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ABSTRACT

SnO2 is a prototypical transparent conducting oxide that finds widespread applications as transparent electrodes, gas sensors, and transpar-
ent thin-film devices. Hydrogen impurities in SnO2 give rise to unintentional n-type behavior and unexpected changes to conductivity.
Interstitial H (Hi) and H at an oxygen vacancy (HO) are both shallow donors in SnO2. An O–H vibrational line at 3155 cm−1, that can be
produced by a thermal anneal at 500 °C followed by a rapid quench, has been assigned to the Hi center and is unstable at room temperature
on a timescale of weeks. An IR absorption study of the decay kinetics of the 3155 cm−1 O–H line has been performed. The disappearance of
Hi upon annealing has been found to follow second-order kinetics. Measurements of the decay rate for a range of temperatures have deter-
mined an activation energy for the diffusion of interstitial H in SnO2. These results provide fundamental information about how uninten-
tional hydrogen impurities and their reactions can change the conductivity of SnO2 device materials in processes as simple as thermal
annealing in an inert ambient.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0186047

I. INTRODUCTION

Transparent conducting oxides (TCOs) are wide bandgap
semiconductors that combine transparency in the visible region of
the spectrum with high conductivity.1–3 SnO2, with its rutile crystal
structure and bandgap energy of 3.6 eV,4 is a classic example. For
decades, oxide semiconductors like SnO2 have found broad applica-
tion as transparent electrodes, gas sensors, transparent thin-film
transistors, and energy-saving coatings for windows.1–9

Nonetheless, the background n-type conductivity of TCOs remains
difficult to understand and control.

Hydrogen impurities in SnO2 give rise to n-type conductiv-
ity,10 consistent with a modern understanding of the unintentional
conductivity of a variety of TCOs11–16 that continues to be investi-
gated. Theory found that interstitial hydrogen (Hi) and hydrogen at
an oxygen vacancy (HO) are shallow donors in SnO2,

17 a prediction
that proved to be consistent with subsequent experiments.18,19

Furthermore, muon-spin-rotation (μSR) measurements have found
that muonium centers that mimic the properties of H in semicon-
ductors give rise to shallow donors that are mobile below room
temperature.20–22

An O–H vibrational line observed in SnO2 at 3155 cm−1 was
assigned to Hi, whose structure consists of a single H attached to a
threefold coordinated O such that the O–H transition dipole direc-
tion is perpendicular to the crystal c axis.18,19 Thermally stable con-
ductivity has been associated with the HO center. Several additional
OH–X centers that involve an additional defect or impurity were
also discovered.18,19,23 Both Sn vacancies and interstitial defects
have been suggested as candidates for the accompanying defects
labeled generically as X.18,19,24,25 O–H centers that contain more
than one H atom were also discovered.19

It is not uncommon in TCOs for H to be exchanged between
defects that have different electrical activities, with an example
being the dissociation of H2 in ZnO to give rise to electrically
active Hi centers.

26,27 In this way, an electrically inactive defect can
act as a source or sink for H in reactions that affect the conductivity
of device materials.

In SnO2, it was found that the Hi shallow donor introduced
by annealing in an H2 ambient is mobile at room temperature, and
electrically inactive XH centers were formed on a timescale of
weeks.18,19 Furthermore, hydrogen was also found to be released
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from an electrically inactive source that could be converted into
electrically active Hi centers by annealing treatments in an inert
ambient.18,19 Such hydrogen-related reactions make the conductiv-
ity of oxide device materials difficult to control in processes as
simple as thermal annealing in an inert ambient.

In the present paper, vibrational spectroscopy28,29 is used to
investigate the annealing behavior of Hi in SnO2 as an example of a
hydrogen-defect reaction that changes the conductivity of a model
TCO. The role of hydrogen diffusion in the annealing kinetics of
Hi is a focus of this study.

II. EXPERIMENTAL METHODS

The SnO2 samples used in our experiments were bulk, rutile-
phase single crystals grown by the vapor transport method.30

Fortunately, the as-grown crystals contained a sufficient concentra-
tion of H for our studies, which had a few advantages. The
as-grown crystals showed an O–H spectrum with fewer lines than
had been reported previously for samples annealed in an H2

ambient. Defects containing two H atoms and a recently reported
electrically active O–H center31 with a vibrational line at 3272 cm−1

are absent, which simplifies the defect reactions that occur in our
experiments. Furthermore, anneals in an H2 ambient leave a layer
of tin on the sample surface, an effect we were able to avoid by
using as-grown samples that contained H.

IR absorption spectra were measured with a Nicolet iS50
Fourier-transform-infrared spectrometer equipped with a CaF2
beam splitter and a liquid N2 cooled InSb detector. The polariza-
tion of the transmitted light was analyzed with a wire-grid polarizer
placed after the sample. The O–H spectral features studied here
were all observed for the polarization E perpendicular to c. Samples
were cooled for our measurements with liquid N2 in a Helitran
continuous flow cryostat. Annealing treatments were performed in
a tube furnace in a flowing Ar ambient.

III. RESULTS

Figure 1 shows absorbance spectra (77 K, 1 cm−1 resolution)
for a SnO2 sample that contained H that had been introduced
during crystal growth. To initiate the series of sequential anneals
whose resulting spectra are shown in Fig. 1, a sample was annealed
in an Ar ambient at 500 °C for 30 min and then quenched to room
temperature in H2O. This treatment produced the O–H line at
3155 cm−1 that has been assigned previously to Hi as well as addi-
tional O–H lines at 3174, 3256, 3270, and 3298 cm−1 that have
been assigned to XH complexes.18,19 In the selection of spectra
shown in Fig. 1, the line at 3155 cm−1 can be seen to decrease in
intensity upon subsequent annealing at 80 °C [Fig. 1(a)] while the
lines at 3256, 3270, and 3298 cm−1 increase in intensity [Fig. 1(b)].
(HO centers in SnO2 have been found to be thermally stable at the
500 °C temperature we have used to initiate an annealing
sequence,19 and also during subsequent anneals at lower tempera-
tures, and are not important in our experiments.)

The integrated areas of the O–H absorbance lines can be con-
verted to a concentration of O–H centers with the relationship
given in Eq. (1),28

N ¼ [(2:303 nc2m)/(πq2d)]
ð
A(�υ)d�υ: (1)

Here, A(�υ), is the absorbance as a function of frequency in
wavenumber units, d is the thickness of the sample, m is the
reduced mass of the oscillating defect, c is the speed of light, and n
is the refractive index. In Eq. (1), q is an “effective charge” that
must be determined by an independent calibration of a defect’s
concentration. For an approximate calibration for the O–H centers
in SnO2, we use the value q = 0.30e that is typical of the effective
charges determined recently for O–H centers in ZnO and
Ga2O3.

32,33 While uncertainties in the values of effective charges
for defects can be near a factor of 2 or more, they provide a strategy
for making an order-of-magnitude estimate of a defect’s concentra-
tion from its IR spectrum.

The change in the concentrations of O–H centers that occurs
upon annealing at 80 °C is plotted in Fig. 2(a). Results for Hi are
shown as black circles, and the sum of the areas for the lines at
3256, 3270, and 3298 cm−1 lines assigned to XH complexes are
shown as blue squares. The annealing spectra are characteristic of a
reaction where interstitial H becomes trapped by another defect X,

Hi þ X  
!

XH: (2)

Treating the 3256, 3270, and 3298 cm−1 centers together as Hi

trapped by a generic defect X provides a model that adequately
explains our experimental results.

The curves in Fig. 2(a) compare fits with first- and second-
order kinetics for the disappearance of Hi upon annealing. It can
be seen that a second-order rate law,34,35 Eq. (3), provides a better

FIG. 1. IR absorption spectra (77 K, resolution = 0.5 cm−1, polarization E per-
pendicular to c) for a SnO2 sample annealed in an Ar ambient (500 °C, 30 min)
to produce interstitial H. This sample was subsequently annealed at 80 °C for
the indicated times (in min). (a) The annealing behavior of the O–H line at
3155 cm−1 assigned to interstitial H. (b) The O–H lines assigned to XH com-
plexes that form upon annealing at 80 °C.
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description of our data than first-order kinetics does

[Hi(t)]� [H1] ¼ [H0]/([H0]kt þ 1): (3)

Here, [H0] is the initial concentration of Hi and [H1] is the con-
centration of Hi at long annealing times. A bimolecular rate law is
expected for a reaction like Eq. (2) if the concentrations of Hi and
X are approximately equal. It is often the case that the concentra-
tion of H introduced into a semiconductor mimics the concentra-
tion of a defect where it becomes trapped, as seems to be the case
here.36 Figure 2(b) shows a plot of ([Hi(t)]� [H1])

�1 vs the
annealing time; the approximately linear relationship that results is
also a well-known signature of second-order kinetics.34,35 The slope
of the linear fit shown in Fig. 2(b) is the second-order rate constant
k in Eq. (3).

The O–H line at 3155 cm−1 could be regenerated by an addi-
tional annealing treatment at 500 °C followed by a rapid quench to
room temperature. The annealing kinetics for the decay of Hi were
then measured for several temperatures between 20 and 120 °C.
Figure 3(a) shows a plot of ([Hi(t)]� [H1])

�1 vs the annealing
time for a few selected temperatures. Similar to the results shown

in Fig. 2(b), the second-order rate law in Eq. (3) provides a satisfac-
tory fit to these data.

In the 1950s, Reiss et al.37 and Reiss38 studied ion-pairing
reactions that involved Li and acceptor impurities in Ge. These
reactions were found to be limited by the diffusivity of the light Li+

ion. We postulate that the situation is similar here and that the
pairing reaction in Eq. (2) is limited by the diffusivity of the light
Hi

+ ion. If we assume that the second-order rate constant k is pro-
portional to the product of a capture radius R0 for the XH complex
and the diffusivity of Hi, the slope of a plot of ln(k) vs T−1 yields
EA/kB. We have also taken the diffusivity to obey a standard
Arrhenius relationship and for R0 to be independent of tempera-
ture. The fit to the data plotted in Fig. 4 (shown in black) gives an
activation energy for Hi diffusion in SnO2 of 0.53 ± 0.05 eV.

Also in the 1950s, Waite developed a theory for second-order
diffusion-controlled reactions39 that he applied to the recombina-
tion of radiation defects in Ge.40 Waite’s model has been used suc-
cessfully by chemists to analyze the annealing of radiation damage
in polymers.41 In Waite’s analysis, he considered the fraction of
unreacted vacancy-interstitial pairs, w, and found that for early
annealing times,

FIG. 2. (a) Plot of concentration, [Hi (t)], vs annealing
time (black) at 80 °C for the IR line at 3155 cm−1

assigned to Hi. Included also is a plot of the change in
total concentration of XH complexes (blue) vs annealing
time. The dashed red trace is a fit with first-order kinetics.
The black trace is a fit with second-order kinetics. The
blue trace shows the total concentration of XH centers
plotted with the same second-order rate constant found
from the fit for the decay of the 3155 cm−1 line. (b) Plot
of ([Hi (t)]� [H1])

�1 vs the annealing time at 80 °C for
the IR line at 3155 cm−1.

FIG. 3. (a) Plot of ([Hi (t)]� [H1])
�1 vs the annealing

time for different annealing temperatures. (b) Plot of the
“fraction annealed” for the Hi center in SnO2 vs the
square root of the annealing time for different annealing
temperatures.
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w ¼ K(Dt)1/2, (4)

where K is a constant that is proportional to the square of the
capture radius R0.

39,40

The situation in our experiments is similar to that analyzed by
Waite.40 An anneal at 500 °C produces dissociated Hi-X pairs that
recombine in a diffusion-controlled reaction to form XH complexes
upon annealing. The fraction of unreacted pairs in our case is given by

w ¼ ([H0]� [Hi])/([H0]� [H1]): (5)

A plot of w vs t1/2 is shown in Fig. 3(b) and yields a linear
plot for small t, consistent with Eq. (4). In Fig. 3(b), the slope of
the plot at small t is proportional to D1/2. If Arrhenius behavior is
again assumed for the diffusivity, a plot of the ln of the slopes
shown in Fig. 3(b) vs T−1 yields EA/2kB and the value
EA= 0.45 ± 0.06 eV [see Fig. 4 (shown in red)]. This value, obtained
with the strategy proposed by Waite, differs from that obtained
above by only 0.08 eV.

To make a rough estimate for the diffusivity of interstitial
hydrogen, the penetration depth of D upon annealing in a D2

ambient was investigated. (The D isotope was used because
as-grown samples contained no D above its small natural isoto-
pic abundance for hydrogen.) A SnO2 sample was annealed in a
D2 ambient in a sealed ampoule for 30 min at 500 °C. This
sample was then thinned in steps by lapping and polishing. IR
measurements showed that O–D centers were eliminated when
a layer of thickness d = 0.035 mm had been removed from the

sample surface. This result yields a diffusion constant of
D(500 °C) = d2/t = 6.8 × 10−9 cm2/s. If we take EA = 0.45 eV and
assume that the penetration depths for H and D are similar, the
diffusivity of Hi in SnO2 is

D ¼ 6� 10�6 cm2/s exp(�0:45 eV/kT): (6)

IV. DISCUSSION

As noted in Sec. I, the structure of Hi in SnO2 consists of a
single H attached to a threefold coordinated O such that the O–H
bond is perpendicular to the c axis. Such sites are shown in Fig. 5.

In addition to studying H in SnO2,
19,25 Bekisli et al.44 carried

out research on H in TiO2, which shares the same rutile structure
as SnO2. Research on H in TiO2 has been extensive, going back to
diffusion studies by Johnson et al.45 and vibrational studies by
Bates et al.,46,47 as well as theoretical work by Filippone et al.,48

Marinopoulos et al.,49 and others.50 This earlier work explains the
diffusion of H along the c axis of TiO2 as a zig-zag or helical
motion with an experimental activation energy of 0.59 eV as well as
a fundamental O–H stretch frequency of 3286 cm−1 with a transi-
tion dipole perpendicular to the c axis. It was noted as well47,49 that
the experimental activation energy will be less than the barrier
height by zero-point energy corrections that are of order 0.2 eV.

Because the defect structure of Hi in SnO2 is similar to that
in TiO2, it is reasonable to compare the two cases. Indeed, com-
puted barrier heights for c axis diffusion17,48,49 are similar as are
the experimental values of activation energy for c axis diffusion,
vibrational frequency, and O–Hi dipole direction. Applying an
estimated zero-point correction of 0.2 eV to our measured activa-
tion energy (0.45–0.53 eV) for Hi yields a barrier height of 0.65–
0.73 eV, somewhat larger than theoretically predicted17 but in the
same region.

FIG. 4. The second-order rate constant k is the slope of a plot of
([Hi (t)]� [H1])

�1 vs the annealing time shown in Fig. 3(a). A plot (left axis,
black) of ln(k) vs 1/T, with slope EA/kB, is shown. K D1/2 is the slope, at early
time, of the “fraction annealed” vs (annealing time)1/2 is shown in Fig. 3(b). A
plot (right axis, red) of ln(K D1/2) vs T−1, with slope EA/2kB, is shown.

FIG. 5. Schematic illustration of Hi motion in SnO2. A similar situation occurs
for Hi in TiO2. This figure was constructed using MOLDRAW

42 and POV-Ray.43.
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Thus, this comparison of Hi in TiO2 and in SnO2 indicates
similar physics for the structure and motion of Hi. It is anticipated
that similar correspondences will occur for Hi in other stishovite
oxides such as rutile SiO2.

V. CONCLUSION

Hydrogen is readily introduced into SnO2 unintentionally
during crystal growth and device processing where it gives rise to
an interstitial Hi shallow donor center that is mobile at room tem-
perature.18,19 Annealing treatments of SnO2 that contains H can
convert electrically active Hi centers into electrically inactive XH
centers, where X is a generic trap for H, and vice versa. The activa-
tion energy for Hi diffusion along the c axis (Fig. 5) has been deter-
mined to be near 0.5 eV from the ion-pairing reaction of Hi

+ with
other unintentional defects in as-grown SnO2. These results for the
prototypical TCO SnO2 provide a model system for how hydrogen
impurities and their diffusion-controlled reactions can give rise to
unexpected changes in conductivity in transparent thin-film device
materials.

Note added in proof. Two papers have recently appeared
where the activation energy for the diffusion of interstitial H in
SnO2 and TiO2 were determined by a stress-induced dichroism
method.51,52
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