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The nature of interstitial hydrogen in SnO, has been inferred by a combined study of first-principles theory and
infrared absorption, near band edge absorption, and photoluminescence spectroscopy. The earlier interpretation

of a center with an O-H stretch mode at 3156 cm

as interstitial hydrogen is confirmed. Uniaxial stress

experiments on the 3156 cm™! mode reveal that the interstitial hydrogen atom is located in the open ¢ channel
of the rutile SnO, structure. Migration along the ¢ axis of the crystals occurs via low barrier hydrogen jumps of
around 0.57 eV to symmetrically equivalent nearest-neighbor positions. Combinational vibrations of the O—H
stretch mode with the out-of-ab-plane and in-ab-plane wag modes at about 4014 and 4332 cm~! have been
identified. Free carrier absorption and excitonic properties of the defect demonstrate that H; forms an effective
shallow-donor-like state similar to the well-characterized F, Cl, and Sb n-type dopants in this material.

DOI: 10.1103/PhysRevB.108.205204

I. INTRODUCTION

SnO, stands out as a wide bandgap material with immense
promise for a wide range of electronic and optoelectronic
device applications, such as transparent conductor electronics
[1,2], solar cells [3], gas sensors [4,5], catalysis [4], and even
spintronics [6]. However, the full realization of its potential
has been hindered by the persistent challenge of controlling
its electrical conductivity. Typically, SnO, exhibits unipolar
n-type behavior. Identifying and characterizing the underlying
cause of this intrinsic n-type conductivity are of paramount
importance for enhancing the performance of existing SnO,-
based devices and enable new ones.

Historically, the n-type bevavior of SnO, has often been
attributed to intrinsic point defects such as O vacancies and
Sn interstitials [7-11]. Recent theoretical findings challenge
the notion that native defects are solely responsible for this
conductivity [12,13]. Instead, it has become increasingly ev-
ident that hydrogen, being not only the most abundant but
also an unavoidable impurity, frequently plays a pivotal role
in governing both the electrical and optical characteristics of
the material [12-17].

First-principles calculations have revealed that interstitial
hydrogen (H;) exhibits a low formation energy and behaves as
a shallow donor in SnO; [12,15-17]. It forms a strong dative
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bond with oxygen, characterized by an O-H bond oriented
perpendicular to the [001] axis within the open ¢ channels
of the rutile SnO, structure. The calculated migration bar-
rier of H; is remarkably low, at just 0.57 eV, implying that
interstitial hydrogen exhibits high mobility at room temper-
ature. Supporting these conclusions, shallow donor states of
hydrogen have been reported in conductivity and transport
measurements after intentional introduction of hydrogen into
SnO; [18,19], as well as from muon spin-rotation spectra
[20].

Early IR absorption experiments on SnO, unveiled a va-
riety of hydrogen-related defects, identifiable by their local
vibrational signature [17,21-26]. Of particular relevance to
this investigation is a defect responsible for a local vibrational
mode (LVM) at 3156 cm™! (measured at 10 K), originating
from an O—H bond oriented perpendicular to the c axis of the
crystal. This defect has commonly been attributed to H;, as
polarization and thermal stability data align with the afore-
mentioned theoretical predictions on this defect [17,21,27].
However, experiments capable of independently verifying the
microscopic structure of the 3156 cm™~! defect and elucidating
its diffusion properties are currently lacking.

The primary objective of this study is to elucidate the struc-
ture, motion and electrical activity of interstitial hydrogen in
SnO;. To achieve this, we have conducted a comprehensive
spectroscopic investigation, encompassing vibrational mode
spectroscopy, stress-induced dichroism, band-edge absorp-
tion, and photoluminescence studies, all focused on the H;
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donor in SnO, and complemented by first-principles calcu-
lations. The results confirm that interstitial hydrogen in SnO,
corresponds to the 3156 cm™! center and forms an effective
shallow-donor-like state in this material.

II. METHODS
A. Sample preparation

The SnO, samples utilized in this study were nominally
undoped n-type single crystals, grown through two different
methods: chemical vapor transport (CVT) [28,29] and physi-
cal vapor transport (PVT) [30-32].

The CVT-grown samples were produced using the chemi-
cal reaction SnCly + H, = SnO, + HCI at 1200 °C. Argon
gas served as a transport agent for the SnCly and H, vapors.
These crystals typically exhibited n-type behavior with high
conductivity. To reduce the free electron concentration, post-
growth heat treatments were applied, involving temperatures
above 900 °C in an air environment. The CVT-grown samples
were characterized by high purity and good structural quality
[28].

The PVT-grown samples used in this study were initially
n-type semiconductors without any intentional doping. Hall
effect measurements revealed a free electron concentration
of approximately 10'® cm™ and an electron mobility rang-
ing from 125 to 160 cm?V~'s™! [32]. To convert these
semiconducting samples into electrically insulating ones, they
underwent heat treatments at temperatures between 1000 and
1100 °C for durations of 12 to 20 hours in an air atmosphere.
PVT-grown samples exhibited good structural quality and
high purity due to the direct vapor transport of SnO, which
reacts with oxygen to form SnO, crystals [30,31].

The SnO; crystals had dimensions of approximately 4 x
4 mm? with a thickness ranging from 0.4 to 0.8 mm. To
introduce hydrogen into the samples, we employed thermal
treatments at temperatures ranging from 600 °C to 700 °C for
1 hour in a sealed quartz ampule. The ampule was concur-
rently loaded with a drop of H,O and H, gas (pressure of 0.01
to 0.1 bar at room temperature). Unlike treatments in pure H,
gas [17,21], this procedure resulted in “hydrogenated” sam-
ples with no discernible surface damage. Isochronal thermal
treatments (“annealings”) were conducted in the temperature
range of 100 °C to 860 °C in an argon ambient for 30 min-
utes, followed by a rapid cool-down to room temperature in
approximately 2 minutes.

B. IR absorption

Infrared (IR) absorption spectra were acquired using a
Bomem DA3.01 Fourier transform spectrometer equipped
with a globar light source, a CaF, beam splitter, and a liquid-
nitrogen-cooled InSb detector. The spectral resolution was
set at 0.5 to 1 cm~'. Unless stated otherwise, the sample
temperature was stabilized within the range of 14 to 18 Kina
He gas-flow cryostat equipped with KBr windows. Polarized
light was supplied using a wire-grid polarizer with a KRS-
5 substrate. For IR absorption measurements under uniaxial
stress, the samples were cut to dimensions of approximately
3 x 1.5 x 0.5 mm?, with the sample axes aligned parallel
to the [100], [010], and [001] crystallographic directions,

respectively. A custom-designed stress rig mounted within the
cryostat enabled the application of stress along the [100] axis
of the sample.

C. Excitonic absorption

Spectrophotometric measurements of absorption with ul-
traviolet (UV) light in the spectral region corresponding to
the fundamental excitonic transitions of SnO, (approximately
3.6 eV) were performed. This was achieved using a 150 W
Xenon short-arc (XBO) light source, a 1 m single grating
monochromator equipped with a 1200 lines/mm grating, and
a Peltier-cooled photomultiplier. The spectral resolution was
approximately 0.5 meV at 3.6 eV. The sample temperature
was stabilized within 0.2 K in the range of 9 to 60 K using a He
gas-flow cryostat fitted with sapphire windows. To establish
a reference spectrum, a nominally undoped “hydrogen-free”
SnO, sample was employed.

D. Photoluminescence

For photoluminescence (PL) measurements, the samples
were mounted in a liquid He cryostat and excited using the
325 nm line of a HeCd laser with a typical excitation power
of 10 mW. The emitted light was dispersed by a 1 m single
grating monochromator equipped with a 1200 lines/mm grat-
ing and detected with a Peltier-cooled photomultiplier. The
spectral resolution was approximately 0.5 meV at 3.6 eV. Cal-
ibration of the monochromator was performed using the lines
of a Hg lamp. Spectra were recorded within a temperature
range of 4.1 to 60 K.

E. Computational details

To estimate the local structure and vibrational properties
of the interstitial hydrogen defect H; in rutile SnO,, we con-
ducted first-principles calculations within the framework of
density functional theory (DFT). These calculations employed
the projector augmented wave (PAW) method [33] and the
PBEsol exchange-correlation energy functional [34], as im-
plemented in the QUANTUM ESPRESSO codes [35-37]. The
calculated lattice constants of bulk rutile SnO,, specifically
a= 47818 A and ¢ = 3.2229 /O\, were in reasonable agree-
ment with the corresponding experimental values of 4.7397
and 3.1877 A [38].

For constructing the defect model, we employed a
2a x 2a x 3c tetragonal supercell with periodic boundary
conditions, comprising 24 formula units. A perspective view
of the SnO, supercell along the [001] direction is shown in
Fig. 1. We introduced one hydrogen atom to create the H;
defect, and all atomic positions were fully relaxed.

A series of high-precision structure optimizations and sub-
sequent calculations were conducted using a 3 x 3 x 3 grid
of k points. The energy cutoffs were set to 120 Ry for the
plane wave basis set and 480 Ry for the fine FFT grid. Phonon
modes at the I" point were computed using density-functional
perturbation theory [39]. This involved considering all possi-
ble displacements of the hydrogen atom and the oxygen atom
to which it is bound.

Migration energy barriers for interstitial hydrogen diffu-
sion were calculated using the nudged elastic band (NEB)
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FIG. 1. Perspective view of the rutile SnO, supercell along the ¢
axis: red - O, gray - Sn.

method [35,36]. Saddle points of interest were identified by
exploring the full-dimensional ab initio potential energy sur-
face, involving variations in all atomic positions within the
supercell.

III. CALCULATIONS

The calculated local structure of the H; defect in SnO, is
depicted in Figs. 2 and 3. In these figures, we label the atoms
as Sny, Snyp, Oy, Oy, and H, all situated within a plane parallel
to ab. A line connecting the Sn; and Sn, atoms closely aligns
with the (100) direction. Consequently, an O—H bond lying
in the (001) plane is oriented nearly along the [110] or [110]
directions.

The calculated equilibrium O-H bond length is approxi-
mately 1.0105 A. The estimated vibrational frequencies of the
interstitial hydrogen are 3089 cm~! for the stretch mode, 1158
and 862 cm™! for the in-plane and out-of-plane wag modes,
respectively.

The characteristics of both the rutile SnO, crystal structure
and its electronic properties impose limitations on the range
of interstitial hydrogen motion within the crystal. The rutile
structure forms channels along the [001] direction, one of
which is highlighted in cyan in Fig. 1. The local structure of
the H; defect within such a tunnel is depicted in Figs. 2 and 3.

The calculated migration energy barrier between the near-
est structural tunnels is approximately 2 eV, suggesting that an
interstitial hydrogen is effectively trapped within the tunnel.
However, the H; defect can readily change the orientation of
its O—H bond by shifting from one oxygen atom to another,

FIG. 2. Local structure of the H; defect in SnO,: view in the ab
plane.

FIG. 3. Local structure of the H; defect in SnO,. Atoms labeled
as Sny, Sn,, Oy, O,, and H lie within the same plane parallel to ab.

as illustrated by the labeled oxygen atoms in Figs. 2 and 3.
These movements can result in O—H reorientation or hydrogen
diffusion along the [001] direction.

The estimated energy barrier for in-plane motion is
0.22 eV, as observed in the transition from Oy to O, in Figs. 2
and 3. Transitions from O; to other labeled nearest oxygen
atoms O; (i = 3, 4, 5, and 6) involve hydrogen motion along
the ¢ axis, with a corresponding energy barrier of approxi-
mately 0.59 eV.

Despite sharing the same energy barrier, not all transitions
of the form O; — O; (i = 3, 4, 5, and 6) are equivalent. For
instance, transitions like O; — O3 (equivalent to reverse tran-
sitions like O; < Os, etc.) exhibit varying energy gradients.
Figure 4 presents interpolation of three possible path energy
profiles within the structural tunnel, obtained through NEB
calculations. In terms of energy gradient, transitions of the
form O; — Oj are preferred over those of the form O; — Os.
Therefore, under certain conditions, a spiral motion may be
expected.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Uniaxial-stress experiments

Our calculations regarding interstitial hydrogen in SnO,
align with two pivotal findings from prior theoretical studies
[11,12,16,17]. First, it forms a hydroxyl ion, with hydrogen
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FIG. 4. Path energy profiles for three types of possible interstitial
hydrogen transitions obtained in the course of the NEB calculations.
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FIG. 5. Schematic representation of the stress experiments con-
ducted. Section (a) depicts the chronological sequence of pressure
p and temperature 7. The green bars mark the events of mea-
surements. Section (b) shows a sketch of the sample geometry.
Section (c) presents a view in the ab plane of the local structure of H;
in SnO,, based on the calculations presented in Sec. III. Equivalent

positions of O—H bonds are marked by blue and orange colored
circles. See text for more details.

situated in the open c¢ channels of the regular rutile struc-
ture of SnO,. The O-H bond lies in the ab plane, closely
aligned with the (110) crystallographic direction. It exhibits
a relatively low stretch vibrational mode frequency compared
to other hydrogen defects in this material [16,17,40]. And
second, hydrogen displays high mobility even at room tem-
perature, with migration predominantly occurring along the
¢ channel of the SnO, lattice, featuring low-energy barrier
jumps between neighboring O sites. The common assignment
of the 3156 cm™' center to H; is based on polarization and
thermal stability data being consistent with these theoretical
predictions [17,21,27]. However, experiments capable of in-
dependently verifying the microscopic structure of the 3156
cm ™! defect and its diffusion properties are currently lacking.

Here, we address these issues using the method of stress-
induced dichroism. This method has been effectively utilized
to gain insights into defect properties in various materials,
such as GaAs [41,42], Si [43—46], ZnO [47,48], TiO, [49,50],
and In203 [51]

A schematic representation of our stress experiments is
provided in Fig. 5(a), along with the sample geometry (b)
and a view of the local structure of H; (c) based on our
calculations presented in Sec. III. Our experimental approach
encompasses two distinct types of experiments. In the first
section (“stress-induced splitting”), static stress is applied at
low temperatures along the [100] axis of a c-cut SnO, sample.
As depicted in Fig. 5(c), the original rutile lattice allows for
four equivalent orientations of the O—H bond in the ¢ channel.
Applied stress lifts this orientational degeneracy, forming two
pairs of nonequivalent “subgroups” labeled A (blue) and B
(orange). The observed split pattern of the corresponding O-H
modes under uniaxial stress serves as a crucial test for the
microscopic defect model.

0.6 52K

Absorbance

o
w

02k 0.13GPa

0.1k 0.06 GPa

1 1 1 1 1
3130 3140 3150 3160 3170 3180
Wave number (cm~1)

FIG. 6. Sections of polarized IR absorbance spectra obtained on
a hydrogenated PVT-grown SnO, sample during a “stress-induced
splitting” experiment. The spectra are offset vertically proportional
to the stress applied. See text and Fig. 5 for more details.

In the second part of our experiment, we achieve a nonequi-
librium occupation of subgroups A and B through annealing
the sample under stress (“alignment’). Subsequently, we study
the thermal reorientation back to equilibrium (“relaxation”)
to investigate the elementary diffusion jumps of hydrogen
between neighboring lattice sites.

Figure 6 displays polarized IR absorption spectra of the
3156 cm™! center recorded on a hydrogenated PVT-grown
SnO, sample during a “stress-induced splitting” experiment.
The as-received PVT samples did not exhibit the 3156 cm™!
peak. These measurements were conducted at 52 K, where the
spectra remain stable over time as the thermal energy is low
enough to avoid hydrogen jumps between the A and B sub-
groups. The applied stress along the [100] direction results in
a splitting of the mode into low-frequency and high-frequency
components, predominantly polarized parallel and perpendic-
ular to the stress direction, respectively. Both components
exhibit linear shifts in frequency with the applied stress (shift
ratesA; = —34cm~' /GPa, A, = 27 cm~!/GPa). The relative
intensities of the split-off modes are approximately 2.1 : 1,
inversely related for light polarized parallel and perpendicular
to the stress, respectively.

The observed splitting pattern of the 3156 cm™! center
is consistent with the expected geometry for the H; defect.
Subgroup A comprises O—H bonds aligned at an angle « to the
[100] axis. The calculated ratio for the polarized components
Iy : 1, is cot?« : 1. Subgroup B, rotated by 90° — « with
respect to the [100] axis, possesses a polarization ratio of 1
: cot? . The angle o = (34.6 £ 0.7)° determined from the
observed polarization ratio in our experiment closely matches
the value of 37° predicted by our first-principles calculations.

Figure 7(a) shows polarized absorption spectra obtained
at 52 K on the same SnO, sample within the “alignment”
and “relaxation” experiment. The lower spectra represent
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FIG. 7. (a) Polarized IR absorption spectra of a hydrogenated
PVT-grown SnO, sample taken before “alignment” (reference), after
“alignment” of the O—H bonds by annealing the sample under stress
of 0.38 GPa at 260 K, and after “relaxation” of the O—H bonds back
to thermal equilibrium by annealing the sample at 260 K with the
stress released. All spectra were recorded with no stress applied.
(b) The polarization ratio //I, obtained throughout a series of re-
laxation anneals (20 min) at progressively higher temperatures. The
solid line is a guide to the eye. See text and Fig. 5 for more details.

reference measurements recorded with no applied stress be-
fore the alignment procedure. As expected, the intensity of
the 3156 cm™! peak for IR light polarized parallel (/;) and
perpendicular (/) ) to the [100] axis is similar.

We found that annealing the sample under stress along
[100] at temperatures above 180 K results in a distinct inten-
sity redistribution of the polarized components. The middle
spectra of Fig. 7(a) were obtained after an alignment at 260 K.
It is clearly seen that the 3156-cm™' defect aligns predom-
inantly parallel to the stress. The sum of both components
Iy + 1, remains constant, indicating that the applied stress
does not induce reorientation of the O-H bond along the ¢
axis or dissociation of the hydroxyl group. This alignment be-
havior was found consistently for annealing temperatures over
approximately 170 K in both PVT and CVT-grown samples
across a total of five experimental runs.

The upper spectra in Fig. 7(a) display the 3156 cm~! line
after annealing at 260 K with the stress released, allowing the
defect to relax back to thermal equilibrium. The polarization
ratio of the mode, R = I/I,, returns to 1, its initial value
before the stress-induced alignment. Fig. 7(b) presents the
values of R observed in a similar experiment on the same
sample through a series of relaxation anneals (20 min) at
progressively higher temperatures (see also Fig. 5(a)). After
each anneal, the sample was cooled to low temperature for the
measurement of the polarized IR spectra. Notably, the O-H
groups realign in a temperature range of about 160 to 200 K,

consistent with the temperature range required to induce their
reorientation under stress.

In the context of the H; model, the observed alignment and
relaxation of the 3156 cm~! mode result from the thermaliza-
tion of the two stress-induced nonequivalent O—H subgroups
A and B. The [100] stress applied to the sample causes these
defect configurations to exhibit different ground-state ener-
gies, which are populated according to Boltzmann statistics.
The reoccupation of the O-H groups during the annealing
treatments occurs through elementary hydrogen jumps be-
tween the A and B subgroups. Our calculations reveal that
the easiest transition of this kind is the “hop” with an energy
barrier of 0.59 eV to neighboring H sites located in the same
¢ channel. Jumps to adjacent ¢ channels are notably less fa-
vorable. We also note that the in-ab-plane motion across the
¢ channel (see transition O; — O, in Figs. 2, 3, and 5(¢)),
featuring an estimated energy barrier of only 0.22 eV, repre-
sents a jump between equivalent O—H units and is therefore
inaccessible in our experiment.

The transition rate between two hydrogen sites depends
on temperature as r = ve E/kT \where E, is the activation
energy, and v is the “attempt rate”. Using this equation and
the experimental data from Fig. 7(b), we determined a best-fit
value of E, = 0.57 £ 0.04 eV. Here, we assumed v to be
in the order of 10''-10'® s~!. Such frequencies are typical
for hydrogen-related defects in oxides and characterize the
local hydrogen vibrations [47,49-51]. Note that the attempt
frequency has very little influence on the best-fit parameter for
E, [47]. Within experimental accuracy, the activation energy
determined matches the migration barrier obtained through
our theoretical calculations.

The results of our uniaxial-stress experiments corroborate
the theoretical predictions regarding the microstructural and
diffusion properties of the H; center in SnO,. Given the sub-
stantial body of evidence supporting the assignment of H; to
the 3156 cm™! line, we will use both terms interchangeably
throughout the text.

Interestingly, our findings for H; (or the 3156 cm™! line)
in SnO, bear a striking resemblance to those observed for its
counterpart in rutile TiO,, where H; exhibits an O-H stretch
vibrational mode at around 3290 cm~! and also locates in the
open c channels of the crystal. The diffusion of hydrogen in
rutile TiO, is highly anisotropic, with a significantly lower
activation barrier in the ¢ direction [49,52]. Uniaxial stress
along [100] results in the splitting of the 3290 cm~! line
into two components, displaying stress patterns very similar
to what we observed in our experiments on SnO, [49]. The
defect alignment of H; in rutile TiO, under stress is observed
at annealing temperatures exceeding 165 K, corresponding
to an activation energy of 0.53 eV for hydrogen jumps to
nearest-neighbor positions. In our assessment, these conspicu-
ous similarities in the behavior of interstitial hydrogen in rutile
SnO; and TiO, provide further support for the H; defect model
of the 3156 cm~! center.

B. Free carrier absorption and thermal stability

Figures 8(a) and 8(b) show unpolarized IR absorbance
spectra recorded at 18 K for a (001)-plane cut CVT-grown
SnO, sample. The wave vector k of the incident IR beam
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FIG. 8. (a) Sections of free-carrier absorption spectra (18 K) obtained on a hydrogenated CVT-grown sample with subsequent annealing
treatments. The blue dashed line presents a fit of the absorption baseline to the power-law dependence @™ = A3. (b) Baseline-corrected region
of O-H stretch modes of the same spectra from section (a). (c) Normalized intensity of the H; signal and free carrier absorption vs. annealing
temperature. (d) Intensity correlation between H; signal and free carrier absorption.

was aligned parallel to the [001] crystallographic axis. In sec-
tion (a), we present an overview of the mid-infrared spectral
range, while section (b) offers a closer look at the baseline-
corrected region containing the O-H stretch modes. The
uppermost spectra correspond to the sample hydrogenated at
600 °C, while the other ones represent spectra obtained during
a series of annealing steps, each at a different temperature, as
indicated in the figure.

The spectra reveal two prominent features: the sharp H;
mode at 3156 cm~! and a broad low-frequency absorption.
These features are absent in the nonhydrogenated CVT sam-
ple. The 3156 cm~! IR peak dominates the O-H stretch
mode spectral region, with only minor peaks at around 3272
and 3300 cm ™!, originating from single-hydrogen centers of
unknown microscopic nature [17,21,22]. The spectra demon-
strate that our CVT-grown samples exhibit low levels of
residual impurities.

The intensity of the 3156 cm~! H; mode is strongest af-
ter hydrogenation and decreases during the annealing series.
Concurrently, the broad featureless IR absorption also dimin-
ishes. The intensity of this absorption scales with frequency
as w3, indicative of free carrier absorption [53]. Indeed the
introduction of free carriers by the hydrogenation of SnO, was
also observed in previous studies [17,21,22]. Using the work
of Summitt and Borrelli [53], we estimate the electron con-
centration 7 in the as-treated sample to be ~4 x 10'7 cm ™.

In IR absorption, the concentration of absorbing species
can be obtained from the intensity of the vibrational mode and
the corresponding effective charge e* [54]. In the reasonable
assumption that all free carriers are due to H; (n = N3;5¢) we
may calibrate the 3156-cm ™' mode. If o denotes the absorp-
tion coefficient of the local mode, the effective charge can be
estimated from [55]

me*? N3 56

2 b
nc2po-u

A= /oe(a)da = (1)

where n is the refractive index, c is the velocity of light, o_g
is the reduced mass of the O—H bonds, and o = A~! is the
wave number.

A value of 47 cm~2 was determined for the as-treated
sample in Fig. 8. From here we obtain e¢* = (0.58 £ 0.1)e
with an error due to uncertainty in N3;s¢ and sample orien-
tation. We note that it is close to the one obtained earlier
for interstitial hydrogen donor in ZnO, ¢* = 0.28¢ [56]. For
practical purposes, Eq. (1) can be rewritten to allow a direct
determination of the H; concentration

Niise = (1.0 £0.2) x 10" cm™! A. )

Figure 8(c) presents the normalized intensity of both the
free carrier absorption (measured at 2500 cm™!) and the H;
peak across the annealing series. Both features remain stable
up to approximately 450 °C and disappear concurrently at
higher annealing temperatures. Figure 8(d) demonstrates the
linear intensity correlation between both signals, providing
evidence for a common origin. We conclude that the H; donor
species dominates the electrical behavior of our hydrogenated
CVT samples.

This behavior stands in contrast to earlier findings [17,21],
where several hydrogen centers in SnO, were observed to in-
teract and undergo interconversion during thermal treatments.
We attribute these disparities in the experimental results to the
high purity of our crystals and the “O-rich” hydrogenation
method we employed. In the previous studies, the samples
contained elevated levels of residual impurities or native de-
fects, which readily trapped hydrogen due to its high mobility.
Notably, in these studies, H; was found to be unstable on
a timescale of weeks at room temperature, whereas in our
“trap-free” samples, H; remained stable.

To summarize this subsection, the CVT-grown samples
employed in our study exhibit high purity and structural qual-
ity. The linear intensity correlation observed between H; and
the free carrier absorption provides direct evidence of the
shallow donor behavior of H; centers.
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FIG. 9. (a) Sections of IR absorbance spectra recorded at 40 K for two different SnO, samples. The upper spectra represent unpolarized
data obtained from a hydrogenated CVT-grown sample during a series of annealing steps. The c-axis of this sample is nearly parallel to the
wavevector k of the IR beam. The lower spectra show polarized data from a (100)-plane cut hydrogenated PVT-grown sample. (b) Intensity
correlation between the H; stretch mode and transitions with peak frequencies at ~4014 and ~4332 cm™!. The data were obtained from the

annealing series of the hydrogenated CVT sample.

C. Wag and combination modes

Figure 9(a) displays expanded IR absorbance spectra ob-
tained for two different SnO, samples. The upper spectra were
recorded on a CVT-grown sample subjected to hydrogenation
and subsequent annealing steps. The crystallographic ¢ axis
of this sample was aligned nearly, but not fully parallel to the
wave vector of the IR beam, allowing also transitions with
dipole moments oriented parallel to ¢ to be observed in the
spectra.

In the spectra, the 3156 cm™! stretch mode of H; predom-
inates (two very minor peaks at 3272 and 3300 cm ™! similar
to that from Fig. 8(b) are not shown here). In addition, two
previously unreported significantly weaker features at peak
frequencies of ~4014 and ~4332 cm™! are seen. Fig. 9(b)
demonstrates the intensity correlation between these signals
and the H; stretch mode, as determined during the series of an-
nealing treatments. The intensities of the 4014 and 4332 cm™!
transitions exhibit a linear relationship with the H; stretch
mode, suggesting a common origin for all these signals.

The peak frequencies of the two weaker features are
consistent with stretch + wag combination modes commonly
found in other oxides [57-59]. The frequency differences
between these modes and the H; stretch mode, i.e.,
(4014 — 3156)cm ™! = 858 cm~! and (4332 — 3156) cm™! =
1176 cm™!, closely match the calculated out-of-ab-plane
(862 cm~!) and in-ab-plane wag mode frequencies
(1158 cm™!) of H; (see Sec. II). It is worth noting that
local mode analysis by theory is prone to relatively large
systematic errors in vibrational frequencies, and combination
mode frequencies are shifted from harmonic frequencies by
anharmonicity effects [60].

Additional support for this assignment comes from po-
larized absorption data presented in the lower section of
Fig. 9(a). These spectra were recorded on a hydrogenated
(100)-plane cut PVT-grown sample. The transition moment
of the 4332 cm™! line is aligned in the ab plane of the
crystal, as expected for the combination of the H; stretch
and in-plane wag modes. In contrast, the 4014 cm™~' signal
exhibits predominant polarization parallel to the ¢ axis due to
contributions from the out-of-ab-plane wag mode.

Attempts to directly observe the two fundamental wag
modes of H; by IR absorption spectroscopy were hindered
by the spectral region of about 800-1200 cm~!, where both
modes are expected, being inaccessible due to strong free
carrier and/or two-phonon lattice absorption.

In conclusion, the consistency observed in our data on
combinational modes provides further evidence supporting
the H; defect model for the 3156 cm™! line.

D. Excitonic absorption and photoluminescence

The complexity of near-band-edge transitions in SnO, has
been well-documented for over 50 years [29,61-64]. The band
structure of SnO, exhibits high anisotropy, leading to distinct
optical behaviors depending on the orientation of incident
light. For light polarized parallel to the crystallographic ¢ axis,
the absorption edge initiates at photon energies of approxi-
mately 3.5 eV and shifts to higher energies as the temperature
decreases. It maintains a broad and featureless profile, largely
unaffected by temperature variations. Conversely, for light po-
larized perpendicular to the ¢ axis, the fundamental absorption
edge appears about 0.4 eV lower in energy. It manifests a
hydrogenlike series of sharp excitonic lines at low tempera-
ture. These excitonic features, initially observed by Nagasawa
et al. [61-63], are overspread above 100 K by an exponential
Urbach tail, attributed to transitions originating from deeper
valence bands.

The band symmetry of SnO, is such that excitonic
transitions across the band gap at precisely k = 0 are dipole-
forbidden [62,63]. However, they become allowed when
considering the k-space away from the direct band gap re-
gion. Consequently, a typical band-edge spectrum includes
a weak, quadrupole-allowed ls free exciton (FE) line at ap-
proximately 3.564 eV at 4 K, accompanied by a series of 2p,
3p, and higher-order excitonic transitions on the higher energy
side.

In certain SnO, crystals, transitions appearing at lower
energies adjacent to the ls free exciton peak have been
observed [28,29,63,65]. These transitions have been inter-
preted as signals from bound excitons (BE) localized at
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FIG. 10. (a) Sections of near band edge absorption spectra
recorded on c-plane cut CVT grown SnO, sample taken at 9 K.
The sample was first hydrogenated at 600 °C and then subsequently
annealed at the temperatures shown. (b) Zoomed-in region of the
same spectra. (c) Baseline-corrected IR absorption spectra measured
for the same sample as for section (a) and (b).

shallow donor centers associated with intrinsic defects or
impurities [29,65]. Unlike the 1s FE transition, these lines
possess dipole character, enabling their observation even
at relatively low defect concentrations, down to the order
of 10'® cm™3.

The presence of excitonic features in absorption or
photoluminescence spectra heavily depends on the purity
and structural quality of the SnO, crystals. Unintentional
impurities or electric fields induced by random crystal imper-
fections significantly contribute to broadening the electronic
states. From a spectroscopic perspective, crystals grown via
CVT method have consistently demonstrated superior results
[29,61-63,65]. In this study, we utilize our high-quality CVT
samples to investigate the excitonic behavior associated with
the H; shallow donor defect.

Figure 10(a) displays UV absorbance spectra recorded at
9 K on a hydrogenated c-plane cut CVT sample. The up-
permost spectrum (blue) corresponds to the as-treated sample
hydrogenated at 600 °C, while the subsequent spectra repre-
sent data obtained during a series of sequential annealing steps
at varying temperatures. Section (b) of the figure provides a
close-up view of the same spectra. Section (c) presents the
IR absorbance of the H; stretch mode recorded on the same
sample along with UV absorbance measurements after each
annealing step. Notably, the H; signal is most pronounced
immediately after hydrogenation and gradually diminishes
during the annealing series, consistent with our previous ob-
servations.

The spectra reveal a substructure in the near-band-edge
region that is broadened for the as-treated sample and progres-
sively sharpens during the annealing series. Simultaneously,
the Urbach tail at about 3.58-3.59 eV experiences a signifi-
cant reduction, an effect which we attributed to the decreasing
H; concentration.

Based on their spectral positions, we identify the signal
at ~3.564 eV as the 1s free exciton line (FE), whereas the
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FIG. 11. Temperature-dependent absorbance and photolumin-
scence spectra as obtained on a hydrogenated CVT grown sample
subjected to a subsequent annealing at 605 °C.

peaks at ~3.59 and 3.595 eV originate from the 2p and 3p
FE transitions, respectively. The position of the signal labeled
BE* matches those previously attributed to bound excitons
of shallow donor centers [29]. Importantly, the intensity of
BE* correlates with that of the H; stretch mode. Further-
more, we identify a substructure of signals between 3.58 and
3.587 eV, shown shaded in gray in Fig. 10(b). Similar fea-
tures have been observed in Sb-doped SnO, single crystals
and interpreted as higher-order states of the exciton com-
plexes bound to the shallow Sb donor [29]. The observation
of H;-related excitonic fine structure is an important finding
and provides evidence of the shallow-donor-like behavior of
this defect.

Figure 11 presents temperature-dependent absorbance and
photoluminescence spectra recorded on the 605 °C annealed
sample from Figure 10. It can be seen that the BE* and FE
absorption signals broaden as the temperature increases. At
49 K, a clear shift of the peak positions toward lower energies
is observed, attributed to a reduction in the fundamental band
gap. It is noteworthy that within experimental accuracy, the
integrated peak intensities of both transitions, as well as their
relative intensities, remain constant up to the highest mea-
sured temperature (60 K).

The BE* and FE lines also appear in our photolumines-
cence spectra. Interestingly, a new signal at approximately
3.5535 eV, labeled as BE, emerges. Photoluminescence lines
at this position were previously observed in reduced SnO,
crystals [28,65]. It was suggested that the BE* and BE tran-
sitions share a common microscopic defect origin, though
specific details on the nature of these recombination lines
remain unclear. Our complete set of experimental data sup-
ports this conclusion. We find that, under given experimental
parameters such as temperature and laser power, the relative
intensities of both signals are independent of the sample’s
history, while absolute intensities may exhibit significant vari-
ability. Considering that H; is the predominant shallow donor
defect in our hydrogenated samples, we propose that the BE*
and BE transitions in our spectra correspond to different exci-
ton transitions bound to the same H; donor.
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FIG. 12. Arrhenius plot of the FE, BE*, and BE PL intensites
as obtained on a hydrogenated CVT grown sample subjected to a
subsequent annealing at 605 °C. Solid lines are best-fit curves of
thermal quenching behavior to the data (see text for details). The
respective activation energies obtained from the fitting procedure are
given.

Figure 12 presents an Arrhenius plot of photolumines-
cence intensities obtained from the 605 °C annealed sample.
As the temperature increases, the photoluminescence signal
associated with the free exciton gradually decreases. The
data presented in Fig. 11 demonstrate that in absorption
measurements the 1s free exciton line remains relatively con-
stant up to significantly higher temperatures. Therefore the
quenching of the FE photoluminescence line with increasing
temperature cannot be attributed to a thermal decay of the
free excitons but rather results from an increase in competitive
nonradiative recombination channels. To analyze the dissoci-
ation of this transition, we employed an Arrhenius-type single
rate relation I(T)/1(0 K) = 1/(1 + Aexp (—E,/kT)), where
A and E, represent the prefactor and activation energy of a
thermally activated nonradiative recombination process (see,
e.g., Refs. [66,67]). As shown in Fig. 12, this equation ade-
quately describes the thermal behavior of FE and provides an
activation energy estimate of 2-3 meV.

In contrast, the BE line remains nearly constant until ap-
proximately 14 K, beyond which it rapidly diminishes. The
activation energy associated with the decay of the BE re-
combination lines falls within the range of 10 to 12 meV.
This value matches the so-called localization energy of the
transition, defined as the energy separation between its peak
position and that of the FE signal (here 11.5 meV). In the con-
text of excitonic behavior, this indicates that the BE complex
dissociates by releasing a free exciton.

The BE™ line exhibits a thermally activated behavior, ini-
tially increasing in intensity and then decreasing at high
temperatures. To account for the increase in BE* at low
temperatures, we have additionally included a thermally
activated process expressed by the activation energy Ej:
I(T)/I(0 K)=exp(—Ep/kT)/(1 +Aexp(—E,/kT)). The
corresponding activation energies, obtained from the fitting
procedure, are provided in Fig. 12. The thermal quenching
of BE* at high temperatures occurs with an activation energy
of 10 to 12 meV, similar to that observed for the BE line,
suggesting a correlated dissociation process of these states to
free exciton.

The observed increase in BE* intensity at low tempera-
tures indicates the involvement of excited states associated
with the bound exciton. Several scenarios have been proposed
in the literature to explain similar behavior observed in the
photoluminescence spectra of other semiconductors [67-69].
These scenarios include excitons that involve a hole from
the B- instead of the A-valence band, vibrational-rotational
excited states of the excitons, or electronic excited states of
the excitons.

The choice between these models cannot be definitively
made solely from the present investigation. A noteworthy fea-
ture of the BE* activation is its activation energy of 2-3 meV,
being close to that observed for the quenching of the FE
signal as well as the spectral separation between the BE and
BE* positions (3.5 meV). An involvement of a higher-lying
conduction or deper-lying valence band in the BE* transition
could, in principle, explain such a behavior. The detailed
band structure of SnO,, however, is very complicated, with
limited information on the conduction and valence band or-
dering available so far. Excitonic series of holes from split-off
B- and C-valence bands have been observed by two-photon
spectroscopy [70], however, their energetic distance from the
A exciton series of about 50 and 105 meV, respectively, is
much higher than the thermal activation energy of the BE*
transition. We conclude that a comprehensive study of the
exciton kinetics, including also magnetooptical and photolu-
minescence excitation spectroscopy, is necessary to elucidate
the nature of the BE* recombination line.

V. CONCLUSIONS

The nature of interstitial hydrogen in SnO; has been elu-
cidated through a comprehensive investigation, encompassing
first-principles theory, and various spectroscopic techniques,
including infrared absorption, near band-edge absorption, and
photoluminescence spectroscopy. This collective approach
reaffirms the earlier interpretation of a center exhibiting an
O-H stretch mode at 3156 cm ™! as interstitial hydrogen. Our
uniaxial stress experiments targeting the 3156 cm™' mode
unveil the precise location of the interstitial hydrogen atom
within the open ¢ channel of the rutile SnO, structure. Mi-
gration along the ¢ axis of the crystals occurs via low barrier
hydrogen jumps of around 0.57 eV to symmetrically equiva-
lent nearest-neighbor positions. Combinational vibrations of
this O—H stretch mode with the out-of-ab-plane and in-ab-
plane wag modes at about 4014 and 4332 cm~! have been
identified. In high-purity, “trap-free” crystals, H; remains ther-
mally stable up to an annealing temperature of around 450 °C.
Through investigations into free carrier absorption and exci-
tonic properties, we have unveiled that H; forms an effective
shallow-donor-like state, akin to the well-characterized F, Cl,
and Sb n-type dopants in this material. Our results underscore
the significance of interstitial hydrogen for carrier statistics
and applications of SnO,.
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