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lowered their energy (one of them by as much as 2.44 eV). Most
importantly, the resulting formation energy distribution resembles
the curve obtained by our computationally-intensive calculations,
Fig. 3(a), suggesting that the combination of room-temperature MD
simulations with zero-K structural relaxation proves to be an efficient
approach to find the most energetically favorable H defects.

Moreover, the MD simulations provide an additional insight
into the complex H behavior. At room temperature, atomic
fluctuations promote H motion to find its thermally-stable
position. We analyzed the H trajectory as well as the structural
characteristics of the nearest neighbor atoms that H passes or
bonds to during the 50 ps MD run. Among the 20 configurations
considered, we identify the following characteristic patterns of
the H behavior, shown in Fig. 9(c):

(Case A) The initial zero-K relaxation results in a Ga–H–Ga
defect with a high formation energy of 1.27 eV. It takes only 220
MD steps (0.11 ps) for H to move away from the two Ga atoms
and bond to an oxygen atom that has a Bader VBM charge
contribution of 4% in the H-free structure. However, this bond
remains stable for only 13 ps; then H moves and bonds to
another O atom (having a negligible Bader VBM charge con-
tribution of 0.3% before H doping) and maintains a strong
covalent bond with this oxygen for at least 36 ps. Analyzing the
structures before and after the switch, shown in Fig. 9(b), we
find that the first oxygen gains two Ga–O bonds and increases
its coordination from 2 (while being bonded to H) to 4 (after H
leaves). At the same time, the second OH bond is on the line
connecting two under-coordinated O atoms, so that the OH–O
angle is 1751. This configuration corresponds to the lowest-
energy structure with an M–OH defect upon structural relaxa-
tion at zero-K, gaining as much as 1.55 eV due to bond
reconfiguration in the lattice, which outweighs the energy gain
from H passivation of the first O atom that H encounters.

(Case B) The initial relaxed location of H prior to the MD run
is 2.66 Å away from an oxygen dangling p-orbital, making a
contribution of 11% to the Bader VBM charge in the H-free
structure. Although there are 5 other oxygen atoms that are
closer to H (with distances ranging from 2.16 to 2.62 Å), it takes
only about 2 ps for the H atom to move toward the oxygen with a
highly localized p-orbital and form a stable bond with the O
atom. The Bader VBM contribution from this oxygen diminishes
to 0.2%, confirming the passivation. The OH bond remains
stable for more than 45 ps (red line), while H keeps its distance
to a second oxygen at about 1.6 Å during the MD run (black line).
Such a configuration results in an IR frequency of 3040 cm�1, as
found from the calculations described in Section 2, Fig. 3(d).

(Case C) In this configuration, there are three O atoms that
the H atom spends time bonded to by forming a ‘‘strong’’
covalent bond – as determined by the characteristic H–O
distance of 1.0 Å. The longest time stretch that H spends
bonded to one of the O is about 15 ps; then it switches between
two low-coordinated O atoms for a few to ten ps periods. This
intensive switching corresponds to the lowest IR frequency of
2290 cm�1 obtained among all cases considered. This configu-
ration does not gain any energy after the MD run and final
optimization as compared to the initial relaxation, suggesting

that no bond reconfiguration occurs in the lattice on a long-
range scale.

MD simulations also allow us to make important conclu-
sions regarding the stability of M–H–M defects. As mentioned
above, out of 20 random locations of H, 17 cases resulted in an
M–H–M defect after the initial relaxation at zero-K. Upon MD
runs at 300 K, only two cases remained, whereas in the other 15,
hydrogen moved to bond to an oxygen to become an M–OH
defect, Fig. 9(a). For the two remaining cases of M–H–M, we
find that the total energy gain after the final relaxation is
negligible in one case and only 0.17 meV per cell in the other
case, which means that no favorable transformation in the
lattice occurred. Analyzing the structure of these M–H–M
defects and also comparing the structural characteristics to
those in other unstable M–H–M defects, we find that:

(i) M–H defects with an O atom being the second nearest
neighbor of hydrogen (with an O–H distance greater than the
shortest M–H distance, i.e., 1.7 Å for In–H and 1.6 Å for Ga–H)
are unstable at room temperature and become OH defects.
Stable defects with interstitial hydrogen can only form between
at least two low-coordinated metal atoms. In other words, an
isolated low-coordinated highly-distorted metal atom may
attract hydrogen to compensate for the lack of oxygen but will
not be able to keep it at 300 K.

(ii) Mixed-metal defects, e.g., In–H–Ga, are unstable during the
MD runs at room temperature. We believe that the reason for this is
the different vibrational motion of the two cations of distinct
masses along with the weak M–H bonding, so that H� is unable
to stabilize the mixed-metal complex at room temperature.

(iii) The formation of stable In–H–In and Ga–H–Ga defects
occurs when H becomes trapped between two under-
coordinated metal atoms that do not share any oxygen between
them, Fig. 9(d). The latter condition is important in order to
avoid the possibility of OH bonding. We find that in both stable
In–H–In and Ga–H–Ga defects, the nearest oxygen atom is at
least 2.46 Å away from the hydrogen. Another crucial factor in
forming a stable In–H–In or Ga–H–Ga defect is that the
majority neighbors of both In and Ga atoms in the defect
complex are Ga atoms. The strong Ga–O bonding in their
second and third shells around the defect complex ensures
that even at room temperature (1) oxygen motion in the vicinity
of the defect is rather restricted, suppressing the probability of
OH bonding; and (2) both metal atoms in the H defect maintain
their low coordination and hence prefer to keep the hydrogen
anion to compensate for the lack of oxygen. The bigger (smaller)
mass of In (Ga) is in accord with the lower (higher) IR frequency for
the In–H–In (Ga–H–Ga) defects, namely, 1577 cm�1 (1812 cm�1).

It must be noted that H-trapping between two low-coordinated
metal atoms does not represent passivation of metal s-orbitals. In
the two cases of stable In–H–In and Ga–H–Ga defects, both In and
Ga atoms reduce their coordination upon H doping by giving away
some of the weakly-bonded first-shell oxygen atoms to their second
and third-shell Ga neighbors. This is consistent with our
calculations for a larger statistical ensemble, Fig. 6(b). In other
words, H is attracted to a pair of metal atoms and gets trapped
due to subsequent lattice reconfiguration. To further support
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our conclusion, we analyze the charge density distribution, Fig. 7(a),
and the Bader charge calculations for the bottom of the conduction
band of the H-free structure. Both show negligible contributions
from the In and Ga atoms involved in the stable M–H–M defects; at
the same time, metal pairs with significant charge accumulation do
not result in thermally-stable H defects. Hence, we do not find
evidence for H passivation of the under-coordinated atoms in
amorphous In–Ga–O with an oxygen stoichiometry of (In,Ga)2O2.96

(one oxygen defect per 135-atom cell); however, lower oxygen content
is likely to favor the formation of M–H–M defects, as indeed was
found in ref. 20, as well as H passivation of strongly localized trap
states.

7 Conclusions
Using computationally-intensive ab initio molecular dynamics
simulations and accurate density-functional calculations, the struc-
tural and electronic properties of amorphous In–Ga–O with 134
different H positions are thoroughly investigated. Analysis of the
statistically-viable results reveals that the formation of H defects is
primarily driven by the short- and long-range bond reconfiguration
in the disordered oxide structure rather than by H passivation of
under-coordinated atoms. Although hydrogen effectively passivates
individual dangling non-bonding O-p-orbitals, the formation
energy and thermal stability of the resulting covalent OH� bonds
largely depend on the structural features of the surrounding MO
polyhedra and also whether a specific H placement in the structure
can facilitate an extended lattice response that lowers the total
energy of the structure. The abundance of M–OH defects with
similar formation energies in structurally-distinct environments is
in accord with the observed wide range of IR absorption frequen-
cies caused by OH and implies that bond fluctuations associated
with the weak metal–oxygen bonding in the ionic oxide material
will promote vigorous OH bond switching and migration through
the amorphous lattice. The results also help formulate the struc-
tural conditions for an interstitial H to get trapped between two
under-coordinated under-shared metal atoms to form stable M–H–
M defects even in nearly-stoichiometric In–Ga–O with a low
concentration of oxygen defects.

Most importantly, the results of this work demonstrate that
the long-range structural transformations caused by H doping
have a dramatic effect on the charge density distribution in the
conduction band of amorphous In–Ga–O. Hydrogen initiates
metal–O bond reconfiguration in its vicinity, which is further fueled
by the differences in the bond strengths of In and Ga with oxygen
and their sharing preferences and by the lack of periodicity. These
changes contribute to a more uniform morphology (chains rather
than clusters of specific polyhedra), better hybridization between the
In and Ga states, and extended conductivity paths made by under-
coordinated In, and hence are responsible for the observed 70-fold
mobility increase in the amorphous wide-bandgap In–Ga–O.

The thorough understanding of the microscopic properties
of H-doped amorphous In–Ga–O as well as the proposed novel
approaches for computationally-inexpensive modeling and
comprehensive analysis of H defects in amorphous oxides will

be instructive for future investigations of the complex H
behavior in disordered materials.
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