6 eV below
the Fermi level and associated with ab undershared, undercoordinated
In—In pair created upon switching of the interfacial In—H-In into an
In—OH defect after the structure from (a) was heated to 300 K and
then cooled back to 0 K.

To determine whether the unstable behavior of the
interfacial In—H—In defect is common to that of In-H—In
in an amorphous region, we performed MD simulations for the
In—H-In defect that resides within the amorphous region
away from the interface and has a low formation energy
(Eformation = —5.5 €V). In marked contrast to the interfacial In—
H—In defect, the hydrogen in the amorphous part maintains
the average distance to its nearest In neighbors even at 500 K
(Figure 7b). The thermal stability of amorphous In—H—In
defects can be explained by the large fraction of under-
coordinated highly distorted In atoms in this region (Figure
1c). Being shared between three or four undercoordinated In
atoms, hydrogen becomes effectively trapped in three
dimensions. In contrast, the narrow interfacial region consists
of fully coordinated In atoms on the crystalline side and
undercoordinated In on the amorphous side of the interface
(Figure 1c). The constraint not only limits the number of
undercoordinated In neighbors for H but also allows H to
escape. Indeed, at low temperatures, the interfacial In—H—In
defect becomes essentially two-coordinated with the third In
being farther away (Figure 7a), whereas the In—H—In defect in
the amorphous region remains 3-coordinated with the three
In—H distances being similar at low temperature (Figure 7b).
At high temperature, it becomes an In—H defect with H
bonded to a single In atom (Figure 7b). The behavior of the
interfacial In—H—In caused by an In coordination mismatch is
analogous to the thermally unstable In—H—Ga defects found
in amorphous In—Ga—O bulk in comparison to the In—H—In
and Ga—H—Ga defects.*

2.5. Atypical Semiconductor Behavior in H-Doped
Indium Oxide. The switching of interfacial In—H—In defects
into In—OH at temperatures at or below 300 K (Figure 7a)
explains the puzzling observation of atypical semiconductor

behavior in sputtered 7 atom % H-doped indium oxide
annealed at 200 °C: namely, the decreasing carrier
concentration when the temperature is increased from 50 to
300 K.>° Because thermal fluctuations facilitate switching of
interfacial In—H—In defects into In—OH (see Section 2.4), the
resulting formation of deep electron traps (Figure 8b) reduces
the number of free carriers when the temperature is increased.
Importantly, the unusual temperature dependence of the
carrier concentration is observed only in the annealed highly-
H-doped indium oxide samples, where the grain sizes were
found to be the smallest among the 0, 3, 5, and 7 atom % H-
doped indium oxide samples. Therefore, the fraction of the
interfacial c/a regions is the greatest in the films with the
highest H content. Moreover, the 7 atom % H-doped samples
exhibit the largest oxygen substoichiometry (i.e., the lowest
oxygen content””); therefore, one should expect the largest
fraction of the In—H—In defects in these samples, because
hydrogen tends to passivate the abundant undercoordinated In
atoms.”® The combination of a large fraction of the c/a
interfacial region with abundant In—H-In defects in the
disordered parts implies that the concentration of interfacial
In—H-In defects should be largest in this case. When the
temperature is increased, the unstable interfacial In—H—In
defects give away hydrogen that forms a stronger covalent
bond with an oxygen, whereas the released electrons are
trapped at a newly created undercoordinated, undershared In—
In pair, having a pronounced effect on the carrier
concentration.

2.6. Role of H Defects in Crystallization. The above MD
results also suggest that the formation of interfacial deep trap
states enabled by In—H-In to In—OH defect switching
impedes crystallization even at elevated temperatures (400 K).
Longer MD simulations for the configuration with the
interfacial In—OH coupled with a deep trap state (Figure
8b) reveal that the structure does not fully crystallize within
120 ps at 300 K (Figure 9a,d) and within at least SO ps at 400
K. For comparison, an H-free interface crystallizes after about
12 ps at 300 K (Figure 9ab). Most strikingly, the fastest
crystallization, within 2.5 ps at 300 K, is obtained for the
structure that has an In—OH defect in the crystalline region:
the presence of the In—OH helps break an interfacial O, defect
(Figure 9a,c). Isolated O, defects were shown to be stable up
to 1100 K in amorphous H-free In,O; bulk.”” Therefore, we
find two competing mechanisms to explain the controversial
experimental observations of a faster crystallization rate in H-
doped indium 0x1de yet smaller grain sizes with increasing H
concentration.”> On one hand, stable In—OH defects located
in the crystalline region help break an interfacial O, by
weakening the In—O bond in the defect and, as a result,
requiring the In atom(s) to seek for additional oxygen in the
vicinity. The O, breaking releases two oxygen atoms, helping
In neighbors attain the desired octahedral coordination. This
leads to a faster crystallization in comparison to an H-free
interface with a O, defect. At the same time, during
crystallization, the expanding interfacial region encounters
In—H—-In defects, abundant in the amorphous oxide,
facilitating the switch to In—OH that is accompanied by a
deep trap oxygen defect. We find that, unlike an isolated
oxygen vacancy (Figure 9b), an O defect coupled with
interstitial In—OH impedes further crystal growth.

The above MD results suggest that there are at least two
competing mechanisms that may affect crystallization: (i)
switching of an interfacial In—H—In defect into In—OH with
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Figure 9. Room-temperature MD simulations for crystallization of H-
free and H-doped c/a interfaces. (a) Calculated total energy as a
function of time for three different structures described below. (b)
Hydrogen-free c/a interfaces that crystallized with an O, defect and
an oxygen vacancy (a Frenkel pair). (c) A crystallized structure with
an In—OH defect and no O, defect. The initial 0 K structure
possessed an In—OH defect in the crystalline region and an O, defect
at the interface. (d) A structure that is not fully crystallized, showing
an O,, In—OH, and deep trap oxygen defect, all located near the
interfacial region. Prior to MD simulations, this configuration
corresponds to the lowest-energy In—H—In defect located near the
c/a interface; the In—H—In defect is converted to In—OH at 300 K
after 0.2 ps (Figure 7a).

the subsequent formation of a bound oxygen defect that
prevents crystal growth and (ii) In—OH formation that helps
break a nearby O, defect, promoting faster crystallization. It
must be stressed that the oxygen stoichiometry, cation
composition, or density of amorphous indium oxide may
influence the formation and concentration of stable In—OH,
In—H-In, and O, defects and, hence, is likely to affect both
the crystal grain size and the crystallization rate, explaining a
wide variety of experimental observations reported in the
literature. In addition, the film thickness and density and the
oxygen environment during annealing are important control
parameters of the crystallization process.’”*” To address the
effects of those parameters computationally, models of an
amorphous oxide surface or a slab would be required in order
to properly simulate surface defects, oxygen adsorption,
diffusion, and defect passivation.

Because interfacial In—-H—In defects are found to be
unstable and have a strong tendency to switch to In—OH at
elevated temperature during crystallization, the majority of
stable In—H—In defects are expected to reside within
disordered and/or oxygen-deficient parts of the structure:
e.g., at grain boundaries. The balance between In—OH and
In—H-In defects will determine the resulting electronic
properties of the material.

It should be noted that the critical role of OH defects in the
crystallization of indium oxide may explain a contradictory
observation that a lack of water increases crystallization in
In,Se;.”® The differences in crystallization dynamics in
hydrogenated selenide and oxide are likely to stem from the
different bond strengths between hydrogen and the anion: the
H-Se bond (276 kJ/mol) is significantly weaker in
comparison to the H—O bond (459 kJ/mol) and, therefore,
covalent H bonding with an anion is less likely in amorphous

In,Se;, resulting in a larger fraction of ionic In—H—In defects
in hydrogenated selenide.

Finally, we stress that the current work represents a
microscopic picture of possible H defects and H-induced
atomic-scale structural transformations within a picosecond
time frame that may either trigger or hinder the crystallization
processes on a larger scale. To tackle a macroscopic description
of crystallization kinetics and time evolution,”” one would
require a larger-scale computational approach: e.g., phase-field
modeling.

3. CONCLUSION

In summary, ab initio investigations of an H-doped crystalline/
amorphous In,O; interface highlight the complex, dual nature
of hydrogen defects in the wide-band-gap oxide semi-
conductor. The formation of ionic or covalent H bonds and
the structural, thermal, and electronic properties of the H
defects strongly depend on the defect location within the
interface. This finding underscores the important role of the
amorphous—crystalline nanostructure®™ and grain boundaries
in the resulting macroscopic properties of metal oxides.

The results reveal that the extended structural rearrange-
ment induced in the disordered oxide by H doping is the
reason for (i) the low formation energy of In—OH defects in
the amorphous and interfacial regions that outweighs the
energy gains from H passivation of 3-coordinated O atoms and
nonbonding O p orbitals, (ii) partitioning and thermal stability
of In—H—In defects in the amorphous stoichiometric oxide,
and (iii) an improved corner-shared polyhedral morphology
that leads to a wider conduction band and increased electron
velocity and, hence, enhanced carrier mobility in H-doped
indium oxide.

Furthermore, our systematic, statistically significant inves-
tigations of H doping in the crystalline/amorphous interface
help explain several puzzling or controversial experimental
observations, including the following,

(1) Faster crystallization at room (or elevated) temperature
in H-doped indium oxide due to the In—OH formation
that breaks an interfacial O, defect releases the two
oxygen atoms that help In neighbors attain the desired
octahedral coordination.

(2) Despite faster crystallization rates due to H-doping, the
formation of deep trap states coupled to covalent-
bonded In—OH that arises from unstable interfacial In—
H-In defects as well as interfacial H pinning due to
formation of In—OH—O—In complexes impede crystal
growth—in accord with the observed decreasing grain
sizes as the H concentration increases in sputtered
indium oxide.”

(3) Decreasing carrier concentration is due to thermally
unstable interfacial In—H—In defects that, at moderate
temperatures, switch to In—OH and create a deep
electron trap, limiting the number of free carriers—in
accord with puzzling experimental observations of the
decreasing number of free electrons when temperature is
increased from S50 to 300 K in sputtered indium oxide
doped with 7 atom % H.”

(4) In marked contrast to a widespread understanding that
H addition helps passivate oxygen defects in indium
oxide (which was recently confirmed via systematic
theoretical investigations of highly nonstoichiometric
indium oxide®®), the results of this work reveal two
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competing mechanisms that promote deep traps in H-
doped indium oxide—the formation of energetically
favorable In—OH defects in the disordered oxide and
thermal switching of the interfacial In—H—In into In—
OH coupled with an O defect. Similar to the deep trap
states caused by oxygen nonstoichiometry,””** the H-
induced O defects will be sensitive to photoillumination
and are expected to contribute to the observed negative
bias illumination stress (NBIS) instability behavior in
thin-film transistor devices, one of the major drawbacks
hampering commercialization of the amorphous oxide
semiconductors. Therefore, the results of this work serve
as a foundation for further investigations of the observed
persistent photoconductivity and instability under
illumination of H-doped indium oxide.

4. THEORETICAL METHODS AND APPROXIMATIONS

Prior to the construction of the crystalline/amorphous (c/a) interface,
an amorphous bulk In,O; structure was obtained using an ab initio
molecular dynamics (MD) liquid-quench approach as implemented in
the Vienna ab initio Simulation Package (VASP).**~** The
calculations are based on density functional theory (DFT) with
periodic boundary conditions*”®" and employ the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional**® within the
projector augmented-wave method.®"*” An 80-atom bixbyite cell of
In,0; was used as the initial structure, which was melted at 3000 K to
eliminate any crystalline memory and to randomize the structure. The
density of the amorphous structure was initially set to 7.12 g/cm® and
subsequently optimized in accordance with earlier investigations.”*
Next, liquid-quench simulations were performed as follows. The
quenched structure was cooled to 2500 K at an MD rate of 100 K/ps
and then rapidly quenched to 100 K at a 200 K/ps rate. An energy
cutoft of 260 eV and a single I'-point method were used during
melting and quenching processes. The structure was equilibrated at
300 K for 6 ps with a cutoff energy of 400 eV. Figure 10 shows a
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Figure 10. (a) Calculated and experimentally measured EXAFS
spectra for MD-simulated and PLD-grown amorphous indium oxide
bulk. (b) Calculated pair distribution function for crystalline and
amorphous indium oxide bulk with different densities.

direct comparison between the extended X-ray absorption fine
structure (EXAFS) spectra calculated based on the MD-simulated
structures for amorphous indium oxide and the available experimental
measurements.”” The excellent agreement between the experimental
and theoretical curves in the first and second EXAFS peaks that
represent the first-, second-, and third-shell structure in indium oxide
validates our MD liquid-quench models for amorphous indium oxide
bulk.

Next, the 80-atom crystalline (bixbyite) and the room-temperature
equilibrated amorphous bulk In,O; structures were merged along the
z axis (Figure 11). To reduce the interfacial strain in the resulting
160-atom model, MD equilibration cycles were performed at 300 K
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Figure 11. (a) 80-atom cubic cell for the crystalline In,O5 structure.
(b) 80-atom cubic cell for amorphous In,O;. (c) 160-atom supercell
for In,O; formed by merging crystalline and amorphous bulk
structures along the z axis followed by MD equilibration at 300 K
for 30 ps.

for 30 ps. By an analysis of the total energy behavior at room
temperature for the final 1000 MD steps of the equilibration run, the
c¢/a interfacial model was found to correspond to a stable solution
with no energy drift and small thermal fluctuations in the total energy
that represent a structure in equilibrium. In addition, we performed
lattice relaxation within DFT using the PBE functional at 0 K to
minimize lattice strain in the interfacial regions. During the relaxation,
a cutoff energy of 500 eV and a I'-centered 8-k-point mesh were used;
the atomic positions were relaxed until the Hellmann—Feynman force
on each atom was below 0.01 eV/A.

It is important to note that the room-temperature equilibration
with subsequent lattice relaxation are sufficient to reduce charge
accumulation at the H-free c/a interface, as discussed in Section 2.1.
Furthermore, the c/a model is assessed (i) by analyzing the structural
properties of individual In and O atoms as a function of their distance
from the interface, (ii) by calculating the charge density distribution
and the vibrational and electronic density of states for the crystalline,
interfacial, and amorphous regions, and (iii) by comparing the results
to the corresponding values for the crystalline or amorphous bulk. We
find that distance distributions of the H-free c/a interfacial model do
not exhibit strain for the atoms in the interfacial region: e.g., shorter
or longer bonds or stronger distortion than that in the bulk. This is in
accord with no charge accumulation at the interface, no negative
vibrational modes, and no in-gap electronic states that could have
pointed out an existence of strain at the interface. Both the vibrational
and electronic densities of states change gradually from a crystalline to
an amorphous region, as discussed in Section 2.1.

To accurately determine the distribution of hydrogen within the ¢/
a interface, a single H radical was placed at 110 locations throughout
the structure so that the initial distance from H to its nearest neighbor
was at least 1.6 A. Each configuration was then optimized within DFT
using the PBE functional. For the optimization, a cutoff energy of 500
eV and a I"-centered 8-k-point mesh were used; the atomic positions
were relaxed until the Hellmann—Feynman force on each atom was
below 0.01 eV/A. The formation energy was calculated based on the
total energy obtained for H-restricted relaxed (only the H position
was optimized, while the atoms in the lattice were fixed) or fully
relaxed (all atoms were allowed to move during optimization)
structures according to the equation
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Efiormation = E(In64o96:H)i - E(In64o96) - E(HZ)/2 (41)

where E(IngOg:H); is the total energy of am H-doped supercell with
an ith position of H, E(IngOy) is the total energy of the supercell
before H doping, and E(H,)/2 is half of the total energy of an H,
molecule, which is also equivalent to the chemical potential of
hydrogen.

To analyze the structural peculiarities of crystalline, amorphous,
and interfacial regions in H-free and H-doped stoichiometric models,
the average effective first-shell In—O distance for each In—O
polyhedron was calculated according to®

_Zieni- (i)

"z [1 B (éﬂ (42)

where the summation runs over all oxygen neighbors of a particular
metal atom and [, is the shortest In—O distance in the given In—O
polyhedron. Next, the first-shell effective coordination number
(ECN) for each atom was calculated according to

6

I

ECN = 1-|-+
Zest- ()

av

(4.3)

In addition, we calculate the distortion of each In—O polyhedron, ¢,
characterized by the standard deviation of the individual In—O bond
length (1)) from the average In—O bond length (I,,) for the given
polyhedron.

The electronic properties of several PBE-optimized supercell
structures with and without H doping were calculated using the
self-consistent hybrid-functional Heyd—Scuseria—Ernzerhof (HSE06)
approach*® with a mixing parameter of 0.25 and a screening parameter
a of 0.2 A™". For these computationally expensive calculations, H-free
and 10 H-doped cases (4 In—OH and 4 In—H-In lowest-energy
structures with an H defect located in the disordered part as well as
In—OH and In—H—In structures with an H defect in the crystalline
part) were selected. Next, the electronic band structure, density of
states, and charge density distributions were calculated. The projected
density of states calculated for the atoms in the crystalline or
amorphous parts of the stoichiometric In,O; interface is given in
Figure 12.
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Figure 12. Projected density of states calculated for the atoms in the
crystalline (green) and amorphous (blue) parts of the stoichiometric
In,0; interface. The band offset determined based on the projected
electronic band structure is shown with dotted vertical lines. Note that
the H-free stoichiometric c/a interface shows conducting behavior
due to the presence of a O, defect that is found to be common at c/a
interfaces.

To quantify the localization of the electronic states, the inverse
participation ratio (IPR) of an orbital ¥,(¥,) was found from ab initio
density-functional calculations according to the equation

PG
1=, @R (4.4)

where N is the number of volume elements in the cell and i is the
index of the volume element. An IPR value of 1 corresponds to a
delocalized state with equal atomic orbital contributions from all
atoms in the system. Conversely, the higher the IPR value, the
stronger the localization of the given state.

To analyze the charge contributions from the states of individual
atoms, a Bader charge was calculated for each atom®* for the valence
and conduction states. These calculations are based on the charge
density distribution gradient and hence provide a much more accurate
description of the electron localization in disordered oxide materials
in comparison to the traditional electronic structure tools such as
atom-resolved density of states calculations that rely on a fixed cutoff
radius around atoms. Accurate Bader charge calculations are especially
critical in disordered ionic oxides, where the charge distribution is
likely to be nonspherical near low-coordinated atoms with strong
distortions in the first shell. The PBE-optimized atomic structures and
HSEO6-calculated charge densities were plotted using VESTA
software.”®

The vibrational density of states (VDOS) provides key information
about the local bonding environment and gives an accurate
assessment of the dynamical stability of the structure. To obtain the
VDOS, dynamic calculations were carried out using VASP with
stringent convergence criteria for force and energy minimization. In
the first step, atomic forces and total energies of the structures were
minimized with an energy cutoff of 600 eV, an electronic convergence
criterion of 1078, and a force minimization criterion of 0.005 eV/A
with a single k point (I') using the conjugate-gradient algorithm. After
obtaining a well optimized model, dynamic calculations were carried
out under a harmonic approximation. The normal modes are
computed by finite difference method by displacing each atom with
0.015 A in six directions (+x, +y, +z). The VDOS is defined as

IPR(¥) = N

L
g(w) = 3—N§ 5w — w,)

(4.5)

where 3N is the total number of modes with N number of atoms and
®; is the eigenfrequency of the ith normal mode. We evaluated the
VDOS by using Gaussian broadening with ¢ = 12.0 cm™.
Additional information can be obtained from the vibrational
density of states by decomposition of total VDOS into contribution

due to individual atoms. The partial VDOS can be obtained by*®

1 Na n_2
g (0) = 3—NZ Z le/ 8(w — ,) o)

where l¢/'I” is a square of the eigenvector, N, is the number of atoms of
a species, and g(®) = Y g.,(w). The calculated total and partial
vibrational density of states calculated for three regions in the
interface, crystalline, amorphous, and interfacial regions are shown in
Figure 13a.

In addition to diffraction experiments, infrared (IR) spectroscopy is
frequently used for material characterization. This is particularly
important in order to understand the role of hydrogen in this study.
An accurate ab initio based modeling of the vibrational, IR, and
Raman spectra is key to comparing experimental observations to
understand the properties of materials. IR spectroscopy can be
represented by phonon density close to the I' point, with weighted
spectral lines and broadened lifetimes.”” The absolute infrared (IR)
activity is represented by the square of change in the macroscopic
polarization (dipole moment per unit volume) with respect to
displacement along the normal mode. The Born effective-charge
tensor captures the change in polarization with respect to atomic
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Figure 13. (a) Total and partial vibrational density of states calculated
for three regions in the interface. (b) IR spectrum calculated for the
fully optimized H-free interface and the structures with the lowest-
energy In—OH and In—H—In defects. (c) Difference between the IR
spectra of H-free and each of the H-doped cases.

displacements.”” The calculated IR spectrum for the H-free c/a
interface as well as for the structures with the In—OH and In—H—In
defects that correspond to the lowest formation energy are shown in
Figure 13b. Also, a difference between the IR spectra of H-free and
each of the H-doped cases is calculated and shown in Figure 13c.

Finally, to study thermal stability of the several H defects, we
performed molecular dynamics simulations at elevated temperatures:
namely, at 100, 200, 300, 400, and 500 K. For these calculations, an
energy cutoff of 400 eV, a single I'-point method, and an integration
step of 0.5 ps were employed.
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