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Interstitial hydrogen in rutile TiO, is studied by infrared (IR) absorption. The measurements identify this

defect as a shallow donor with an ionization energy of 10 &= 1 meV. The IR absorption lines at around 3290 cm™

1

include local vibrational modes (LVMs) of the neutral and the positive charge states of the donor. The neutral
charge state reveals two LVMs at 3288.3 and 3292.0 cm™!, whereas the positive charge state has a vibrational

mode at 3287.4 cm™!.
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I. INTRODUCTION

TiO, in its two modifications, rutile and anatase, has
been a subject of extensive studies since the discovery of
the photocatalytic splitting of water at a TiO, electrode
under ultraviolet (UV) light exposure in 1972."? The unique
chemical, photochemical, and physical properties of this
material in combination with the possibility of easy fabrication
of nanostructures has led to numerous promising applications
in areas ranging from photovoltaics and photocatalysis to
photo-/electrochromics and sensors.>® These exciting poten-
tial applications are in contrast to the poor understanding of
fundamental processes like carrier excitation and transport in
this material.

As-grown TiO; crystals of both types exhibit a rather high
n-type carrier concentration. There is an ongoing dispute on
the microscopic nature of the involved shallow donors. Mostly
oxygen vacancies or titanium interstitials (Ti;) were discussed
first as the source of n-type doping.”® However, the electron
paramagnetic resonance (EPR) identification of Ti; in rutile
was reinterpreted and the observed center was ascribed to H
impurities.” In support, shallow donor states for hydrogen were
reported from conductivity'® and transport measurements,'!
as well as from muon spin-rotation spectra in both rutile and
anatase.'? Ionization energies for the shallow donor are either
not reported or vary drastically. Several calculations predict
a shallow donor level for H in rutile.!3-'® However, a deep
donor level is found if the interaction with the d electrons
and polaronic effects are accounted for.'” The behavior of
hydrogen in TiO, appears to be far from trivial in other ways
as well. A giant enhancement of diffusivity (important for
storage purposes) was observed on electron irradiation'® and
infrared (IR) illumination. "’

Early IR absorption experiments on rutile TiO, revealed a
variety of hydrogen-related defects by their local vibrational
modes.?>?! Of particular interest for the present investigation
is a defect that gives rise to a local vibrational mode (LVM) at
3290 cm~! (10 K) originating from an O—H bond oriented
perpendicular to the ¢ axis of the crystal.”’ The defect
responsible for this mode was attributed to an H', which
forms a single dative bond to oxygen using the O 2p lone-
pair electrons. This behavior is in contrast with ZnO where
hydrogen breaks an Zn—O bond to form an O—H complex.
In rutile the hydrogen is located in the empty ¢ channel and
vibrates in a double-well potential between two O ions.'®-??23
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We will label this defect H. or D, in the case of hydrogen or
deuterium, respectively.

Here we assign the shallow hydrogen donor in rutile to the
H. defect that gives rise to the 3290 cm~! vibrational band.
The ionization energy of the donor is in the order of meV.
Our results provide insight into the microscopic and electrical
properties of hydrogen and the electronic conductivity of rutile
TiO,.

II. EXPERIMENTAL

The rutile TiO, samples used in this work were commercial
(110)-oriented 10 x 10 x 0.5 mm® wafers purchased from
CrysTec GmbH (Germany). The nominally undoped single
crystals were grown by the Verneuil technique and had
a resistivity above 10 MQ cm at room temperature (RT).
Hydrogen and/or deuterium were/was introduced into the
samples via thermal treatments in sealed quartz ampules filled
with hydrogen and/or deuterium gas (pressure of 0.5 bar at
RT). The treatments were carried out in the temperature range
from 480° to 530°C for 12 to 18 h and were terminated by
quenching to RT in water. In order to vary the concentration
of hydrogen in the samples, isochronal treatments (anneals)
in the temperature range 500 ° to 630 °C were subsequently
performed that had a duration of 30 min and were carried
out in an argon atmosphere. The thermal stability of hydrogen
donors was determined from a series of anneals at temperatures
from 100 ° to 900 °C in steps of 50 °C.

Infrared absorption spectra were recorded with a Bomem
DA3.01 Fourier transform spectrometer equipped with a
globar light source, a CaF, beamsplitter, and a liquid-nitrogen-
cooled InSb detector. The spectral resolution was 0.1-
0.5 cm™!. Infrared absorption measurements were performed
in a temperature range of 5-110 K. Polarized light was
produced by a wire-grid polarizer with a KRS-5 substrate.

III. RESULTS AND DISCUSSION

A group of hydrogen-related local vibrational modes was
detected at around 3290 cm~! after annealing the TiO,
samples in H, gas at 525 °C. Figure 1 shows the evolution of
the 3290 cm™' feature at different sample temperatures.
We note that no other hydrogen-related vibrational bands
outside the region presented in the figure were observed. In
accordance with previous studies (see Ref. 20), we found
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FIG. 1. Infrared absorption spectra (unpolarized light) of TiO,:H
recorded at different temperatures. The spectra are offset vertically
for clarity. The inset shows energy level diagram (in cm™!) for the
neutral charge state of H,.

that these have a maximum intensity for the light polarized
perpendicular to the ¢ axis and anneal out at about 550 °C.
As-received TiO, samples also reveal a weak (factor of 35 less)
signal at 3287.4 cm™~! with similar polarization properties. This
mode, however, was found to be stable up to 900 °C and we,
therefore, conclude that the corresponding defect is related to
an O—H bond close to another impurity or native defect.

TiO, samples treated in D, reveal LVMs due to D, at about
2445 cm™! with linewidths of about a factor of 2 smaller than
those originating from H.. Because of this, in the following
discussion we will concentrate on the results obtained for the
deuterium counterpart of this defect without, however, loss of
generality.

Figure 2 shows IR absorption spectra recorded at 6, 17, 36,
and 50 K for the D, complex. Three lines at 2445.0, 2445.7,
and 2447.8 cm™! are clearly seen. Below we will give strong
evidence that D, is a shallow donor with the 2445.0 cm™!
line originating from the positive charge state of this defect,
Dj, whereas the 2445.7 and 2447.8 cm™! lines are due to the
ground and an excited vibrational mode of the neutral state,
D?. We label these LVMs D™, Dg, and DY, respectively. The

corresponding modes of H, are at 3287.4 (H"), 3288.3 (Hg),

and 3292.0 cm~! (H?).

First, we discuss the temperature behavior of D(g) and
DS. As follows from Fig. 2, the Dg, mode dominates the
spectrum at 6 K. As the temperature raises, the intensity
of the excited D) mode grows in at the expense of DY.
Further increase in the temperature results in the broadening
of both lines. The intensity ratio R of the D® and Dg, modes
can be fit by the Boltzmann exponent R o exp(—AEp/kT)
with AEp ~ (1.24+0.1)meV ~ (10£1) cm™'. Insert in
Fig. 2 shows the energy level diagram of D? deduced
from the temperature-dependent measurements. In the case
of hydrogen the ground state of HY is split by AEy =~
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FIG. 2. Infrared absorption spectra (unpolarized light) of TiO,:D
recorded at different temperatures. The spectra are offset vertically
for clarity. The inset shows the energy level diagram (in cm™~!) for
the neutral charge state of D..

(1.00 £ 0.05)meV & (8 £ 0.5) cm~!. The energy-level dia-
gram is given as an inserts in Fig. 1.

At present we can only speculate about the origin of
the LVM splitting of H? (D?). Polaron effects due to the
localized donor electron at a Ti ion seem to be possible
as well as electronic splitting of the ground donor state.
Another plausible explanation of the splitting comes from the
microscopic structure of the defect. According to theory, the
proton (deuteron) is located inside the ¢ channel of the rutile
lattice in a double-well potential along the O—O direction
perpendicular to the ¢ axis.?? Due to the asymmetry of the
potential, the proton (deuteron) is localized in one minimum.>*
The finite energy barrier between the two minima, however,
leads to a tunneling splitting of the vibrational states of the
proton (deuteron). Note that a similar behavior was recently
observed for hydrogen in KTaOs3.>> The tunneling splitting is
larger for smaller barrier heights, which qualitatively explains
the “blue” shift of the excited vibrational level compared to
the ground one (see insets in Figs. 1 and 2). The significant
broadening of the LVMs for 7 > 25 K may then be due
to the incoherent tunneling caused by the lattice vibration
and the associated modulation of the proton potential.>*?
However, with regard to this explanation the difference in
the ground-state splitting between the hydrogen isotopes is
relatively small. Further experimental as well as theoretical
studies are needed to clarify this issue.

Dependence of LVM frequencies of hydrogen-related
defects on the charge state has been documented in many
semiconductors, e.g., GaAs,” Si,2” or Zn0O.?® Typically, these
defects give rise to deep rather than shallow levels in the band
gap. Below we present the evidences that the H (D) mode
and the H° (D®) modes of H, (D.) are due to the positive and
neutral charge state of a shallow donor, respectively.

Figure 3(a) shows the integrated absorption measured on
the DT and DY modes as a function of temperature. The two

235202-2



INFRARED ABSORPTION OF THE HYDROGEN DONORIN . ..

F (a) TiO2:D
20 Dt
oo o
H"\ 10 o
E 1] L]
8] L
~ 0 0
- Dy + D¢
.0 \
-
o
o
%)
Q
e L
5 —
0

Temperature (K)

FIG. 3. Absorption of D* (M), D)+D? (0J) (a), and free carriers
o, (e) (b) as a function of temperature obtained from a TiO, sample
treated in the D, gas. The solid lines are the best-fit curves of the
experimental data (see text).

signals are constant for the temperatures below 20 K. As the
temperature raises, the intensity of D™ grows in, whereas that
of DY weakens. The anticorrelation between vibrational modes
of D* and DY confirms our suggestion that they originate from
different charge states of the same defect. The temperature
dependence shown in the figure can be fitted assuming that D,
is the dominant donor in the sample with some background
acceptors. The latter follows from the nonvanishing intensity
of the DT mode at low temperatures. In this model the
concentration of the ionized donors N is obtained from (see

e.g., Ref. 29)
Nt  Ny—x Ni—x\> «x
— = + + ¢))
N[) 2ND 2ND ND

Here, N, is the concentration of the compensating acceptors,
Ep the ionization energy of the shallow donor, m) the
electron effective mass, x = 0.5N.exp(—Ep/kpT),and N, =
2(mikp T/2mh*)3/2. A reasonably good agreement with the
experimental data shown in Fig. 3(a) by the solid lines
is obtained for Ep = (10£ 1) meV, Np = (2.5£0.5) x
10" em™3, Ny = (8 £3) x 10" cm™3, and m? = (17.0 +
1.5)m,. Note that due to the anisotropy of the conduction
band of rutile m* = (mym?%)'/3, where m; and m, are the
effective mass parameters of the ellipsoidal energy minimum
with the main axes parallel and perpendicular to the ¢ axis,
respectively.*”

Within the experimental accuracy, the results obtained
for the same TiO, material treated in the H, gas yielded
the same values of Ep, m}, and N4. The independence
of these parameters on the hydrogen isotope supports the
shallow donor nature of H.. Moreover, the results of this fit
allow us to calibrate the integrated intensity of the LVMs at
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3290 cm™! in order to determine the total concentration N of
these defects,

N =6.6 x 10 cm™! / a3200(0) do. )

Here, o is the wave number. The absorption coefficient is
inversely proportional to the reduced mass m, of vibrating
species.>! We found that in the case of LVMs of D,., the cor-
responding prefactor in Eq. (2) equals 1.2 x 10" cm™!. This
is approximately a factor of 2 higher compared to hydrogen,
which is in good agreement with the ratio m?/mH" = 1.9,
where m* and mP are the reduced masses of the '°0—H and
160 —D units, respectively.

The effective mass of electrons in the conduction band
of rutile was determined previously by the Hall effect and
conductivity,'*>33 IR reflectivity,3* optical absorption,* ther-
moelectric effect,333037 and specific heat measurements.>® The
reported values, however, are spread in a wide range between
2 m, and 190 m,. We speculate that such a discrepancy
originates from variations of intrinsic defects in the different
samples. Note that most of the studies cited above were
performed at RT. On the other hand, the values of m}
deduced from the low-temperature measurements are 12.5 m,
(640 K)'!' and 8 m, (1.6-300 K),* which is in reasonable
agreement with the results of our measurements performed in
the temperature range 6 to 110 K.

The ionization temperature of shallow defects 7, which is
defined as a temperature at which concentrations of neutral
and ionized species are equal, depends on the total amount
of the defects. In the case presented in Fig. 3(a) we see that
T, ~ 30 K. In order to further test the shallow donor nature
of H. (D,), experiments similar to the one presented in Fig. 3
were carried out for different integrated intensities of the 3290
(2445) cm~! modes (see experimental section for details). It
was established that the value of T, decreases as the integrated
LVMs intensities due to H, (D) drop. Moreover, because of
the compensating acceptors, which were always present in our
samples, only the HT (D™) modes were seen in the spectra for
low concentrations of the species. These findings are also in
favor of H, (D,) as a shallow donor in TiO,.

Free electrons in the conduction band of TiO, also absorb
light. Treated classically, the corresponding absorption coeffi-
cient a, is given by (see e.g., Ref. 39)

4meln T
o, =

n.cm* 1 + o?t?’ ©)
where n is the concentration of the electrons in the conduction
band, n, is the refractive index, and c is the speed of light. From
the Drude model of electrical conduction, the mean relaxation
time may be expressed as T = um /e, where u is the electron
drift mobility.

At temperatures below 10 K all carriers freeze-out so n
is equal to zero. Therefore, the absorption spectrum taken at
5 K can be used as a reference signal to obtain the absorp-
tion coefficient due to free electrons o, = a(T) — (5 K).
Figure 3(b) shows the value of o, determined at 2400 cm™!
in the temperature range 5 to 50 K for the same sample as in
Fig. 3(a). As one can see, the free carrier absorption correlates
quite well with the intensity of the DT signal.
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At low temperatures electrons are preferentially scattered
at ionized centers.””3>#0 The solid line in Fig. 3(b) is a fit
of o obtained under the assumption that this is the dominant
scattering mechanism for temperatures below 50 K. A detailed
discussion of the electron mobility in TiO; is beyond the scope
of this paper. We refer to the Hall effect and conductivity
studies of rutile Ti0O,.323%374042 Note that u was the only
fitting parameter for the solid line in Fig. 3(b), since the
values of m} and n were obtained from the data presented
in Fig. 3(a). At about 40 K the mobility has a maximum value
of about 50 cm?/Vs. The reasonable agreement with the results
of previous measurements is consistent with the model of D,
(H,) as a shallow donor in rutile TiO,.

As a part of this investigation we also performed pho-
toconductivity measurements for hydrogenated TiO,. It was
established that the photosignal can be detected only at low
temperatures when free electrons freeze-out. The freeze-out
temperatures were found to correlate with the values of T,
which we take as an additional support of the shallow donor
nature of H.. A detailed photoconductivity investigation of
TiO, will be performed separately.

Finally we want to comment on the thermal stability of H..
The activation energies of hydrogen diffusion in rutile TiO,
parallel and perpendicular to the c axis were found to be 0.59
and 1.28 eV, respectively.*** This makes isolated hydrogen
extremely mobile already at room temperature and may, in
principle, result in formation of interstitial H, molecules as it
happens in ZnO.*

We performed Raman scattering measurements in the
course of annealing process of H,. to probe hydrogen molecules
in TiO,. No signal was found, which would appear in the
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spectra at the expense of the 3290 cm™! vibrational band. This
is consistent with the results of first principles calculations
which predict that H, is 2.4 eV higher in energy that two
isolated H,."”

Recently, Chen er al. reported the results of the I[-V
measurements of electrochemically hydrogenated TiO,.*®
These authors established that the I-V characteristics of rulile
hydrogenated at RT reveal a strong aging behavior. This finding
was interpreted in terms of HT diffusion with subsequent
formation of electrically inactive H. The mobile H* species
was assigned to some unknown metastable state of hydrogen
which does not form an O—H bond.

In our opinion, H} alone can account for the aging behavior
of TiO; reported by Chen et al. The low activation energy of
H. diffusion!®*** together with the high formation energy of
H, implies that the apparent thermal stability of hydrogen
donors in rutile detected by these authors depends on the
experimental conditions such as presence of traps, sample
thickness, concentration profile, and so on.

IV. SUMMARY

The hydrogen-related defect in rutile TiO, that gives rise to
the vibrational modes at around 3290 cm~! was identified as a
shallow donor with an ionization energy of 10 £ 1 meV. The
3290 cm™~! feature consists of two LVMs due to the neutral and
the positive charge states of the donor with relative intensities
depending on the sample temperature. In the neutral charge
state, the defect reveals two LVMs at 3288.3 and 3292.0 cm™!.
The positive charge state results in a vibrational mode at
3287.4cm™!,
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