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Hydrogenated vacancies and hidden hydrogen in SrTiO3
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We investigate the stability of O, Ti, and Sr vacancies in SrTiO3 and their interactions with hydrogen impurities.
Based on density functional calculations with a hybrid functional, we analyze formation energies, binding
energies, and H-related vibrational modes. We find that interstitial hydrogen (H+

i ) and substitutional hydrogen on
an oxygen site (HO) both act as shallow donors and are likely to contribute to unintentional n-type conductivity.
Hydrogen can also bind to Ti vacancies in the form of (VTi-H)−3 and (VTi-2H)−2 complexes. Sr vacancies can form
(VSr-H)− or accommodate an H2 molecule in the form of (VSr-H2)−2 complex. The latter provides an explanation
for the “hidden” hydrogen recently observed in annealing experiments [M. C. Tarun and M. D. McCluskey, J.
Appl. Phys. 109, 063706 (2011)].

DOI: 10.1103/PhysRevB.89.075202 PACS number(s): 61.72.Bb, 63.20.Pw, 61.72.J−, 71.55.Ht

I. INTRODUCTION

Strontium titanate (SrTiO3 or STO) is a key material in
the development of oxide-based electronic devices [1,2]. It
often serves as a substrate for ferroelectrics and high-Tc

superconductors [2]. More recently, STO has been shown to
hold a two-dimensional electron gas (2DEG) at the interface
with other complex oxides such as LaAlO3 [3] or GdTiO3 [4],
focusing attention on the use of STO as a semiconductor in its
own right. As in any semiconductor, the electronic properties
of STO can be strongly affected by the presence of native
defects and impurities. Native point defects in STO have been
recently studied using first-principles calculations [5–7], and
the role of the hydrogen impurity has been investigated both
experimentally [8–10] and theoretically [11,12]. Experiments
indicate that H impurities can be readily incorporated into
STO. Klauer and Wöhlecke resolved the configuration of H
incorporated as an interstitial (Hi) [9] using polarized Raman
scattering. Recent infrared (IR) spectroscopy measurements by
Tarun and McCluskey indicate the existence of an H-related
defect that is stable up to temperatures of 1100 ◦C [10]. It
was proposed that hydrogen impurities form complexes with
Sr vacancies (VSr) and give rise to local vibrational modes in
the range of 3350–3600 cm−1. The experiments also revealed
that some of the hydrogen exists in a form that cannot be
detected using IR spectroscopy. This “hidden” hydrogen is
released as H+

i upon annealing at temperatures ∼400–500 ◦C
[10]. Calculations based on density functional theory (DFT) in
the local density approximation (LDA) have been performed
to identify the H-related vibration frequencies [12], yet the
source of hidden hydrogen has remained elusive.

Here we perform a comprehensive investigation of hydro-
gen in STO and its interaction with native defects. We use
first-principles calculations based on DFT, employing a hybrid
functional that overcomes the band-gap problem associated
with the use of conventional functionals such as the LDA or
generalized gradient approximation (GGA). We find that H
acts as a shallow donor when incorporating in interstitial sites
(H+

i ) or substitutionally on the O site (H+
O). We also find that

H interacts strongly with the cation vacancies, forming stable
complexes with Ti vacancies (VTi) and Sr vacancies (VSr). We
describe these defects in terms of their formation energies and
binding energies with respect to H+

i .
Our results shown that H can enhance n-type conductivity

in STO in two distinct ways. First, by increasing the free carrier
concentration as a shallow donor, and second, by passivating
native defects that act as compensating centers, specifically by
lowering the charge state of highly charged cation vacancies.
We discuss the vibrational frequencies associated with these
defects, providing an identification for the modes observed in
recent experiments [10]; the signals 3350–3390 cm−1 are most
likely related to O-H stretch modes of a complex composed
of two interstitial H and a Ti vacancy [(VTi-H)−2]. Finally, we
explored complexes involving interstitial H2 molecules that
possibly behave as hydrogen reservoirs. We find that only the
Sr vacancy can accommodate an H2 molecule in a stable man-
ner, explaining the release of interstitial H+

i at temperatures
∼400–500 ◦C [10] and providing an unambiguous explanation
for the source of hidden hydrogen in STO.

II. DETAILS OF THE CALCULATIONS

The calculations are based on generalized Kohn-Sham
formalism with the HSE06 screened hybrid functional [13]
and the projector augmented-wave method, as implemented in
the VASP code [14–17]. The Hartree-Fock mixing parameter
is set to 25%, resulting in values for band gap [18], lattice
constant [19], and enthalpy of formation [20] of cubic STO that
are in good agreement with experiments (Table I) and previous
calculations using hybrid functionals [6,7,21]. The Ti semicore
3s and 3p electrons were treated as core electrons, as tests show
that their inclusion leads to changes in formation energies of
less than 0.1 eV. For the defect calculations we use a 135-atom
supercell, a 2 × 2 × 2 Monkhorst-Pack k-point sampling, and
a plane-wave basis set with a cutoff of 400 eV. Corrections due
to finite-size effects resulting from the long-range Coulomb
interaction of charged defects in a homogeneous neutralizing
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TABLE I. Calculated structural parameters, indirect (R-�) and
direct (�-�) band gaps, and formation enthalpies for cubic STO.
Structural parameters and formation enthalpies of TiO2, SrO, and H2O
are also listed. Experimental values from taken from Refs. [18–20].

Material Property Theory Experiment

SrTiO3 a (Å) 3.905 3.900
Ei

g(R-�) (eV) 3.11 3.25
Ed

g (�-�) (eV) 3.41 3.75
�Hf (eV) − 16.22 − 17.13

TiO2 a (Å) 4.617 4.593
c (Å) 2.953 2.958

�Hf (eV) − 9.07 − 9.11

SrO a (Å) 5.156 5.140
�Hf (eV) − 5.60 − 6.14

H2O H-O (Å) 0.961 0.958
H-O-H (deg) 105.2 104.5
�Hf (eV) − 2.51 − 2.62

background were explicitly included following the scheme of
Freysoldt et al. [22,23]. Due to the very large static dielectric
constant of STO (ε0 = 370 at room temperature) [24], the
effects of the finite-size corrections are dominated by the term
describing the proper alignment of the electrostatic potentials
of the bulk and defect-containing supercells.

Formation energies are key quantities from which we can
derive impurity and defect concentrations, stability of different
charge states, and the related charge-state transition levels [25].
As an example, the formation energy of VSr is given by

Ef
(
V

q

Sr

) = Etot
(
V

q

Sr

) − Etot(STO) + μSr + q · εF + �q, (1)

where Etot(V
q

Sr) is the total energy of the supercell containing
a vacancy in charge state q, and Etot(STO) is that of a perfect
crystal in the same supercell. The chemical potential μSr,
referenced to the total energy per atom of bulk Sr, can in
principle vary over a wide range given by the stability condition
of SrTiO3:

μSr + μTi + 3μO = �Hf (SrTiO3), (2)

with μSr � 0, μTi � 0, and μO � 0. The chemical potential
μTi is referenced to the energy per atom of Ti bulk, and μO to
half the energy of molecular O2. μSr, μTi, and μO are further
constrained by the formation of TiO2 and SrO:

μTi + 2μO < �Hf (TiO2), (3)

μSr + μO < �Hf (SrO). (4)

For a given value of μO, μTi and μSr can therefore vary over a
range:

�Hf (SrTiO3) − �Hf (SrO) − 2μO

< μTi < �Hf (TiO2) − 2μO, (5)

�Hf (SrTiO3) − �Hf (TiO2) − μO

< μSr < �Hf (SrO) − μO. (6)

For the defects containing hydrogen we reference the chemical
potential μH to half of the total energy of an H2 molecule. In
the O-rich limit μH is limited by the formation of H2O, i.e.,

2μH + μO < �Hf (H2O). (7)

The term q · εF in Eq. (1) represents the electron chemical
potential or Fermi level εF , i.e., the energy of the reservoir with
which electrons are exchanged to form the charged defect. We
reference εF to the valence-band maximum (VBM), and plot
formation energies as a function of εF ranging from the VBM
to the conduction-band minimum (CBM). Since STO is almost
always n type, we focus our analysis of formation energies and
binding energies on εF at the CBM (=Eg). Finally, the last term
in Eq. (1) is the charge-state dependent correction due to the
finite size of the supercell [22,23].

III. RESULTS AND DISCUSSION

The calculated lattice constant, band gap, and formation
enthalpy of STO are listed in Table I. We also list the calculated
structural parameters and formation enthalpy of TiO2, SrO, and
H2O. The formation enthalpies are used to establish bounds
for the chemical potentials that determine the defect formation
energies, according to Eqs. (2)–(7). The calculated values of
all quantities listed in Table I are in good agreement with
experiment.

Figure 1 shows the range of μTi and μO values for which
STO is stable. The chemical potential μO can, in principle,
vary over a very wide range from 0 to −5.60 eV, while μTi can
vary from 0 to −10.62 eV, as long as Eq. (1) is satisfied. For
increasing μO and μTi, the stability of STO is limited by the
formation of TiO2, whereas in the low μO and μTi region, the
stability of STO is limited by the formation of SrO.

In the following discussion we present the results for
(i) μO = 0 (points A and B in Fig. 1), corresponding to
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FIG. 1. (Color online) Allowed values of Ti and O chemical
potentials defining the stability of SrTiO3. The chemical potentials
μO, μTi, and μSr are limited by the formation of the SrO and TiO2 as
described in the text. The line joining A and B corresponds to μO = 0,
while the line between C and D corresponds to μO = −3.20 eV, i.e.,
to the experimental conditions in Ref. [10] (see text).
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TABLE II. Formation energies of point defects, impurities, and
complexes in STO, in all calculated charge states. Chemical potentials
are set to the elemental reference energies, and the Fermi level is
chosen at the VBM. Values associated with an asterisk (∗) indicate the
defect is not stable as a localized charge state, i.e., that the conduction
(valence) band was populated with the electron (hole) rather than the
defect.

Defect +2 +1 0 −1 −2 −3 −4

H2 – – 2.60 – – – –
Hi – −2.00 1.59 5.55 – – –
VO −1.31 * * – – – –
HO – 0.89 * – – – –
VO-H2 −0.59 * * – – – –
VTi – – 16.11 16.69 17.46 18.14 18.92
VTi-H – – 13.04 13.60 14.31 14.92 *
VTi-2H – – 10.20 10.84 11.47 * *
VTi-H2 – – – – – 18.76 21.00
VSr – – * * 10.52 – –
VSr-H – – * 7.50 * – –
VSr-2H – – 4.81 * * – –
VSr-H2 – – * * 10.78 – –

oxygen-rich conditions—in this case μH = �Hf (H2O)/2 =
−1.26 eV; and (ii) μO = −3.20 eV and μH = −0.61 eV
(points C and D), corresponding to the hydrogenation con-
ditions in the experiments of Tarun and McCluskey [10,26].
In the hydrogenation experiments, the STO single crystal is
placed in a quartz ampoule that is filled with 1/2 atm H2 gas
and then heated to 800 ◦C. This value of μO = −3.20 eV also
corresponds to that set in annealing experiments on STO single
crystals using mixtures of O2 with air, Ar, or Ar/H2, with O2

partial pressure varying from 10−13 to 10−14 Pa at 800 ◦C [27].
A summary of the calculated formation energies for all

defects, impurities, and complexes considered in the present
work is presented in Table II. Individual cases will be discussed
in the following subsections.

A. Interstitial hydrogen and interstitial H2 molecules

The most stable configuration of an isolated H interstitial
is shown in Fig. 2(a). We find H located in the (001) plane,
bonded to an O atom, with an H–O bond length of 0.98 Å, and
forming an H-O-Ti angle of 76◦. These results are similar to
those reported in Ref. [12]. Interstitial H is stable exclusively
in the positive charge state. Therefore, it acts as a shallow
donor and may contribute to n-type conductivity in STO. This
behavior is similar to that found in other wide-band-gap oxide
materials [28–33], and is related to the low position of the
conduction-band edge on an absolute energy scale [34].

We also considered the possibility of placing an H2

molecule at interstitial sites. The lowest energy configuration
is for H2 in the (001) plane, oriented along the [110] direction,
as shown in Fig. 2(b); the equilibrium H–H bond length is
0.73 Å, very close to the value for an H2 molecule in free space
(0.74 Å). Interstitial H2 is electrically inactive, i.e., it is stable
exclusively in the neutral charge state. The occupied bonding
state is 7 eV below the VBM and the empty antibonding state
is resonant in the conduction band.

(a) (b)

H

H

Sr

O O

Sr

Ti Ti

Hi
+ H2

FIG. 2. (Color online) Lowest energy configurations for (a) in-
terstitial hydrogen H+

i and (b) an interstitial hydrogen molecule (H2)
in STO. The interstitial H atom bonds to an O atom in the (001) plane,
forming an H-O-Ti angle of 76◦. The interstitial H2 molecule sits in
a (001), within a TiO2 plane, with the H–H bond oriented along the
[110] direction.

Figure 3 shows the formation energy as a function of Fermi
level for interstitial H and H2, for μO = 0 (corresponding to
points A and B in Fig. 1), and μO = −3.20 eV (corresponding
to points C and D). For μO = 0 we take μH = −1.26 eV,
corresponding to equilibrium with H2O, and for points C and
D we take μH = −0.61 eV corresponding to the free energy
of H2 gas at 800 ◦C and 1/2 atm (hydrogenation conditions in
Ref. [10]). The formation energy of H+

i increases linearly with
the Fermi level; H+

i has moderate formation energy in n-type
STO. Interstitial H2 has a much higher formation energy than
H+

i and is thus very unlikely to incorporate.

B. Oxygen vacancies and H on the oxygen site (HO)

Removing an O atom from the STO lattice leaves two
Ti dangling bonds to be occupied by two electrons. These
dangling bonds combine into a bonding state in the gap and an
antibonding state resonant in the conduction band. In the case
of a vacancy in the neutral charge state (V 0

O), the state in the
gap is occupied by two electrons, with opposite spins; for V +

O ,
the state in the gap is singly occupied. We find that V 0

O and
V +

O are always higher in energy than V +2
O . In the +2 charge
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FIG. 3. Formation energy of interstitial H (H+
i ) and interstitial

H2 molecule in STO. The chemical potentials are set to (a) μO = 0,
μH = −1.26 eV, corresponding to points A and B in Fig. 1, and (b)
μO = −3.20 eV, μH = −0.61 eV, corresponding to points C and D.

075202-3



J. B. VARLEY, A. JANOTTI, AND C. G. VAN DE WALLE PHYSICAL REVIEW B 89, 075202 (2014)

(a)

(b) (c)

VO
+2

VOSr

O Ti

Sr

O Ti

H

HO
+

(VO
+2-H)

TiO

H
Sr

FIG. 4. (Color online) Local lattice configurations for (a) the
doubly ionized oxygen vacancy (V +2

O ), (b) the substitutional H (H+
O),

and (c) the H2 molecule occupying an oxygen site [(VO-H2)+2].

state, the neighboring Ti atoms are displaced away from the
vacant site by as much as 0.11 Å [Fig. 4(a)], lifting the bonding
state that was in the gap for the neutral charge state to become
resonant in the conduction band.

An O vacant site can be occupied by an H atom. We find
that the H atom, instead of moving off site toward one of the
Ti neighbors, prefers to sit on site, equally bonding to the
two Ti neighbors as shown in Fig. 4(b), with an H–Ti bond
length of 2.02 Å (to be compared with the equilibrium O–Ti
bond length of 1.95 Å). In this three-center-bond configuration,
the substitutional H+

O acts as a shallow donor, similar to the
behavior in other wide-gap oxides such as ZnO [35], SnO2

[31], TiO2 [33], and BaTiO3 [36].
In principle, an H2 molecule can also sit at the O vacant

site, as shown in Fig. 4(c). The H–H bond is perpendicular to
the axis connecting the two Ti neighbors, and oriented along
the [110] direction. This complex is most stable in the +2
charge state (VO-H2)+2, being composed of a doubly ionized
vacancy V +2

O and a neutral H2 molecule. This interpretation is
based on the facts that (a) the Ti-Ti distance in the complex
4.19 Å is slightly larger than the Ti-Ti distance in the isolated
V +2

O , (b) the H-H distance of 0.76 Å is very close to that in the
isolated interstitial H2, and (c) no gap states are present.

The formation energies as a function of Fermi level for V +2
O ,

H+
O, and (VO-H2)+2 are shown in Fig. 5. The binding energy of

H+
O with respect to dissociation into V +2

O and H+
i , calculated as

Eb = Ef (V +2
O ) + Ef (H+

i ) − Ef (HO
+) is 2.3 eV for εF at the

CBM; combined with the calculated value for the migration
barrier of H+

i of 0.25 eV [12], we estimate that H+
O is stable

up to 500 ◦C [37]. As V +2
O would repel the positively charged

H+
i present in the lattice, we expect H+

O to form only during
growth, annealing, or in hydrogenation experiments. Finally,
we observe that the complex (VO-H2)+2 is energetically highly
unfavorable.
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FIG. 5. Formation energies of the doubly ionized vacancy (V +2
O ),

substitutional H (H+
O), and an H2 molecule sitting on the O site [(VO-

H2)+2] for (a) O-rich conditions (μO = 0, A and B points in Fig. 1),
and (b) μO = −3.20 eV (C and D points in Fig. 1), corresponding to
the conditions in the experiments of Ref. [10].

C. Titanium vacancies and complexes with hydrogen

The Ti atoms in STO are sixfold coordinated, sitting at the
center of TiO6 octahedra. Thus, the removal of a Ti atom leaves
six O dangling bonds, with a total of four missing electrons
(holes). In n-type STO, the Ti vacancy is most stable in the −4
charge state V −4

Ti , and all six O atoms are displaced slightly
away from the vacancy by 0.14 Å, resulting in O-O distances of
2.95 Å along the [110] and 4.17 Å along the [100] directions
[Fig. 6(a)]. These O-O distances are too large to allow the
formation of O–O bonds.
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OTi H

Sr

OTi
H
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-2

(d) -H )(VTi
-4

2

FIG. 6. (Color online) Local lattice configurations for (a) a Ti
vacancy in the −4 charge state (V −4

Ti ), (b) one H atom bonded to an
O atom in the Ti vacancy [(VTi-H)−3], (c) two H atoms bonded to O
atoms in the Ti vacancy [(VTi-2H)−2], and (d) an H2 molecule in the
Ti vacancy [(VTi-H2)−4].
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FIG. 7. Formation energies of the Ti vacancy (VTi), one H atom
bonded to an O atom in the Ti vacancy [(VTi-H)], two H atoms bonded
to O atoms in the Ti vacancy [(VTi-2H)], and an H2 molecule in the
Ti vacancy [(VTi-H2)], for different sets of chemical potentials (A, B,
C, and D, see Fig. 1).

Since the Ti vacancy is negatively charged in n-type STO,
and since it contains O dangling bonds, we expect it to form
complexes with positively charged interstitial H. Indeed, we
find that VTi can accommodate one or two H atoms. The
complex with one H atom is stable in the −3 charge state
(VTi-H)−3, and the complex with two H is stable in the −2
charge state (VTi-2H)−2, the atomic configurations of which
are shown in Figs. 6(b) and 6(c). In the case of (VTi-H)−3, the
O–H bond length is 0.98 Å with the bond oriented along the
[001] direction. In the case of (VTi-2H)−2 the two H atoms are
bonded to O atoms that are on opposite side of the vacancy,
as shown in Fig. 6(c) with a bond length of 0.97 Å. The O-H
bonds deviate from the [001] direction by an angle of 21◦ due
to Coulomb repulsion, resulting in an H–H distance of 2.22 Å.

We also explored the possibility of placing an H2 molecule
at the Ti vacancy. Since this complex consists of a V −4

Ti and a
neutral H2 molecule, it is stable in the −4 charge state in n-type
STO, (VTi-H2)−4. The H–H bond, with a length of 0.72 Å, is
oriented along the [111] direction with the center of mass at
the original Ti site, as shown in Fig. 6(d), and an O-O distance
along the [100] direction of 4.27 Å, compared to 4.18 Å for the
isolated V −4

Ti . The shortest distance between H and O in this
complex is 1.95 Å, indicating an absence of O–H bonding.

Figure 7 shows the formation energies of the Ti vacancy
and its complexes with hydrogen. Conditions A and B, both for
μO = 0, correspond to different μTi values, as shown in Fig. 1,
and similarly for C and D. For the latter, V −4

Ti , (VTi-H)−3, and
(VTi-2H)−2 have similar formation energies for εF at the CBM.
The binding energy of (VTi-H)−3 with respect to dissociation
into V −4

Ti and H+
i is 2.0 eV. In the case of (VTi-2H)−2, the

binding energy with respect to (VTi-H)−3 and H+
i is 1.5 eV.

Combined with the migration barrier of H+
i , we estimate [37]

that (VTi-2H)−2 is stable up to 350 ◦C, and (VTi-H)−3 up to
450 ◦C.

A hydrogen molecule trapped in an V −4
Ti vacancy (VTi-H2)−4

constitutes a local minimum in the potential energy landscape,
i.e., a metastable state distinct from (VTi-2H)−2 described
above. However, it is much higher in energy than (VTi-2H)−2,
for all Fermi level values in the band gap (Fig. 7). It is thus very
unlikely that the trapped-molecule configuration would form,
which is to be expected given that the Ti vacancy is surrounded
by O dangling bonds that are very reactive to H atoms.

D. Strontium vacancies and complexes with hydrogen

The Sr atoms are surrounded by 12 nearest-neighbor
oxygen atoms with Sr-O distances of 2.76 Å. The Sr atoms
contribute two electrons to the valence bands derived from the
covalent bonds between the Ti and O atoms. In this view, the
Sr atoms are ionically bonded to a network of TiO6 octahedra.
Removing a Sr atom therefore leaves two holes in the valence
band. In n-type material, the Sr vacancy is stable in the −2
charge state (V −2

Sr ), causing negligible disturbance in the STO
lattice, as shown in Fig. 8(a).

(a) (b)

HSr O OSr
Ti Ti

VSr
-2 -H)

VSr

(VSr
-

Sr O
Ti

H Sr
O

Ti
H

(c) -2H)(VSr
0

(d) -H )(VSr
-2

2

FIG. 8. (Color online) Local lattice configurations for (a) a Sr
vacancy in the −2 charge state (V −2

Sr ), (b) one H atom bonded to an
O atom in the Sr vacancy [(VSr-H)−], (c) two H atoms bonded to O
atoms in the Sr vacancy [(VSr-2H)0], and (d) an H2 molecule in the
Sr vacancy [(VSr-H2)−2].
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FIG. 9. Formation energies of the negatively charged Sr vacancy
(V −2

Sr ), one H atom bonded to an O atom in the Sr vacancy [(VSr-H)−],
two H atoms bonded to O atoms in the Sr vacancy [(VSr-2H)0], and
an H2 molecule in the Sr vacancy [(VSr-H2)−2], for different sets of
chemical potentials (A, B, C, and D, see Fig. 1).

Being negatively charged, it is expected that V −2
Sr can form

complexes with H+
i . Indeed we find that V −2

Sr can bind up to two
H atoms, resulting in negatively charged (VSr-H)− and neutral
(VSr-2H)0. In the case of (VSr-H)−, the H atom is bonded to
one of the O atoms neighboring the vacancy, with an O–H
bond length of 0.97 Å, oriented toward the vacancy along the
[110] direction, and with the O-H unit pulled slightly toward
the vacancy [Fig. 8(b)]. In the case of (VSr-2H)0, the second H
atom can bond to any of the other 11 O atoms neighboring the
vacancy, with formation energies differing by less than 0.2 eV,
in agreement with the results in Ref. [12]. Figure 8(c) shows
a configuration in which the H atoms are bonded to two O
atoms that are in the same plane and close to each other. The Sr
vacancy can also accommodate an H2 molecule, the resulting
complex being stable in the −2 charge state (VSr-H2)−2. The
H–H distance is 0.74 Å and the bond is oriented along the
[001] direction as shown in Fig. 8(d).

The formation energies of the Sr vacancy and related
complexes are shown in Fig. 9. In n-type STO, the isolated
V −2

Sr is lower in energy than the hydrogenated vacancy. Still,
the binding energy of (VSr-H)− with respect to the dissociation
into V −2

Sr and H+
i is 1.0 eV, and that of (VSr-2H)0 with respect

to (VSr-H)− and H+
i is 0.7 eV. Adding the migration barrier

TABLE III. Theoretical and experimental values for the frequen-
cies of hydrogen-related vibrational modes, in cm−1. ω1, ω2, and ω3

are measured frequencies from Ref. [10]. The calculated values ωc

include a systematic correction of 53 cm−1, as described in the text,
to allow a more direct comparison with experiment.

Type Configuration dO-H (Å) ω (Expt.) ωc (Theory)

ω1 HI – 3500
ω2 HII – 3355
ω3 HII – 3384

H+
i Interstitial 0.964 3500

(VSr-H)−1 – 0.967 3679
(VSr-2H)0 Ha 0.967 3679

Hb 0.967 3687
(VTi-H)−3 – 0.975 3545
(VTi-2H)−2 Ha 0.975 3323

Hb 0.975 3364

of H+
i , the estimated temperature for dissociation of (VSr-2H)0

and (VSr-H)− is 150 ◦C.
We also find that an H2 molecule trapped in a Sr vacancy

(VSr-H2)−2 has lower formation energy than (VSr-2H)0 in n-
type material. This is in contrast to what happens in the Ti
vacancy, where the H atoms prefer to form O–H bonds. Indeed,
in the V −2

Sr no covalent bonds are broken and thus there is
no strong incentive for H to bond to O. When two H atoms
are introduced into the vacancy, they prefer to bond to each
other, leading to an H2 molecule trapped in the vacancy, a
configuration that is more stable than (VSr-2H)0, at least under
n-type conditions. This has important consequences for the
type of H-related vibrational frequencies that are observed,
and for the source of hidden hydrogen, as discussed in the next
section.

E. Hydrogen-related vibrational frequencies and
hidden hydrogen

To aid in the identification of the H-related complexes,
we calculated the stretch-mode vibrational frequencies of
the O–H bonds. The procedure involves introducing small
displacements of the H atom along the direction of the bond,
toward and away from the O atom. The change in total
energy versus distance results in a potential-energy curve, from
which we determine the frequency, using the O-H reduced
mass of 0.9481 amu. Anharmonic effects are included [38]
(Table III). Vibrational frequencies calculated in this fashion
can still have an error bar of up to 100 cm−1; however, a large
part of this error is systematic and can be attributed to the
fact that hybrid functionals tend to overestimate vibrational
frequencies by a few percent [39]. We therefore included an
additional correction, based on the difference in the calculated
and experimental frequencies for the hydrogen interstitial H+

i

(referred to as the HI signal in the experimental literature
[8–10]). We find a correction of 53 cm−1, which is then applied
to the calculated frequencies (all of which involve similar O–H
bonds), resulting in the ωc values in Table III.

Infrared spectroscopy [8–10] reveals signals at
∼3500 cm−1 (HI) that were assigned to interstitial H.
Our calculated stretch frequency for H+

i , listed in Table III,
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agrees with this assignment. Recent measurements [10] show
the existence of two additional signals in the 3350–3390 cm−1

range (HII) that are correlated to each other. These peaks
were assigned to two H bonded to a Sr vacancy [10], as in
the complex shown in Fig. 8(c). However, our calculated
frequencies for (VSr-H)− and (VSr-2H)0 are far too high
to account for the HII signals. No peaks in the range of
3670–3690 cm−1, as calculated for (VSr-2H)0, were observed
in the observed IR spectra, consistent with our conclusion that
this complex prefers to form (VSr-H2)−2, i.e., an H2 molecule
trapped in the Sr vacancy, which would be invisible to the IR
measurement.

Turning to VTi-related complexes, our calculated fre-
quencies for (VTi-2H)−2, as well as their difference, nicely
match the HII signals. Thus, based on the calculated vibra-
tional frequencies and calculated stability, we propose that
(VTi-2H)−2 is the source of the HII signals.

We now comment on the comparison of our present results
with previous calculations. Our conclusion that (VTi-2H)−2 is
the source of the HII signals is in agreement with the conclusion
in Ref. [40]. With regard to VSr, the authors of Ref. [12] also
concluded that (VSr-2H)0 complexes are not responsible for
the HII signals. However, in contrast to the present study, those
authors found much lower frequencies for the H-related modes
of (VSr-2H)0, around 3500 cm−1, and suggested them to be
the origin of the HI peak. As to interstitial hydrogen, their
calculated frequency [12] for H+

i was 2745 cm−1, reinforcing
their belief that interstitial H could not be responsible for the
HI peak. This calculated frequency of 2745 cm−1 is much
lower than our calculated value. We attribute this difference
mainly to the use of the LDA for the calculations performed in
Ref. [12], which tends to severely overestimate the interaction
between H and next-nearest neighbor O atoms.

Finally, we address the source of hidden hydrogen in the
experiments of Ref. [10]. Tarun and McCluskey suggested
that a reservoir of IR-inactive hidden hydrogen exists in STO,
which starts to release hydrogen at temperatures above 400 ◦C.
Our results suggest two possible microscopic origins for the
“hidden” hydrogen: (i) an H2 molecule in the Sr vacancy

[(VSr-H2)−2], as shown in Fig. 8(d), and (ii) substitutional
hydrogen (H+

O), as shown in Fig. 4(b). In (i), the H2 signal
would be invisible in IR measurements because of the lack
of a dipole moment in H2. The stability of this complex
also explains why O-H vibrational modes associated with
(VSr-2H)0 are not observed, since this complex is unstable with
respect to the formation of (VSr-H2)−2. In (ii), the frequency
of H+

O falls in the region where n-type STO is opaque due to
free-carrier absorption, and therefore difficult to detect using
IR measurements. Other possible sources of hidden hydrogen,
such as interstitial H2 or H2 trapped in V +2

O or V −4
Ti can be ruled

out because they are either too high in energy or unstable.

IV. SUMMARY

In summary, we have presented first-principles results for
structure and energetics of vacancies and complexes with
hydrogen impurities in STO. We find that H+

i and H+
O are

both shallow donors. H+
i explains the observed IR signals

at ∼3500 cm−1, while H+
O is possibly a source of hidden

hydrogen. The complex of a Ti vacancy with two H atoms (VTi-
2H)−2 explains the vibrational frequencies of 3350–3390 cm−1

observed for the HII signal [10]. The complex (VSr-2H)0 is
unstable with respect to the formation of an H2 molecule in
the Sr vacancy, which can act as a source of IR-inactive hidden
hydrogen.
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