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Using hybrid functional-based density functional theory calculations, we analyze the structure and kinetics
of defects formed in two competing synthesis routes to prepare hydrogen-doped In2O3 films: using a hydrogen
and oxygen gas mixture vs synthesis in presence of water vapor. For both of these two synthesis routes, we
find that H' is the dominant defect species: when the Fermi level is close to the conduction band, H" has a
lower formation energy than other intrinsic or extrinsic defects. Our results also suggest that water molecules
spontaneously split into HT (which occupies octahedral voids) and OH™ interstitials (which occupies vacant
oxygen lattice sites or oxygen vacancies). From the analysis of the binding energies between these different
defects, we conclude that these defects do not cluster and are most likely to stay spatially distributed throughout
the films. In addition, the sum of formation energies of an oxygen (i.e. Of_) and a HT interstitial are close to the
formation energy of a OH ™ interstitial meaning that water molecules are completely split into 2H' and Of‘, at
the synthesis conditions. Further, in the presence of H> + O2 gas mixture, oxygen interstitials occupy oxygen
vacancies while hydrogen interstitials occupy vacant oxygen lattice sites and form bonds with lattice oxygens.
Our analysis of the defect equilibria suggests that hydrogen content in films synthesized in the presence of water
vapor is higher than films synthesized in the presence of a hydrogen gas mixture. At high dopant concentrations,

a hydrogen bond network is formed in the system and this leads to large distortions in the lattice.

I. INTRODUCTION

Hydrogen-doped indium oxide (InOs:H) is a promising
material for solar cell and photo detector applications and can
potentially replace commercially used In,O3:Sn. This inter-
est in InyOg3:H originated with a series of papers published
by Koida, Fujiwara and Kondo in 2007-2010 in which they
demonstrated that In,Og3 films (of 70-240 nm thickness) pre-
pared by using a radio frequency magnetron sputtering system
in presence of oxygen and water vapor, followed by anneal-
ing at 200 °C for 2 hours, exhibited high mobility (98-140
cm?/Vs) and high near-infrared transparency (more than 94
%).1 For comparison, we note that typical values of Hall
mobility for In,O3:Sn (10%) are 20—40 cm?Vs (carrier con-
centration ~ 10%'cm?, resistivity ~ 5 x 10™% Qcm).*® In
Ref. [1], it is reported that with an increase in the partial pres-
sure of water vapor from 5 x 107% Pa to 5 x 1072 Pa, the
concentration of hydrogen in the films increases from 0.35 to
8.8 at. %. Thus, it is intuitive to ask where all these hydrogens
are residing in InoO3 and whether some of these hydrogens
can also exist as Hy molecules?

In addition, the analysis of thermal desorption spectra of
gases exiting the In,O3:H samples upon heating to 650 °C
suggests that water vapor decomposes to Ht and OH~ dur-
ing the sputter deposition process and these species form
bonds with In and O present in the growing surface during
synthesis.?> From their analysis, Koida et al. concluded that
sputtering in the presence of oxygen and water vapor fol-
lowed by an annealing treatment eliminates oxygen deficiency
and generates H* singly charged donors meaning that charge
carriers are H* and not oxygen vacancies.® In fact, by using
X-ray photoluminescence spectroscopy and Rutherford back-
scattering spectroscopy, Macco et al. have shown that the ratio
of oxygens to indiums in In,Og3 is ~1.58, higher than the ratio

of 1.50 for the ideal structure.” It is possible that the oxygen
gas used during the synthesis is the source of this extra oxy-
gen, which can reside as oxygen interstitials in InoOg3. Inter-
estingly, Jost et al. have reported that the electrical and opti-
cal properties of films are not very sensitive to small changes
in oxygen fraction used during synthesis.® Thus, it is clear
that a better understanding of the role played by the O, gas
that enters the sputtering chamber (along with water vapor)
and the relationship between the concentration of defects, like
HT, to the partial pressure of water vapor or oxygen gas can
help in further optimizing the synthesis conditions. In addi-
tion, by using heavy water during the synthesis of In,O3:H,
Wau et al. have reported that the hydrogen in InoO3 is homo-
geneously distributed in the bulk of the material.’ Does this
mean that, unlike InoO3:Sn, complicated defect complexes are
not formed in In,O3:H?

First principles calculations suggest that both H™ in anti-
bonding sites and hydrogen in a vacant oxygen site have
low formation energies and are shallow donors.'®!! There
is experimental evidence to support this result: analysis of
paramagnetic charge state of muonium by King et al. also

points to the presence of shallow donors.'*'> Anionic defects
in In,O3 have been extensively studied using first principles
calculations,'*'3 but their role is probably limited in In,O3:H
because local density approximation, LDA, based DFT cal-
culations performed by Limpijumnong et al. show that when
the Fermi level is below p, = 0.60 eV, Vc2)+ has a lower for-
mation energy than H*. On the other hand, when the Fermi
level is close to the conduction band, H has a lower forma-
tion energy.!? Therefore, it is important to verify this result
using a more accurate level of calculation and for different
environmental conditions.

In 2016, Jost and co-workers® proposed an alternate route
to prepare hydrogen-doped In,O3 by using a mixture of Ho
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FIG. 1: Shown here are the variations in band-gap (E}), lattice parameter, and valence band width (Ayg) of InoO3 for two
different pseduo-potentials of indium (with and without d-electrons) and different values of the exact exchange mixing
parameter ().

and O gases during the sputtering process instead of using a
mixture of water vapor and oxygen gas as used by Koida et
al,! or by Libera et al.’® In addition, it has been shown that
the variation in optical and electrical properties of multiple
films deposited using a hydrogen gas mixture are much lower
than films prepared by using the water vapor route.® This is
attributed to the fact that synthesis in the presence of water
vapor introduces uncertainties in the quantity of water vapor
entering the sputtering chamber and on the properties of the
films. Since the electrical and optical properties of films de-
posited in presence of hydrogen gas mixture are close to those
of films synthesized using water vapor, a first principles anal-
ysis of the defects formed during these two competing synthe-
sis routes can help in optimizing the synthesis procedure. This
becomes important because Boccard et al. have recently re-
ported that simply introducing Hs gas into the chamber results
in an increase in the mobility of InyO3 from 40-60 cm?/Vs for
undoped films to 80 cm?/Vs for films deposited in presence of
hydrogen.?’

Even though Hall mobilities and optical transparencies of
films prepared using both of these techniques are similar, Jost
et al. have found that the overall concentration of hydrogen
in samples prepared using the hydrogen gas mixture route
is lower than those in films deposited in presence of water
vapor.® This decrease in hydrogen concentration can be at-
tributed to a potentially different mechanism of incorporation
of hydrogen in the films (compared to films synthesized using
water vapor) or passivation of defects at grain boundaries by
hydrogens.® Thus, it is important to understand how hydrogen
is incorporated into the films and the relationship between par-
tial pressure of the hydrogen gas and the concentration of H
defects.

The high mobility (>100 cm?/Vs) of In,O3:H at a carrier
concentration of ~102° cm~3 and high transparency has gen-
erated a lot of excitement among researchers.>?! For example,
silicon hetero-junction solar cells containing InoO3:H films
exhibit higher short-circuit current densities than Sn-doped in-
dium oxide films.?? Similarly, carrier mobilities reported for
In;O3:H in Cu(In, Ga)Se solar cells are much higher than
currently used ZnO:Al films.?* Apart from applications in so-

lar cells, InyO3 has also been studied for applications such as
sensors for hydrogen gas. For example, Zheng et al. have re-
ported that one dimensional InpO3 nanostructures have very
good hydrogen gas sensing capabilities for a hydrogen con-
centration of 2—1000 parts per million at 120-275 °C.2* The
hydrogen gas sensing capability of InoO3 nanostructures is at-
tributed to the decrease in resistivity due to the abundance of
oxygen vacancies. Thus, an analysis of how Hs interacts with
InyO3 can potentially lead to the design of better sensors.

It is clear from the discussion presented above that a sys-
tematic first principles analysis of how the hydrogen gas mix-
ture interacts with InoOg can help to clarify many unresolved
issues. Thus, in this contribution, using hybrid functional
based density functional theory calculations we analyze how
hydrogen molecules interact with In,Oj3, identify the domi-
nant defect species and study its thermodynamic stability at
finite temperature and pressure conditions. In addition, we
analyze if the dominant defect changes when a large concen-
tration of hydrogen molecules are incorporated into In,O3. To
understand how the films deposited in presence of hydrogen
and water vapor differ, we also analyze the structure and kinet-
ics of defects formed when one, two or many water molecules
are simultaneously incorporated into In,Os5.

II. COMPUTATIONAL DETAILS

To analyze the electronic structure, we perform HSE
(Heyd-Scuseria-Ernzerhof)> hybrid functional calculations
using the plane wave basis density functional theory (DFT)
with projected augmented wave method (PAW) implementa-
tion in Vienna Ab-initio Simulation Package (VASP).?627 We
use 560 eV as the plane wave cutoff to expand the wavefunc-
tions and 2x2x2 k-point mesh for integrations in the first
Brillouin zone. For all electronic structure and defect stabil-
ity analysis, we use the conventional 80 atoms unit cell con-
taining 16 formula units of InoO3. To account for the peri-
odic image interactions in supercells containing charged de-
fects, we use the Makov-Payne based scheme to correct the
total energies obtained from DFT calculations.?® For the hy-
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FIG. 2: Schematic representations of the arrangements anions on a single (001) plane of CaFs (2(a)) and In;O3 (2(b) and 2(c)).
Solid circles, square markers and open circles denote anionic/oxygen sites, vacant oxygen lattice sites and hydrogen interstitial
sites, respectively. The solid lines in 2(b) highlight the ordering of the vacant oxygen lattice sites. As shown in 2(a) the
octahedral voids (marked with a triangle) are located out of the plane, at the enter of the square with four oxygens at the corners.

brid functional calculations, the screening parameter is set to
p = 0.20 A and the change in the band-gap as a function of
the mixing parameter, a, is shown in Fig. 1(a).

We use tested different pseudo-potentials for indium: one
with 3 valence electrons (i.e. 5s and 5p states) and another
with 13 valence electrons (i.e. 5s, 5p and 4d states). This
is motivated by the strong coupling between In 4d and O 3p
states reported by King et al. in Ref. [29]. Since, the inclu-
sion of the d-electrons in the calculations affects the lattice
parameter as well as the valence band width (see Figs. 1(c)
and 1(b), respectively), we use the pseudo-potential with 13
valence elements for all subsequent analyses presented here.

The width of the valence band, Ay g, has been suggested to
be a good measure of the cohesive interaction between atoms
in a system, and that by using an accurate value of the valence
band width (from a higher level of theory), it is possible to re-
liably estimate the fraction of exact exchange required to cor-
rectly reproduce the band gap and defect formation energies.*
We use the experimental value of the valence band width, i.e.
Avyp = 6.15 eV, measured by King et al. from the photo-
emission spectrum after accounting for lifetime and instru-
mental broadening effects.?’ Thus, from Fig. 1(b) we see that
E,~3.5 eV when Ayp~6.15 eV (see Ref. [29]). But, recent
experimental predictions of the band-gap of In,Og lie in the
range of 2.90-2.93 eV.?*31733 Thus, we use a mixing parame-
ter of o = 0.282 which leads to a band-gap of F, = 2.91 eV
and a lattice parameter of 10.182 A.

To calculate the defect formation free energies at a given
temperature and pressure, we calculate the free energies of su-
percells containing defects by including their vibrational free
energies. We calculate the Helmholtz free energies of dif-
ferent systems by including the vibrational free energy con-
tributions within the harmonic approximation. For example,
the free energy of bulk indium oxide, F' (InyO3), is given by
F (In203) =F (In203) +Fvib (In203) Here, E (IIIQO;),) is

the energy of an indium oxide bulk supercell,

—)

1
is the vibration free energy contribution within the harmonic
approximation, 7 is the reduced Plank constant, w, (¢=1,2, ...
npor) are the vibration frequencies and npor is the number
of degrees of freedom in the system after excluding the global
rotation and translation degrees of freedom. For the range of
pressures considered in our analysis, changes in volumes of
supercells used in our calculations are very small. Thus, the
effect of pressure on the phonon frequencies are neglected.
We use a similar procedure to calculate the formation free
energies of defects and defect complexes involving intrinsic
defects, hydrogen and water molecules. To study the thermo-
dynamic stability of defects, the chemical potentials for hy-
drogen, oxygen and water molecules are calculated using the
procedure outlined in Ref. [34-36].

fuw,
Fvib (In203) = kBT E {2]63(?11
q

To understand the kinetics of defects, and in order to verify
the ground state defect configurations, we also perform high
temperature molecular dynamics (MD) simulations using su-
percells containing 80 (the conventional cubic unit cell) and
640 atoms (2x2x 2 of the conventional cubic unit cell). Since
hybrid functional calculations are computationally expensive,
we use the PBE (Perdew-Burke-Ernzerhof) functional®’ for
these calculations and evolved the systems at 1000, 1500 and
2000 K for about ~8-10 pico-seconds. Due to the short time-
scales accessible in DFT calculations, such high temperatures
allow us to accelerate kinetics of the physical processes. For
these calculations, we use a 2x2x2 (for the 80 atoms super-
cell) or a 1 x1x1 (for the 640 atoms supercell) k-points grid
for Brillouin zone integration.
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III. RESULTS
A. Hydrogen molecules in InoO3

One hydrogen interstitial: Figure 2 compares the arrange-
ment of anionic lattice sites in CaF5 and InyOs3, and Fig. 2(c)
shows the probable sites where hydrogens can be introduced
into IngOg3. In a neutral supercell, our results show that the
ground state geometry of a hydrogen interstitial corresponds
to an interstitial in a vacant oxygen lattice site of In,O3 and
it is not bonded to any neighboring oxygens of the In,Og lat-
tice.A defect state corresponding to this interstitial is located
~1.3 eV above the valence band maximum. In the ground
state structure, a HT interstitial forms a bond (bond length is
0.98 A) with an oxygen of In,O3 and the next nearest oxygen
of the lattice atom is ~1.76 A away from the interstitial.

Figure 3 shows the formation free energies of hydrogen in-
terstitials at O K and at 500 K which is close to the annealing
temperature used during synthesis of InyO3:H films. The in-
terstitial formation free energy is given by

F} (er) =F (IHQOS + HIJF) — pH + fle — Fouik + A, (2)

where, i is the chemical potential (Fermi energy) of elec-
trons, g is the chemical potential of hydrogen at a given tem-
perature and partial pressure of Ho gas, Fy,yk is the free en-
ergy of the bulk defect-free supercell, (Ing O3 + Hf’) is the
free energy of a supercell containing a vacant lattice site and
net charge of +e, and A is the correction to appropriately align
the electrostatic potential of a bulk supercell with the electro-
static potential in the bulk like region of a supercell containing
a defect. The chemical potential of hydrogen, u, is taken to
be half of the free energy of a hydrogen molecule (calculated
using the ideal gas approximation) in a large supercell.>* Here
we note that Eq. 2 is modeled according to the following re-
action

%Hg (gas) <= H" + e~ 3)
meaning that the atmosphere is taken to be the source of hy-
drogens entering InoO3. It is clear from Fig. 3(a) that the
charge transition level (+/—) lies in the conduction band.

Two hydrogen interstitials: In a neutral supercell, in the
ground state configuration, a hydrogen molecule occupies a
vacant oxygen lattice site (see Fig. 4(a)). The H—H bond
length is 0.74 A and the nearest oxygen is 1.97 A away from
the Hy molecule.

In a doubly charged supercell (i.e. two electrons are re-
moved from a neutral supercell containing two hydrogen in-
terstitials), the Hy molecule is split into two H™ interstitials.
In the ground state configuration, both of these interstitials
form bonds with lattice oxygens and the separation between
interstitials is 4.07 A. In addition, these interstitials also form
a hydrogen bond network: the O—H bond lengths are 0.98
A and distances between the interstitials and their next near-
est neighbor oxygens are 2.02-2.04 A. Figure 5(a) shows the
formation energies of a hydrogen molecule and two H™ inter-
stitials. Clearly, a HT interstitial has lower a formation energy

and when the Fermi level is close to the conduction band min-
imum both these defects have similar formation energies.

In a singly charge supercell (i.e. when an electron is re-
moved from the supercell containing two hydrogen intersti-
tials), one hydrogen interstitial occupies a vacant oxygen lat-
tice site while the other hydrogen interstitial forms a O—H
bond (bond length is 0.98 A) with an oxygen of the lattice.

Four, six and eight hydrogen interstitials: We explored
many different configurations for a system containing two,
three and four hydrogen molecules. In the ground state, two
or more hydrogen molecules also split into H interstitials.
These interstitials form bonds with oxygens of the lattice and
are located close to vacant oxygen lattice sites as shown in
Fig. 2(c). In addition, these interstitials are organized in a
way that the O—H bond length is ~0.97 A and the second
nearest oxygen of the lattice is about ~1.86 A away from the
HT interstitial. Thus, for all the HT interstitials, the second
nearest oxygens are shifted from their respective lattice sites
by 0.70 A, and this introduces a distortion in the oxygen sub-
lattice of InyO3. Figures 5(b) and 5(¢) show the formation
energies of interstitials in different charge states.®

Figure 5(d) shows that the formation energies of hydro-
gen interstitials in a neutral supercell increases monotonically
with an increase in the number of water molecules. Using
a linear fit, the formation energy is given by Ff (ng,Hs) =
4.88ny, — 0.87 eV. Here, ny, is the number of hydrogen
molecules in the system. Thus, the binding energy between
the different hydrogen molecules is about ~0.87 eV meaning
that hydrogen molecules do not form clusters.

B. Intrinsic defects

Figure 3(a) shows the formation energy of oxygen intersti-
tials (placed at vacant oxygen lattice sites) and vacancies in
undoped In,O3 at 0 K. The vacancy formation free energy is
given by

F (qu+) = F (InyO3 + qu+)+/i0+q,ue_Fbulk+A7 4

where, po is the chemical potential of oxygen,
F (InpO3 + V") is the free energy of a supercell con-
taining a vacant lattice site and net charge of +2e. o is taken
to be half of the energy of an oxygen molecule in a large
supercell. Here we note that Eq. 4 physically represents the
following reaction

1
Oo = 505 (gas) + V& +2e” (5)

and, hence, the reference state of oxygen is an oxygen gas
molecule, i.e. the atmosphere is the sink/reservoir for oxygens
leaving In,Os3.

Figure 3 also shows the dependence of the formation free
energy of anionic defects (in undoped In»O3) on the oxygen
partial pressure (po,). If we consider only isolated intrin-
sic anionic defects, we see that the Fermi level is pinned at
e~2.30 eV at 0 K. But, with an increase in temperature, this
level shifts to 2.40 eV at 400 K and 1 atm, and to 2.60 eV


Samanta, Amit


Samanta, Amit


Samanta, Amit


Samanta, Amit



6 6 500 K, 0.001 atm 6 500 K, 0.00001 atm
X — f)
> >

e 2 0% Z
3¢ 54 54
g (] [
> c =
22 o o
9] @ 2 o 2
& OF £ £
c 0 c =
S 5 S S
= vz g0 5 0
£, £ £
8 — £, =~ 1 7 | g, —

0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25

Fermi energy [eV] Fermi energy [eV] Fermi energy [eV]
() (b) (©

FIG. 3: Analysis of formation energies of oxygen vacancies and interstitials, hydrogen and OH interstitials in undoped In, O3 at
different temperature and oxygen partial pressure conditions are shown in 3(a) — 3(c). The reference states for oxygen,
hydrogen and water were taken to be a oxygen, hydrogen or water molecule in a large simulation box.

FIG. 4: The ground state configurations of neutral supercells
containing one Hy molecule, and two Hs molecules are
shown in 4(a), 4(b), respectively. 4(c) and 4(d) show the
ground state configuration of one and two water molecules,
respectively.

at 400 K and 10710 atm (i.e. at very low pressures, close
to ultr-high vacuum conditions - these conditions represent
the extremes of the range of possibilities). Similarly, when
the temperature is set to 500 K, the Fermi level is pinned at
fe ~2.5 and ~2.7 eV at 1 and 10719 atm, respectively.

Figure 3(a) also compares the formation energies of a
system containing two oxygen interstitials with a system
containing a single oxygen interstitial.>> When the Fermi
level is close to the conduction band minimum, we see that
Ex (20;) ~ 2Ex (O;) (valid only for formation energies with-
out periodic image interaction corrections). This means that
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FIG. 5: Shown here are the formation energies of hydrogen
interstitials in their different charge states in supercells
containing different number of hydrogen interstitials.

binding energy between oxygen interstitials is close to zero,
and these interstitials do not exhibit any tendency to form clus-
ters.

C. Water molecules in In, O3

To understand how water molecules interact with InoO3, we
incorporate up to eight water molecules in the conventional 80
atoms unit cell of InyO3. These dopants correspond to 2.46 to
15.40 at.% of hydrogens in the system, respectively. Our re-
sults show that water molecules spontaneously split into H
and OH™ interstitials. As shown in the OH™ in-
terstitial occupies a vacant oxygen lattice site, and the HT in-
terstitial occupies an octahedral void and forms a bond with
a lattice oxygen (0.97 A bond length). This lattice oxygen is
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displaced from its original lattice site by about 0.70 A. In ad-
dition, the second nearest lattice oxygen is 1.85 A away from
the interstitial. A similar splitting is evident when more than
one water molecules are incorporated into a supercell contain-
ing 80 atoms and a considerable distortion of the oxygen sub-
lattice is also observed. This increase in distortion of the oxy-
gen sub-lattice with increase in dopant concentration is also
evident from projections of positions of oxygens (see Fig. 6)
in configurations obtained from high temperature MD simu-
lations (at 1000 K). The displaced oxygens (marked with Oq
in Fig. 6) are attached to hydrogen interstitials located in oc-
tahedral voids. The projection of positions of oxygens (on the
two-dimensional yz-plane, see[Fig. 6(b)) in the supercell with
eight water molecules also suggests that at higher dopant con-
centrations this distortion enhances the migration of oxygens.

We find the formation energies of incorporating water
molecules in InyOg3 vary linearly with the number of water
molecules, i.e. Ef(np,0H20) = 1.86ny,0 — 0.037 eV,
where ny,0 is the number of water molecules in the system.!!
The reference state for the formation energy analysis is a wa-
ter molecule in a large simulation box. Such a linear relation-
ship shows that in a typical water doped indium oxide sample,
water molecules do not like to form clusters [(binding energy
~0.037 eV), or in other words, the Ht and OH™ interstitials
are spatially separated and diffuse easily. To further verify this
hypothesis, we perform high temperature MD simulations and
analyze the intermediate configurations.

Stability of an isolated OH interstitial: Since water
molecules split into HT and OH™ defects, we also analyze the
stability of an isolated OH interstitial. We see that a negatively
charged OH interstitial at an octahedral site has only 0.07 eV
lower energy than an interstitial in a vacant oxygen lattice site.
Given this small energy difference between these two OH™
configurations it is possible that after a water molecule splits,
the OH ™ interstitial can occupy either of these configurations.
We see a similar splitting of a water molecule when it is placed
at an oxygen vacancy. In fact, the OH™ interstitial occupies
the vacancy and the H interstitial forms a bond with an oxy-
gen of In,O3.

As shown in Fig. 4(d), configurations containing two or
more water molecules also exhibit a similar pattern of split-
ting. To explore the different possible configurations and to
verify the ground state configurations, we perform MD simu-
lations at high temperatures. Structural optimization of inter-
mediate configurations from such simulations do not exhibit
any tendency to form clusters. There is no evidence of any fur-
ther splitting of OH~ — HT + O?~ and the ratio of hydrogen
interstitials attached to oxygen interstitials (in vacant oxygen
lattice sites) and hydrogen interstitials in the octahedral voids
remains very close to 1:1 for all the analyzed structures. The
formation free energy analysis (presented in Fig. 3) on the
other hand that shows that Fy (H") + F; (0?7) ~ F; (OH™)
meaning that OH~ interstitial can split into Ht and O?~.
Here we note that the magnitude of the periodic image correc-
tion for Fy (02*) is 0.84 eV, and it is plausible that this large

correction artificially lowers the formation energy of a O?‘
interstitial. Another possibility is that Fy (H) + F; (0?7)
and Fy (OH™) are indeed close, but their difference is non-

zero and our short-MD trajectories are unable to access the
time-scales needed to explore the splitting of OH™.

Defect kinetics: By systematically analyzing the time evo-
lution of H* interstitials in vacant oxygen lattice sites and in
octahedral voids we see that these defects exhibit a caging be-
havior, i.e. they are trapped inside the octahedron formed by
the six surrounding indium atoms. MD trajectories show that
a hydrogen interstitial that is initially bonded to an oxygen
hops to another position such that it forms a bond with the
oxygen that is next nearest neighbor of its initial position. Af-
ter some time, this hydrogen hops back to form a bond with
its original neighbor. This back and forth movement is also
evident from the two-dimensional projection of trajectory of
an interstitial hydrogen at 1000 K Fig. 7(a). The time evo-
lution of the separation between its current position and its
initial position (see Fig. 7(b)) also shows that this interstitial
swaps positions by hopping to different sites but returns to its
initial position. These back and forth hopping events are also
present in MD simulations performed at 1500 (and at 2000
K) and hydrogen interstitials (in a supercell containing eight
water molecules) repeatedly return to form bonds with their
original nearest neighbor oxygens. At 2000 K, a few of these
interstitials are able to move out of these cages and migrate to
positions far away from their initial locations.

z-position [Angstrom]
z-position [Angstrom]

y-position [Angstrom]

y-position [Angstrom]

(a) (b)

FIG. 6: Shown here are the two-dimensional projections of
positions of all oxygens in the supercell for all structures
obtained from MD simulations at 1000 K. 6(a) shows the

local distortion in a supercell containing one water molecule:
an oxygen is displaced from its lattice site to the site marked
Oq4 and forms a bond with a hydrogen interstitial at the
octahedral void. 6(b) shows the distortion in the oxygen
sub-lattice in a supercell containing eight water molecules.

To explore if some of the hydrogen interstitials exist as hy-
drogen molecules, we analyze the separation between two hy-
drogens in the different MD trajectories. However, we do not
find any H, molecules in structures obtained from MD simu-
lations. This is further verified by performing structural relax-
ations of the configurations obtained from MD simulations.
We also probe the ground state structure when two hydrogens
are placed close to each other at various different orientations
and geometries. However, all such combinations seem to be
unstable and the hydrogens move away from each other and
form O—H bonds with oxygens present in the system.

Hydrogen bond network: Interestingly, upon incorporating
multiple water molecule into the system, we see a very strong
evidence of the formation of a hydrogen bond network in the
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FIG. 7: High temperature MD simulations show that a
hydrogen interstitial initially attached to an oxygen hops to a
position such that it forms a bond with an oxygen that is the

next nearest neighbor of the initial site. 7(a) shows the

two-dimensional projection of the trajectory of a hydrogen
interstitial (one water molecule in a 80 atoms box) at 1000 K
and 7(b) shows the distance between the initial state and the

position at any time. 7(c) shows the distance between the
initial state and the evolution of the position of the interstitial
along a MD trajectory at 1500 K. 7(d) shows the pressure, p,

on the system as a function of the number of water
molecules. The solid line corresponds to the equation
p ~ 1.837nu,0 — 0.01 GPa.

system. One such instance is shown in Fig. 8. In such struc-
tures, O—H bond lengths are between 0.96-1.03 A and dis-
tances between hydrogens and next nearest neighbor oxygens
are between 1.41-1.90 A. Similarly, angles between vectors
joining hydrogens with their nearest and next nearest neigh-
boring oxygens are between 130-175°. In addition, there are
multiple instances, when a transient structure, in which three
hydrogens are close to an oxygen is visible: one of these hy-
drogens forms a O—H bond (mean bond length ~0.99 A) and
the mean distance between the oxygen and the other two hy-
drogens is ~1.60 A. Even though this transient structure is
different from the structure of a hydronium ion, H3O™, it is
a possible intermediate state during the migration of H™ or
OH™ interstitials. The formation of this hydrogen bond net-
work may also suggest a driving force to local indium hydrox-
ide formation with increased water incorporation. Whether
this is occurring and is related to saturation in carrier concen-
trations in InyO3:H with varying water contents needs further
investigation.

Possibility of swelling: To analyze if doping by hydrogen
can lead to swelling of InoOj3 films, we calculate the pres-
sure in the system after incorporating water molecules. For
these calculations, the supercell volume is same as that of
pure InoO3. We see that incorporating a water molecule re-

FIG. 8: A snapshot showing the hydrogen bonds (marked
using dashed lines connecting a hydrogen with a lattice
oxygen) in a supercell containing 8 water molecules (split
into Ht and OH™). Our results suggest that majority of the
OH™ interstitials occupy vacant oxygen lattice sites and the
H™ interstitials occupy the octahedral voids. The presence of
H in octahedral voids leads to significant distortion of the
oxygen sub-lattice.

sults in a pressure of 1.86 GPa while incorporating eight wa-
ter molecules results in a pressure of 14.78 GPa. Figure 7(d)
shows that the pressure on the system increased monotonously
with an increase in the number of water molecules and obeys
a linear relationship: p ~ 1.837ng,0 — 0.01 GPa. For the
sake of comparison, we note that the pressure when an oxy-
gen (i.e. O%7) or a hydrogen interstitial (i.e. H*) is present
in InyOg is 4.47 and -1.02 GPa, respectively. In contrast, the
formation of an oxygen vacancy results in a pressure of -3.89
GPa. Thus, the pressure on the system in presence of water
molecules in Ino O3 is mainly due to the incorporation of oxy-
gens into the system via water. This means that pressure in
the bulk regions of an indium oxide film containing hydrogen
at 4 at.% concentration (used in experiments) is about 4 GPa.

IV. CONCLUSIONS

From our analysis of defects in InoO3, we reach the follow-
ing conclusions: (i) Water molecules in In,O3 spontaneously
splits into H™ and OH~. The OH™ interstitial occupies the
vacant oxygen lattice sites and eliminates oxygen vacancies
already present in a In,Og film. Here we note that one oxygen
per formula unit is missing in InoO3 compared to the ZrO5
(i.e. CaF, lattice). (ii) The HT and OH ™ interstitials in InoO3
do not form clusters. (iii) Our results show that an oxygen
molecule also splits into two oxygen interstitials and these de-
fects occupy the vacant oxygen lattice sites or the octahedral
voids. At lower concentration (i.e. at low po,), oxygen inter-
stitials energetically prefer vacant oxygen lattice sites. (iv) A
hydrogen molecule also splits into two H™ interstitials. These
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defects form bonds with oxygens present in InoO3 lattice or
oxygen interstitials. (v) In case of the OH™ interstitial, the
formation free energy is close to the formation energy of a
pair of isolated oxygen and hydrogen interstitials. This sug-
gests that during synthesis, OH™ interstitial can spit into an
oxygen interstitial and HY. Thus, InyO3 can completely split
water molecules into H and O ~. (vi) H* has lower forma-
tion energy than V%;r when the Fermi level is close to the con-
duction band. Here we note that if we consider only intrinsic
defects, the Fermi level is pinned close to the conduction band
at room temperature (or synthesis temperature ) and at low
oxygen partial pressures. (vii) At high concentrations of in-
corporated water, these defects form a hydrogen bond network
and the oxygen sub-lattice of InoOj3 is distorted. Such large
lattice distortions, when many water molecules are present in
Iny O3, can increase scattering and decrease carrier mobility.

1. Synthesis in presence of hydrogen and oxygen gas mixture

Let us focus on the synthesis of InoO3:H in the presence
of a oxygen and hydrogen gas mixture. In the dilute limit,
oxygen interstitials fill up the vacant oxygen lattice sites. This
means that up to 16 oxygen interstitials can be incorporated
in the conventional unit cell of In,O3 (16 formula units, 80
atoms). The reactions that govern the concentration of anionic
defects are:3+36

(077 ] [V&']
N2

a

Op <= 07" +V3', Kp= (6)

1 VZH] o 2
Oo 502 (gas)+ Vg +2¢~, K; = w 1/2

NNz Poa»
@)
h+][e™
Null < e~ +h", K, = % = e Ba/FT - (8)
1 h+]? [02-
=05 (gas) < O?_ +2h™, Ky = %, 9)
2 N\?Napo2
2[0)*” + [e] =2[Vo]*" + [n*]. (10)

Here, [e7] and [h"] are the electron and hole concentra-
tions, respectively, [O?_] and [V(Z;'] is the oxygen intersti-
tial and vacancy concentration, respectively, IV, is the con-
centration of anionic sites and g is the band gap. The con-
stants N and Ny, (N, = 2 (2emikpT/h?)”? and N, =

2 (27rmi"1kBT / h2)3/ 2) are used to normalize the electron and
hole concentration.

Since a hydrogen gas molecule splits into H interstitials,

we also need to consider the following reaction

1 Ht][e™
—Hy (gas) <= H' +e, KH:L[I/L. (11
2 NaNepy,

Thus, the charge neutrality condition in Eq. 10 becomes
2(0°" + [e7] =2[Vo]*" + [H'] + [h*].  (12)

But, in the oxygen rich environment used for the synthesis of
In, O3, the effect of oxygen vacancies can be neglected. Thus,
Eq. 12 simplifies to

2(0:°” + [e”] = [H*] + [n*]. (13)

When the Fermi level is close to the conduction band mini-
mum, from Fig. 3 we see that the formation energy of oxygen
vacancies and interstitials are higher than hydrogen intersti-
tials. Thus, in line with the Brouwer approximation, at inter-
mediate pressures the charge neutrality condition in Eq. 13
can be further simplified to [e~] & [H*] meaning that from

Eq. 11 we get [HY] = [e™] pllq/;l

2. Synthesis in presence of water vapor

When hydrogen-doped InyO3 films are synthesized in the
presence of water vapor, the important reaction is

=+ —
H,O (gas) <= H* + OH~, K, = B[O ]
PH,0 (14)

From Fig. 3, we see that when Fermi level is close to the va-
lence band, the formation energy of H™ is much lower than
the formation energy of a OH™ interstitial. However, when
the Fermi level is close to the conduction band, the forma-
tion energies of these interstitial defects are very close. Thus,
when the Fermi level is close to the conduction band, we
have [H;] ~ [OH; | and from Eq. 14 we obtain [H"| ~

[OHi_ ] ~ P%{/fo-

3. Comparison between water vapor and hydrogen gas synthesis
procedures

From the preceding analyses it is clear that at the same par-

tial pressures of hydrogen gas mixture ([H;"] ~ p11{/2 *) and

water vapor ([H'] ~ phé 20), the concentrations of H' inter-

stitials will be different, i.e. the number of hydrogens present
in the system is lower when synthesis is performed in pres-
ence of hydrogen gas. This is in agreement with the results of
SIMS analysis by Jost et al. that showed the hydrogen con-
tent of optimal films deposited with hydrogen gas mixture is
~23% lower than films synthesized using water vapor.?


Samanta, Amit



4. Importance and responsivity as a sensor

In, O3 is a proposed candidate material for detecting gases
like hydrogen. For example, Zheng et al. observed a steady
response from sensors made from In, O3 nanostructures for up
to 30 days.>* Zheng et al. attributed this sensing property of
these one-dimensional InoO3 nanostructures of chemisorbed
oxygens and abundance of oxygen vacancies. While the char-
acteristic features of the surface of a nano-wire and the in-
teraction of a hydrogen molecule with the surface can differ
from the way a hydrogen molecule reacts with bulk InyOs,
our results suggest that hydrogen molecule splits into HT in-
terstitials in bulk In,O5:

1
§H2—>H++e_, (15)

and these interstitials form O—H bonds with lattice oxygens.
In addition, from the formation free energy analysis it is clear
that when oxygen partial pressure is very low compared to the
hydrogen partial pressure, the formation energy of a H' in-
terstitial is lower than that of an oxygen vacancy. This regime
corresponds to the case when the Fermi level is close to the

conduction band minimum. Thus, under these conditions, the
conductivity of hydrogen-doped indium oxide is governed by

[HH] = [e7] o py.
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The magnitudes of corrections due to periodic image interactions
for these defects (i.e. supercells containing four or more H') are
quite large (i.e. proportional to 4% and 52) and they are much larger
than the band-gap. Therefore, such corrections are not applied to
these defect formation energies.

Here we note that in Fig. 3(a), all formation energies except that
of two oxygen interstitials are corrected for periodic image inter-
actions. This correction is rather large (about 3.36 eV > E) for
a supercell containing two O?_ interstitials and artificially low-
ers the corresponding formation energy. Therefore, we have not
applied it to supercells containing 3 or more extra electrons.



