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Abstract

Uniaxial-stress experiments performed for the 3306 cm™ vibrational line assigned to the
interstitial-hydrogen, shallow-donor center in In O3 reveal its symmetry and transition-moment
direction. The defect alignment that can be produced by a [001] stress applied at 165 K is due
to a process that is also a hydrogen-diffusion jump, providing a microscopic determination of the
diffusion constant for H in In,O3; and its mechanism. Our experimental results strongly
complement theoretical predictions for the structure and diffusion of the interstitial hydrogen

donor center in In,0s.
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In,O3; doped with Sn is a transparent conducting oxide (TCO) that finds widespread
application as a coating for low-emissivity windows and as transparent electrodes for light-
emitting diodes, solar cells, and flat-panel displays.' In spite of many years of application in
electronics technology, mechanisms for the conductivity of In,O3; remain controversial. Oxygen
vacancies and cation interstitials traditionally have been cited as the causes of unintentional n-
type conductivity.>* However, there is a growing body of work that shows that hydrogen centers
in TCOs such as In,0; are important shallow donors.>"" In,05 thin films containing hydrogen
show n-type conductivity with high mobility and remain transparent in the near infrared (IR),
making In,O3:H attractive for solar cell applications.'®'®* Muon spin resonance experiments find
that implanted muons, whose properties mimic those of hydrogen, form shallow donors in
In,03."* And theory predicts that interstitial hydrogen (H;") and hydrogen trapped at an oxygen
vacancy are shallow donors.">® If the conductivity of In O3 is to be controlled and optimized,
hydrogen’s fundamental properties in this material must be understood.

In,O3 has the cubic bixbyite structure with a conventional unit cell that contains 80 atoms.”
Ref. 15 provides details regarding the bixbyite structure. IR spectroscopy experiments have
determined that H;" is the dominant hydrogen-related shallow donor in In,O3; and have assigned
an O-H vibrational line at 3306 cm™ to this defect.”® The lowest energy structure for H;* [ABy; in
Fig. 1(a) using the labeling scheme in Refs. 15 and 16] was predicted to have a quasi-trigonal
symmetry,'” and the structures and energies of three metastable configurations for interstitial
hydrogen were also calculated.>"®

In the present paper, the sharp vibrational lines observed for single-crystal specimens of
In,O3 allow us to make structure-sensitive measurements that are not possible with amorphous
films. The perturbation of the vibrational properties of H;" in In,O3 created by applying uniaxial
stress'® reveals experimentally the symmetry of H*, its transition moment direction, and, with
the help of theory, the mechanism and activation energy for a hydrogen diffusion jump.

The In,O3 samples used in our experiments were bulk single crystals grown in an air
ambient by the flux method at the ORNL."®%° We selected single crystals that were especially
large in size (typically bigger than 5 x 5 x 2 mm?®) to fabricate samples for the application of
uniaxial stress. Laue back-reflection X-ray scattering was used to show that our crystals had
{100} faces, making it possible for us to prepare samples with either a [001] or [110] long axis
for stress experiments. The as-grown crystals already contained hydrogen and showed the
3306 cm™ line assigned to H;.

IR absorption spectra were measured with a Bomem DA.3 Fourier transform spectrometer

equipped with a KBr beamsplitter and an InSb detector. Uniaxial stress was applied with a push



rod apparatus that was cooled in a variable-temperature Oxford CF 1204 cryostat. The probing
light was polarized with a wire grid polarizer that was placed in the IR beam path after the
cryostat.

Two different types of stress experiments have been performed.’ In the first set of
experiments, stress was applied to samples at 4.2 K or 77 K where we have found the H;*
center to be static. The applied stress causes centers oriented along inequivalent directions to
have different vibrational frequencies. In this case, the symmetry of the defect and the direction
of its transition moment could be determined. In the second set of experiments, stress was
applied at elevated temperatures to probe whether the H;* center is able to reorient.?

Figure 2 shows spectra for the 3306 cm™ line of the H;* shallow-donor center for In,O;
samples with stresses applied along the [001] and [110] directions. The 3306 cm™ line has a
full-width-at-half-maximum (FWHM) of ~10 cm™, making it difficult to determine the positions,
widths, and relative intensities of its stress-split components. However, our measured spectra
have sufficiently high signal to noise ratio for their second derivatives to be evaluated. Because
the overlapping peaks are more easily separated in the second derivatives of the measured
spectra, we have fit the second-derivative spectra with sums of second derivatives of Gaussian
line shapes as is shown in Fig. 2. From the parameters determined from the fits to the second-
derivative spectra, satisfactory line shapes for the original absorbance spectra could also be
produced.

The symmetry of the H;" shallow donor can be determined from the number of stress-split
components and their relative intensities.?**® The stress data shown in Fig. 2 are consistent
with the C4, point group. A defect with C4, symmetry has a primary axis along the <110>
direction that is normal to the reflection plane of the center. The transition moment for an
electric dipole transition can be oriented along the main symmetry axis or can lie in the reflection
plane that is normal to this axis without any restriction imposed by symmetry on the angle 8 in
this plane.”® The angle 8 is measured with respect to the <001> direction that is perpendicular
to the <110> primary axis of the defect.

The shift rates and polarization-dependent intensities of the components of a Cy, center are
shown in Table | (Ref. 23). Data in Fig. 2 show that for the [001] stress direction, the 3306 cm’™
line is separated into two components, a and b. For the [110] stress direction, three
components are resolved. For [110] stress, components f and e, in Fig. 2 are seen for the
polarization parallel to the stress direction and the (unresolved) components e4 and g are seen
for the polarization perpendicular to the stress. From our data, the parameters in Table | that
describe the shifts for the 3306 cm™ line are A,= 16.8+1 cm™'/GPa, A= -9.9+1 cm™/GPa, A=



9.8+1 cm”/GPa, and A,= 5.1+1 cm™/GPa. The angle of the transition moment can be
determined from the relative intensities of the stress-split components shown in Fig. 2 and the
ratios given in Table I. We find an O-H bond angle of 8 = 62°+ 5°. The [111] direction has an
angle 6 of 54.7°, so the O-H bonding direction for the 3306 cm™ center is at an angle just 7°
greater than the value for a <111> direction, consistent with both the C,, symmetry found
experimentally for the defect and the O-H bonding direction near a <111> axis that was
predicted by theory."’

When stress was applied at elevated temperatures (T > 160 K), the relative intensities of the
stress-split components of the 3306 cm™ line were changed due to a stress-induced alignment
of the inequivalent components of the C, center. The alignment produced by [001] stress
occurs because the a and b orientations of the H;" center have different ground-state energies
under stress.'® These components are then populated according to their Boltzmann factors if
sufficient time is allowed for equilibrium to be established.

The greatest alignment was observed for the [001] direction, so we have focused on the
results for this stress direction (Fig. 3). To study the kinetics of the formation of this alignment, a
sample was cooled to low temperature (either 4.2 K or 77 K are sufficient) prior to the
application of a [001] stress between 260 and 270 MPa. This sample then received a series of
anneals, for 15 min each, at successively higher temperatures with the stress maintained. After
each anneal, the sample was cooled to low temperature for the measurement of polarized IR
spectra.

Figs. 3(a) and (b) show second derivatives of spectra for [001] stress for the perpendicular
polarization where both the a and b components can be readily separated. Fig. 3(b) shows that
component a was decreased in intensity and component b was increased by annealing under
[001] stress at a temperature of 175 K. The second-derivative spectra could be fit with the
second derivatives of Gaussian line-shape functions. From these fits, the relative intensities of
the b and a components could be determined. The quantity, R, (T), is defined to be the ratio of
the areas of the b and a components for the perpendicular polarization, R, (T) = I, o(T)/ILa(T).
Fig. 3(c) shows a plot of R (T) divided by its initial value at low temperature, R, o, where
reorientation could not occur. Values of R (T)/R, , differing from 1 are due to a stress-induced
alignment of the H;" center.

While we could only produce a small change in the relative intensity of the aand b
components, the alignment that was observed was highly reproducible (for 2 different samples
and over 6 experimental runs) and occurred consistently only for annealing temperatures above

160 K under stress. Furthermore, once stress had been applied to a sample at low
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temperature, the only change during an anneal under stress was to cycle the temperature
between the low initial temperature and the annealing temperature, making our measured
spectra sensitive only to the changes that resulted from the anneal under stress.

Fig. 3(c) shows that an anneal of 15 min at 165 K produced a stress-induced alignment that
is approximately 0.5 of the value that can be produced by a 15 min anneal at a higher
temperature (i.e., 180 K) where the equilibrium value can be achieved. These results yield a
time constant for the alignment of the H;" defect by stress of r*= 1.3 + 0.3 x 10° s at 165 K.

Theory provides substantial insight into the interpretation of our results. We have extended
the calculations reported in Ref. 16 to study the relationship between different H;" sites and the
effect of these sites on H;" and pi* diffusion. These hybrid DFT calculations utilize the
CRYSTALO6 code® with conditions as stated in Ref. 16. The lowest-energy O-H site (ABy,)
shown in Fig. 1(a) has quasi-trigonal symmetry; the computed O-H direction makes a 16.2°
angle with the trigonal axis, displaced towards the [011] direction. This result is consistent with
the C4, symmetry and the bonding direction near <111> determined by experiment.

Further analysis of the In,0O5 structure reveals that this lowest-energy H;" site has an
equivalent “partner” on an adjacent O. These two H;" sites are shown schematically in Fig. 1(b).
It was noted in Ref. 16 that the metastable sites for H;" are predicted to be at least 0.51 eV
above the lowest site. Two of these equivalent 0.51 eV sites [type ABy, in Ref. (16)] are near
the lowest-energy sites, as shown in Fig. 1(b). The other two metastable sites (ABy; and ABy4)
are predicted to be at least 0.8 eV above the lowest-energy site and are external to the inner
region shown in Fig. 1(b).

This situation leads to the following observations: The easiest “hop” of H;" between the
two equivalent and adjacent lowest-energy sites will be “back-and-forth”; it will not lead to
diffusion. To diffuse, the H;" must hop to a higher-energy ABy, site and then relax to an external
lowest-energy site. This could involve a jump either to the external 0.51 eV site on the same O,
or to one of the two internal 0.51 eV sites shown in Fig. 1(b). While experiment cannot
distinguish between these two possibilities, our calculations suggest that the latter will be more
favorable. In this case the H;", after jumping to an internal 0.51 eV site, could then relax as
shown in Fig. 1(c) to an external lowest-energy site, and the process could repeat as a two-step
diffusion process.

A diffusion jump along the pathway shown in Figs. 1(b) and 1(c) is also a process by which
a defect alignment can be produced by stress. An H;" center that contributes to component a in
the IR spectrum under [001] stress is converted to an H;" center that contributes to component

b. The diffusivity of H;" can be determined from the time constant, r*, with which the H;" center



becomes aligned. For the diffusion pathway shown in Figs. 1(b) and 1(c), the diffusivity, Dy, is
given by Dy, = d%/(31,), where 1, is the time constant for a jump between specific minimum-
energy H" sites and d is the jump distance.?® Furthermore, the time constant for the production
of defect alignment for the C4,, H;" center under [001] stress is 1* = 15/9 (Ref. 25), giving a
diffusivity of Dy, = d%/(271*). With a jump distance of d = 3.003 A between the closest minimum-
energy H;" sites predicted by theory, the H;" diffusivity is determined to be Dy(165 K) =
(2.6+0.16)x10%° cm?/s from our stress-alignment results.

A value of the diffusivity of H;" at 723 K, of Dy(723K) = 5x10™° cm?/s, has been estimated
previously from a measurement of the H;* indiffusion depth resulting from an annealing

t.16

treatment in an H, ambien When combined with the diffusivity at 165K reported here, whose

value is more than 10 decades away, the diffusivity of H;" in In,O3 is determined to be,
Dy = 1.1x107° cm?/s exp(-0.48 eV/KT). (1)

The activation energy for diffusion found here by experiment is remarkably close to the
energy difference predicted by theory between the minimum energy configuration for H;" (ABy+)
and its next-higher metastable state (ABoy,) shown in Fig. 1(b). These complementary results
reveal the importance of the metastable configuration for H;" with a predicted energy of 0.51 eV
in the diffusion pathway for interstitial hydrogen. Furthermore, the activation energy for the
diffusion of H;* found here is similar to the Mu, to Mu; site-change energy found in recent
experiments for the case of a muon in In,O3 (0.46 €V), suggesting that the motion of the muon
involves the same diffusion process studied here.?

The discovery of a stress-induced alignment for the interstitial H;" center has provided an
experimental probe of the reorientation of this defect. Furthermore, theory finds that the
process by which the 3306 cm™ center reorients under [001] stress is also a diffusion jump!
Therefore, the reorientation kinetics of the 3306 cm™' center reveal the microscopic process by
which H;" diffuses in In,O3 and provide an elegant spectroscopic strategy for a determination of
its diffusion constant from the time constant for a single hydrogen jump.
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Table I. Uniaxial stress perturbations for a C4, center for the [001] and [110] stress directions,
with viewing directions along [100] and [001], respectively. The column on the right-hand side
gives the theoretical results for the relative intensities of the stress-split absorption lines for a

specific angle 0 of the transition moment.

stress component shift rate E//001 : E//010

[001] a A, 4(cos®0) : 2(sin’B)
b A; 4(sin@) : 2(cos?0+1)

E//110: E//110

[110] e (A+A)2-A; (2" cosB-sinB)? : (2" cosB+sinb)?
e (A+A)+As (2% cosB+sinB)? : (2'% cosb-sind)?
f As-As 2(sin®0) : 0
g A+A; 0 : 2(sin®0)




Figure captions

FIG. 1. (Color online) (a) The lowest energy antibonding configuration (ABg1) for H;" in In,Os.
(b) The two red (lower) H;" sites in In,O3 of type ABy; with minimum energy. The two green
(upper) hydrogen sites are metastable configurations of type ABg, with predicted energies 0.51
eV higher than ABys. (c) An ABy, site external to the region shown in (b). This was constructed

by MOLDRAW (P. Ugliengo, Torino 2006, available at http://www.moldraw.unito.it) and POV-

Ray (http://povray.org).

FIG. 2. (Color online) Effect of stress o applied at T = 6 K along the [001] and [110] directions

for the 3306 cm™ line of the H;* center in In,O5. IR spectra (resolution 2 cm™) are shown by the
thick solid black lines in the center of each panel. The second derivative of the spectrum (open
circles) and its fit (solid line) are shown at the top of each panel. The absorbance spectrum and

its stress-split components are shown below the measured spectrum (solid lines).

FIG. 3. (Color online) (a) and (b) show the second derivatives of spectra (resolution 2 cm™),
measured for a [001]-oriented sample at T = 6K (perpendicular polarization), of the 3306 cm™
line. (a) shows the spectrum for a sample cooled to 6K where a stress of 270 MPa was then
applied (black line). The red line in (a) shows the spectrum after a subsequent annealing
treatment for which the sample was warmed to 145K for 15 min and then re-cooled back to 6K
with the stress maintained. (b) shows results for the same sample, except in this case, the red
line shows the spectrum after a subsequent annealing treatment at 175K. (c) The normalized
ratio of the intensities of the b to a components, R (T)/R o, vs. the annealing temperature. For
some of our experiments, the low temperature where stress was first applied was 6 K (filled data
points). For others, 77K was the low temperature where stress was first applied (open data

points). The solid line in (c) is a guide to the eye.
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