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Ab-initio molecular dynamics liquid-quench simulations and hybrid density functional calculations are performed to
model the effects of room-temperature atomic fluctuations and photo-illumination on the structural and electronic prop-
erties of amorphous sub-stoichiometric In2O2.96. Large configurational ensemble is employed to reliably predict the
distribution of localized defects as well as their response to the thermal and light activation. The results reveal that the
illumination effects on the carrier concentration are greater in amorphous configurations with shorter In-O bondlength
and reduced polyhedral sharing as compared to the structures with a more uniform morphology. The obtained corre-
lation between the photo-induced carrier density and the reduction in the number of fully-coordinated In-atoms im-
plies that metal oxides with a significant fraction of crystalline/amorphous interfaces would show a more pronounced
response to illumination. Photo-excitation also produces In–O2–In defects that have not been previously found in
sub-stoichiometric amorphous oxides; these defects are responsible for carrier instabilities due to overdoping.

Point-defect engineering is a well-developed route to
tune the carrier concentration over many orders of magni-
tude while maintaining high carrier mobility and low opti-
cal absorption in crystalline wide-bandgap metal oxides1–5.
Achieving a similar level of control over the defect for-
mation in amorphous oxide semiconductors is a formidable
problem6. In marked contrast to crystalline indium oxide
where the lattice symmetry limits the structural relaxation to
the four nearest neighbors of oxygen vacancy and produces a
strongly localized defect state, an oxygen “vacancy” in nearly-
stoichiometric amorphous indium oxide (a-In2O2.96) is repre-
sented by two dozen of under-coordinated In atoms—owing
to dramatically increased number of degrees of freedom7–10.
Consequently, the carrier concentration in amorphous indium
oxide (a-IO) is two orders of magnitude higher than that in
the crystalline oxide, as observed for the samples grown at
the same oxygen pressure8. Moreover, when the oxygen sto-
ichiometry is low (a-In2O2.85), the disordered oxide struc-
tures feature a percolation-like network of under-coordinated
under-shared In-O polyhedra that supports coexistence of
shallow, weakly localized, and deep trap states with defect en-
ergies ranging from 0.5 eV to 2.5 eV below the Fermi level8,11.
Indeed, the observed carrier concentration in a-IO continue to
increase steadily with decreasing oxygen pressure, whereas
the mobility drops almost six times when the oxygen pressure
is reduced from 8 mTorr to 1 mTorr12. Hence, there are several
contradistinctive and often competing mechanisms for carrier
generation, carrier scattering, charge compensation, and ab-
sorption, making the electron transport and optical transmis-
sion hard to control experimentally.

Another crucial factor that sets the crystalline and amor-
phous ionic oxide phases apart, is the degree of structural
dynamics and its effects on the defect behavior at elevated
temperatures and under illumination. The observed non-
equilibrium conductivity in amorphous In-based oxide films
exhibits field-effect- and photo-switching transients13–18. In
binary indium oxide with low crystallization temperature12,
photo-induced conductivity instabilities are likely to be as-

sociated with the crystalline-amorphous transition that is ac-
companied by a two-order of magnitude change in the car-
rier density7,8,12. In amorphous multi-cation oxides with high
crystallization temperature and negligible fraction of nano-
crystallinity, the morphology and density of the disordered
phase may play a key role in the defect formation and the re-
sulting carrier transport. Indeed, the observed concentration
vs mobility relationships differ substantially for the so-called
low-quality and high-quality amorphous In-Ga-Zn-O grown
by the same deposition technique19. The effect of illumina-
tion and room-temperature fluctuations on the structural mor-
phology (i.e., on the coordination distribution and polyhedra
sharing, both of which govern defect localization) of a fully
amorphous oxide with no crystalline inclusions is not known
and is the subject of this work.

In this work, ab-initio molecular dynamics (MD) simu-
lations and hybrid density functional calculations are per-
formed for amorphous sub-stoichiometric indium oxide to de-
termine how the shallow, weakly localized and deep traps
change upon thermal and/or light activation, affecting the
resulting carrier concentration. The amorphous indium ox-
ide structures were obtained using ab-initio molecular dy-
namics (MD) liquid-quench simulations as implemented in
the Vienna Ab-initio Simulation Package (VASP)20–23. The
calculations are based on density functional theory (DFT)
with periodic boundary conditions24,25 and employ Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional26,27

within the projector augmented-wave method28,29. The amor-
phous structures have been validated by direct comparison of
the available experimental Extended X-ray Absorption Fine
Structure (EXAFS) spectra and the calculated EXAFS spectra
for the MD-simulated structures at different densities9. The
electronic and optical properties of the PBE-optimized amor-
phous structures were calculated using hybrid Heyd-Scuseria-
Ernzerhof (HSE06) approach30,31 with a mixing parameter of
0.25 and a screening parameter α of 0.2 Å−1 by attaining elec-
tronic self-consistency. Specific details of the calculations are
given in the supplementary material (SM).
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Role of morphology in amorphous indium oxide 2

FIG. 1. Distribution of the enthalpy of formation for amorphous In54O79 structures obtained by different approaches. (a) The results of 880
static-DFT calculations where a single oxygen “vacancy” is created in eleven quenched amorphous In54O80 configurations by taking out each
of the oxygen atoms in the supercell and fully-relaxing the atomic positions at 0 K. The energy distribution for a-In54O80 are shown by the
shared area, whereas the bar plot represents the distribution of 880 calculations for optimized a-In54O79. (b) The results of 80 calculations for
a-In54O79 obtained via non-stoichiometric quench simulations that are performed by setting the oxygen stoichiometry at the melting stage of
MD, i.e., prior to cooling. The bi-modal distribution is shown in two colors to mark the difference for the structures with enthalpy of formation
above and below −1.3 eV/atom. Heating of the high-energy configurations above 400◦C (via MD simulations with lattice expansion for
5-20 ps) results in lower-energy solutions, see text. (c) The results of 80 non-stoichiometric quench simulations for a-In54O79 with density 6.4
g/cm3 which is 10% below the optimal 7.1 g/cm3 used in (a) and (b). The same two-color scheme is used for the single-mode distribution to
guide the eye. (d) The average pair correlation function calculated for the low-energy (solid line) and high-energy (dashed line) configurations
shown in (b). (e and f) The average O-O and In-In distance distributions calculated for the low-energy (solid line) and high-energy (dashed
line) configurations shown in (b). The In-In distribution is further split into edge-shared (think line) and corner-shared (thin line) In-In pairs.

Previously, it was found that amorphous sub-stoichiometric
indium oxide structures exhibit bi-modal or multi-modal en-
ergy distributions, suggesting that morphology may play an
important role in stabilizing the equilibrium configurations11.
In this work, large statistical ensemble of 80 amorphous con-
figurations is employed in order to predict the probability
density of specific modes and also to determine their struc-
tural, electronic, and dynamic properties as well as the re-
sponse to stimuli. Oxygen sub-stoichiometry of x=0.074 in
In2O3−x=In54O79 that corresponds to oxygen defect concen-
tration of 11.5×1020cm−3, was chosen because these struc-
tures exhibit the formation of both shallow and strongly lo-
calized oxygen defects and, hence, represent the widest dis-
tribution of defect localization and the energy location of the

defect with respect to the Fermi level11.

Figure 1 shows the distributions of the calculated enthalpy
of formation for DFT-relaxed amorphous In2O2.926 structures
with two different densities. First, we find that static-DFT
calculations where an oxygen “vacancy” is created in pre-
viously quenched amorphous In54O80 structures leads to a
single-mode distribution, Fig. 1(a). In marked contrast, non-
stoichiometric quench simulations for In54O79 that are per-
formed by setting the metal-to-oxygen ratio at the melting
stage of MD, i.e., prior to cooling, provide lower-energy so-
lutions and, in addition, reveal a bi-modal distribution in the
enthalpy of formation values, Fig. 1(b). The broad secondary
peak accounts for roughly 20% out of the 80 amorphous con-
figurations obtained via the non-stoichiometric MD quench
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Role of morphology in amorphous indium oxide 3

(note, the number of configurations corresponds to 80 oxygen
atoms in the randomized supercell at the liquid-phase temper-
ature of 3,000 K). The difference between the low- and high-
energy structures is only 20-40 meV/atom, and the configu-
rations are stable (showing no energy drift and having sim-
ilar mean square displacements, see Figure SM.1) at room
temperature and up to 400◦C. Heating the structures at or
above 400◦C for 5-20 ps switches several of them to the low-
energy configuration upon cooling down and relaxing at zero-
K. These findings are in accord with switching of the so-called
low-quality amorphous In-Ga-Zn-O samples into high-quality
configurations upon heating19. Importantly, faster quench
rates have little effect on the distribution: at 400 K/ps there
are only two more structures at high-energy out of 80 cases as
compared to 200 K/ps. Additional non-stoichiometric quench
simulations for In54O79 with lower density, Fig. 1(c), result in
a shift of the distribution toward higher energies and a single-
mode behavior, suggesting that differences in the short- and/or
medium-range morphology might be the reason for the bi-
modal energy distribution for the DFT-optimal density of 7.1
g/cm3. A comparison of the pair correlation functions calcu-
lated as an average for the configurations with the enthalpy of
formation below and above −1.3 eV, Fig. 1(d), reveals a slight
shift in the first-shell peak and major differences for the inter-
atomic distances greater than 3.5 Å. Indeed, negligible dif-
ferences are found in the O-O distance distributions, whereas
both edge- and corner-shared In-In distance distributions fea-
ture shorter In-In distances and suppressed or shifted peaks in
the high-energy amorphous structures, Figs. 1(e-f).

Several structural characteristics are found to distinctly rep-
resent the low- and high-energy configurations obtained from
the non-stoichiometric MD quench simulations, Fig. 2(a-
c). Specifically, the high-energy structures have smaller In-O
(first-shell) effective coordination, shorter In-O bond length,
and smaller number of shared In neighbors as compared to
the corresponding values for the low-energy cases, Fig. 2(a-
c). The distributions for other structural parameters overlap
for the low- and high-energy cases, Fig. SM.2. Thus, de-
spite the identical stoichiometry, density and MD simulation
parameters (i.e.,, the initial melting temperature and cool-
ing rate), two distinct morphologies with different short and
medium-range characteristics have been obtained for amor-
phous In2O2.926. The structures with lower enthalpy of for-
mation feature longer In-O distances, hence, higher In-O
coordination, larger fraction of fully-coordinated In atoms,
larger number of polyhedra sharing, and smaller polyhedral
distortions—as compared to the values of the high-energy
cases. Larger number of shared polyhedra represents a more
efficient polyhedra packing in the disordered structure, in ac-
cord with the lower enthalpy of formation.

The distinct structural morphology in the low- and high-
energy configurations may entail differences in the electronic
properties. Figures 2(d-f) plot the largest Bader charge calcu-
lated in each of the 80 amorphous configurations as well as
its dependence on the defect energy with respect to the Fermi
level and on the shortest non-shared In-In distance in the given
structure. We find that all but one high-energy configurations
contain strongly-localized defects that trap an electron and are

located 1-2 eV below the Fermi level. Most of these deep
defects can be identified by the short non-shared In-In dis-
tance that signifies the formation of a metallic bond, in agree-
ment with earlier reports8,11. Conversely, about 36% of the
low-energy configurations correspond to a shallow (delocal-
ized) electronic state; the remaining structures contain local-
ized or strongly-localized trap states, similar to those found
in the high-energy cases. Importantly, the energies for the
low-energy configurations with localized and delocalized de-
fects are indistinguishable, Fig. 2(d), suggesting that the states
are likely to coexist, whereas the transformations from a deep
bound to a shallow state or vice versa may occur at no energy
cost, as indeed shown in this work, see Fig. SM.3(a,e). The
charge density distribution in the supercell for the representa-
tive electronic states are shown in Figure 2(g).

Now, each of the 80 amorphous structures with various
electronic states was subjected to (i) thermal activation at
room temperature; (ii) light activation at 0 K, i.e., without
thermal motion of atoms; and (iii) short and prolonged light
activation at room-temperature that allows thermally-induced
structural reconfiguration of the charged state. All charged
states were modeled by removal of four valence electrons
from the system that corresponds to both O defects in a-
In54O79 being doubly-charged, see Fig. SM.4.

Figure 3(a) shows the carrier concentration after the specific
thermal or light treatment. The number of carriers calculated
as an integrated density of states within ±0.1 eV from the
Fermi level, is given as an average value for the low-energy
structures that contain shallow (delocalized) states; the low-
energy structures that contain localized and deep trap states
(those with the largest Bader charge values of 0.4 or above,
c.f., Fig. 2(d)); and the high-energy structures. We find that,
with one exception discussed below, the carrier concentration
in the delocalized states is nearly insensitive to the thermal
or light treatment: room-temperature thermal motion slightly
increases the number of carriers, whereas excitation (with or
without thermal motion of the atoms) returns the carrier den-
sity back to the initial value. In these configurations, the lack
of two oxygen atoms in the supercell is shared by the largest
fraction of under-coordinated In atoms, so that the charge den-
sity distribution within the conduction band is uniform. In this
cases, an electron excitation within the partially filled conduc-
tion band does not increase carrier density – the excited elec-
trons simply return back to the initial delocalized state.

For the low-energy structures with a localized defect, the
largest increase in the carrier concentration is found after ex-
citation at zero-K, i.e., when no thermal motion of atoms is
allowed and only zero-K DFT-relaxation is performed for the
charged state and also after returning to the neutral state, Fig.
3(a). An electron excitation from the localized or deep trap
states into the conduction band is expected to increase the
carrier concentration. However, the results suggest that ther-
mal motion—especially, for the prolonged light activation—
diminishes the gains. Further analysis suggests that thermal
fluctuations facilitate an extended bond reconfiguration well
beyond the next-nearest neighbors of the defect that may help
create another deep defect upon returning to the neutral state.

Finally, photo-excitation in the high-energy structures re-
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Role of morphology in amorphous indium oxide 4

FIG. 2. The structural and electronic properties of 80 a-In54O79 configurations with different energy and degree of electron localization.
(a,b,c) The average In-O effective coordination, the average In-O effective distance, and the average number of shared In neighbors in each
of the amorphous structures shown as a function of the corresponding enthalpy of formation. (d) The calculated largest Bader charge in each
amorphous configuration for low-energy (circle) and high-energy (triangle) cases. (e) The energy location of the defect state with respect to
the Fermi level in each configuration shown for shallow and localized states as determined by the largest Bader charge. (f) The shortest In-In
distance for non-shared pairs as a function of the largest Bader charge for each a-In54O79. (g) The charge density distribution in the supercell
for there representative electronic states—a strongly localized deep trap state (A), a weakly-localized state (B) and a shallow state (C). The
three cases are marked in (e).

sults in significantly larger increase in the carrier concentra-
tion as compared to the low-energy cases, Fig. 3(a). At
the same time, thermal reconfiguration after zero-K exci-
tation reduces the carrier concentration to the initial value
(which means that the excited electron returns to the initial
or a newly-formed localized state). It also reduces the carrier
gains to nearly one half after the room-temperature excitation.
Therefore, only upon a continuous illumination at room tem-
perature, the carrier concentration may reach and maintain the
values similar to those in the low-energy structures.

For the majority of low- and high-energy cases, illumina-
tion (with the subsequent return to the neutral state) leads to
a slight decrease in the enthalpy of formation, Fig. SM.3(a-
d), likely, due to an improved morphology upon the structural
rearrangement caused by the electron excitation. At the same
time, we find that about 13% of the low-energy structures and
about 18% of the high-energy structures have a significantly
higher energy after the light activation that is accompanied
by the room-temperature structural reconfiguration. Further
analysis reveals that these configurations possess an In–O2–In

defect with the O-O distance of about 1.5 Å and both oxygen
atoms bonded to In atoms, also known as peroxylinkages32 or
peroxide bridge33 in silica glass. While the peroxide defect
is common in the perfectly stoichiometric amorphous indium
oxide8,9, none of the 80 initial sub-stoichiometric structures
or the 80 structures after room-temperature activation, or after
heating to 400◦C and subsequent cooling back, or after zero-
K excitation and subsequent room-temperature relaxation, has
an O2 defect formed. This highlights the role of atomic re-
configuration during the photo-illumination as the reason for
the peroxide formation in sub-stoichiometric amorphous in-
dium oxide. The structural analysis reveals that the O2 de-
fects are always formed within a cluster of fully- or over-
coordinated In atoms, this is in accord with previous results
for the O2 formation near the crystalline-amorphous In2O3
interface34. The photo-induced formation of the O2−

2 defect
in sub-stoichiometric amorphous indium oxide releases two
free electrons and leads to conduction band overdoping and a
pronounced drop in the carrier concentration, Fig. 3(a). Room
temperature fluctuations in the dark nearly instantly break all
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Role of morphology in amorphous indium oxide 5

FIG. 3. The calculated carrier concentration and select structural parameters for a-In54O79 after thermal and/or light treatments marked as
2-7 in the x-axis, see legends and text for more details. The results for 80 structures are presented as an average over the following groups:
the low-energy shallow state cases (circle, solid line), the low-energy localized state cases (circle, dash line); the high-energy localized state
cases (triangle); and the low- and high-energy structures with O2 defect formed (diamond). (a) The number of carriers is given as an average
value for the structures in the specified group. (b,c,d) The calculated average percent change with respect to the value in the initial amorphous
structure after each treatment. The changes in eight other structural characteristics investigated in this work are at or well below 1%, see SM.

O2 defects, so that the carrier concentration recovers. (Note,
in stoichiometric indium oxide without light exposure, the
O2 defect was shown to be stable up to 1100 K8). At the
same time, prolonged light exposure of a-In54O79 helps main-
tain the majority of the peroxide defects: after 10 ps room-
temperature excitation, two new structures with a peroxide ap-
pear and in one configuration the O2 breaks (in this case, the
average coordination of the neighboring In atoms is the low-
est among all cases with peroxide), while the overall number
of the light-exposed structures with the O2 defect and, hence,
a reduced carrier density, appears to saturate at about 15% of
the total configurations.

To explain the carrier concentration behavior under various
treatments, we compare eleven parameters that describe the
short-range (nearest-neighbor) and medium-range (polyhedral
sharing) structure for each treated configuration to the corre-
sponding values in the initial a-In54O79. The largest struc-
tural deviations are shown in Fig. 3(b,c,d), whereas the re-
maining eight parameters vary by less than 1%, see SM, on
average over the number of configurations within the spec-
ified group. Most importantly, we find that the changes in

the number of fully-coordinated In atoms (CN>5.5) inversely
correlate with the changes in the carrier density in the high-
energy structures. This means that the photo-excitation of an
electron from localized state requires the fully-coordinated In
atoms give away their O neighbor(s) to compensate the lack
of oxygen at the charged defect. The light-induced changes
correspond to coordination redistribution, whereas the overall
In coordination varies at most by 0.5%, see Fig. SM.5. In
addition, we find that illumination affects the number of face-
shared In-In pairs11; these structural defects may play a role
in the structural dynamics upon light activation. Last but not
least, light-exposure reduces the polyhedral distortions in all
configurations that points to an improved carrier mobility.

In summary, the results of systematic computational mod-
eling for thermal and light activation in amorphous sub-
stoichiometric indium oxide reveal that the largest changes in
the number of carriers occur due to the photo-induced for-
mation of O2 defects that overdopes the system. Compared
to the low-energy structures with a more uniform morphol-
ogy, the higher-energy configurations with reduced polyhe-
dra sharing (that resembles a low-density morphology) show
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Role of morphology in amorphous indium oxide 6

larger reduction in the number of fully-coordinated In atoms
that correlates with the gains in the carrier density upon photo-
illumination. The light-induced coordination transformations
suggest that a similar behavior should be expected at the
crystalline/amorphous interfaces of the structures with nano-
crystalline inclusions or in multi-phase indium oxide or in
crystallized samples with a large fraction of grain boundaries.
In such structures, conductivity instabilities upon illumina-
tion will be much more pronounced—owing to the two-order
magnitude difference in the carrier concentration between the
crystalline and amorphous indium oxide.

See the supplementary material for the additional data on
the structural and electronic properties of 80 configurations
before and after temperature and light treatment.
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