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Surface metallization of SrTiO3ð001Þ by hydrogen adsorption is experimentally confirmed for the first

time by photoemission spectroscopy and surface conductivity measurements. The metallic state is

assigned to a quantized state in the space-charge layer induced by electron doping from hydrogen atoms.

The measured two-dimensional (2D) conductivity is well above the 2D Ioffe-Regel limit indicating that

the system is in a metallic conduction regime. The mean free path of the surface electron is estimated to be

several nanometers at room temperature.
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Transition-metal oxides and especially perovskite-type
oxides have been extensively studied in the past decades
for their large range of intrinsic properties such as super-
conductivity, magnetoresistance, or ferroelectricity. Until
recently, it was believed that due to their chemical com-
plexity these oxides could not be used for oxide-based
electronics. However, it is now widely admitted that oxide
materials devices not only can meet the standards of the
semiconductor-based electronics but additionally show
new intriguing properties due to electron correlations [1].
Among these oxides, SrTiO3 appears as a key material for
this new emerging field of all-oxide electronics [2,3]. A
first breakthrough was achieved with the discovery of a
two-dimensional electron gas at the interface of the two
insulating oxides LaAlO3 and SrTiO3 [4]. This system
focused a great interest, and further studies revealed that
this interface shows not only high mobility electron gas [5]
but also large magnetoresistance [6] and even supercon-
ductivity [7]. Yet, the detailed mechanisms giving rise to
the conductivity at the interface are still not understood.
Proposed explanations involve different processes at the
interface such as La diffusion [8], oxygen vacancies
[9,10], or electronic reorganization to avoid polar catastro-
phe [11]. Moreover, recent angle-resolved photoemission
studies evidenced a highly metallic universal two-
dimensional electron gas at the vacuum-cleaved SrTiO3

(STO) surface, suggesting that the properties of STO
surface itself might actually play a crucial role in the
metallization of the LaAlO3=SrTiO3 interface [12,13].
Difficulty in the interpretation is partly due to sample
preparation of the oxide surface or interface. As men-
tioned, preparation of heterojunctions or crystal cleavage
are associated with possible diffusion of metal atoms and
creation of oxygen vacancies.

On the other hand, it has been predicted recently by
ab initio calculations that hydrogen adsorption on a SrO- or
TiO2-terminated SrTiO3ð001Þ surface leads to a metallic
state at the surface [14]. Such H-induced metallization was
already reported for H=ZnO [15] and H=�-SiC [16] crystal
surfaces. In the case of SrTiO3 surface, the metallicity is
assigned to the bulk-band bending near the surface, where
the bulk conduction band is filled with electrons donated
from the H atoms on the surface [14]. As hydrogen ad-
sorption on a crystal surface prepared under UHV is a
well-controlled procedure, experimental examination of
the H-induced metallization of a SrTiO3ð001Þ surface is
thus strongly called for.
For the present Letter, we performed both photoemis-

sion and transport experiments on the H=SrTiO3ð001Þ
system. We find a dispersing metallic band and an increase
of the surface conductivity after H adsorption. The metallic
state is assigned to a quantized state in the space-charge
layer near the surface. After the metallization, an electronic
state is found in the bulk-band gap [in-gap state (IGS)], and
a state, assigned to the O-H bond, is also observed. The
measured two-dimensional (2D) conductivity exceeds the
2D Ioffe-Regel limit, indicating the band conduction
regime, and the mean free path of surface electrons is
estimated to be several nanometers at room temperature.
The electronic structure of the clean and H-adsorbed

SrTiO3ð001Þ surfaces is investigated by core-level and
valence band photoemission spectroscopy measurements
at the TEMPO beam line, Soleil, France [17], and SPring-8
BL07LSU. The measurements were performed with line-
arly polarized light, under ultrahigh vacuum (UHV) con-
ditions (base pressure of 4� 10�10 mbar), at room and low
(20 K) temperature. The energy and angle resolution are
60 meV and 0.3�, respectively. Electrical conductivity is
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measured in situ during H exposure by the four-terminal
method under UHV conditions with linearly aligned four
probes. Details of the experimental system are described
elsewhere [18,19].

We used n-type SrTiO3ð001Þ wafers (0.05 wt% Nb-
doped). Before introduction into the UHV chambers, the
wafers were treated with buffered HF solution (pH� 3:5)
for 30 s, followed by rinsing with distilled water. This
process is known to leave the (001) surface terminated
by a TiO2 plane [20]. A clean SrTiO3ð001Þ surface was
prepared by heat treatment at 600 �C under 6� 10�6 mbar
of oxygen gas (99.999% purity) in the UHV chamber. In
these conditions, a high-quality bulk truncated ordered
surface is obtained as confirmed by observation of a sharp
1� 1 pattern in low-energy electron diffraction.
Negligible carbon contamination and the absence of Sr
segregation or oxygen vacancies was ascertained by obser-
vation of C 1s, Sr 3d, Ti 2p, and O 1s core-level photo-
emission spectra, respectively [21].

The SrTiO3ð001Þ surface is exposed to atomic hydrogen,
by cracking hydrogen molecules with a hot tungsten fila-
ment. No change of the photoemission peak position or
surface conductivity is observed by exposing the sample to
hydrogen molecules. Since the dissociation rate of hydro-
gen molecules and the adsorption probability of hydrogen
atoms depend on the experimental setups, the results for
the H-covered surfaces showing saturation of the photo-
emission peak shift and of the conductivity change are
referred to as ‘‘H-saturated’’ SrTiO3ð001Þ surfaces.

Figure 1(a) shows photoemission spectra near the Fermi
level for the clean surface, intermediate, and the saturation
hydrogen coverage taken at h� ¼ 81 eV. For the clean
surface, no state is observed at the Fermi level, indicating
its insulating behavior. With the hydrogen exposure, a
sharp photoemission signal, denoted as the metallic state
(MS), develops at the Fermi level. The H-saturated surface

is metallic, and thus the SrTiO3ð001Þ crystal exhibits a
surface insulator-to-metal transition or surface metalliza-
tion by hydrogen adsorption. On the hydrogenated surface,
an electronic state, located within the bulk-band gap of
SrTiO3ð001Þ, is observed at a binding energy of 1.5 eV.
This IGS has been reported in previous photoemission
studies on electron-doped SrTiO3ð001Þ crystals [22]. The
origin of the IGS has been argued by various models: It has
been attributed to a locally screened incoherent state of the
Ti 3d-O 2p band [22], a precursor of the ‘‘lower-Hubbard
band’’ of the d1 insulator [23], chemical disorder [24], and
the polaron effect [25]. Observation of the IGS on the well-
defined surface in the present research seems to deny a
chemical origin such as an oxygen vacancy state. Valence
band photoemission spectra before and after hydrogen
exposure, in Fig. 1(b), show also the appearance of a new
state, assigned to the O-H bond. The hydrogen atoms likely
adsorb on the oxygen sites, as predicted by first-principles
calculations [14].
Figure 2(a) shows wave-number-resolved photoemis-

sion spectra of the H-saturated SrTiO3ð001Þ surface around
the � point. Two main features can be observed: a sharp
peak denoted MS and a broader feature at around 200 meV.
Figure 2(c) displays the second derivative of the photo-
emission intensity. Whereas MS appears as a sharp peak,
the state at 200 meV shows a broad feature. This might
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FIG. 1 (color online). Normal-emission angle-integrated pho-
toemission spectra of the bare, H-covered (intermediate cover-
age) and H-saturated SrTiO3ð001Þ surfaces (a) at the Fermi level
(EF) and (b) at the O 2p band. Spectra were taken at h� ¼
81 eV and at room temperature. MS indicates the position of the
metallic state and IGS of the in-gap state.

FIG. 2 (color online). (a) Wave-number-resolved photoemis-
sion spectra of the H-saturated (1350 L) SrTiO3ð001Þ surface
along the �-X direction, taken at h� ¼ 81 eV and at 20 K.
(b) Color-scale image of the photoemission intensity.
(c) Second derivative of the photoemission intensity. MS denotes
the metallic state position. The red line indicates the parabolic fit
for the metallic state. Color scale: Black (minimum intensity) to
white (maximum of intensity).
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indicate that, whereas the MS band is a coherent state, the
broad feature can be attributed to an incoherent state due to
the electron correlation effect [13,26] or electron-phonon
interaction [27]. The MS band shows band dispersion with

the band minimum at � and the Fermi wave number of

kF ¼ 0:2 �A�1. A parabolic fit of the band dispersion gives
an effective mass of m�=m0 ¼ 2:5, where m0 is the free
electron mass [Fig. 2(b)]. From the kF value, the carrier
density can be deduced to n2D ¼ 6� 1013 cm�2, which in
turn gives around 0.1 electron per unit cell.

To evaluate the bulk-band change, Ti 2p core-level
photoemission spectra are measured before and after the
H exposure, as shown in Fig. 3. The Ti 2p peak shifts by
200 meV toward higher binding energies after H
adsorption.

From the valence band photoemission spectra on the
clean surface (Fig. 1), the valence band maximum position
is deduced to be around 3.1 eV below the Fermi level.
Thus, the edge of the bulk conduction band is likely located
around 100 meV above EF for the clean SrTiO3ð001Þ
surface. After H deposition, by taking into account a
200 meV downwards band bending, the conduction band
minimum is located approximatively 100 meV below the
Fermi level, lower than the minimum of the metallic state.
The MS state is thus attributed to a quantized state due to
confinement in the potential well of the space-charge layer
[12]. The sample doping level is 1019 cm�3. Taking for the

conduction and valence band density of states NCðTÞ ¼
4:1� 1016T3=2 cm�3 and NVðTÞ ¼ 2:5� 1016T3=2 cm�3,
respectively [28], we found, from standard semiconductor
equations, that in the bulk STO the Fermi level is located
80 meV under the conduction band minimum at room
temperature. This means that on the clean surface the

bands are bent upwards. The bulk-band-bending change
by H adsorption on SrTiO3ð001Þ is schematically drawn in
Fig. 4. With increasing H exposure, the conduction band is
progressively filled with electrons from the hydrogen ada-
toms, and the consequent downward shifts lead eventually
to the surface metallization.
The insulator-to-metal transition at the surface indicates

an increase of the conductivity by hydrogen adsorption on
the SrTiO3ð001Þ surface. To correlate with the changes in
electronic structures observed by photoemission, surface
conductivity measurements are performed for the
H=SrTiO3ð001Þ system. The experimental setup is sche-
matically drawn in Fig. 5(a). The probe distance is
�6 mm, which provides enough area between probes to
make in situ transport measurement during the H adsorp-
tion on the surface [18,19].
Figure 5(b) shows the sheet conductivity change �� of

the SrTiO3ð001Þ surface as a function of H exposure. The
�� value is derived from the measured electrical resist-
ance R by the relation �� ¼ L

W ð1R � 1
R0
Þ, where L and W

represent the length (8 mm) and width (5 mm), respec-
tively, of the measured area. R0 is the initial resistance of
the clean surface, and R the resistance of the surface after
H deposition.
The transport results in Fig. 5 reveal an increase of the

conductivity by the H adsorption. H adsorption is associ-
ated with changes only at the space-charge layer, and there
is no transport variation in the internal bulk. Since the
largest contribution originates from an increase of carriers
in the accumulation layers, as shown in Fig. 4,�� after the
saturation, ��sat ¼ 440 �S=h, corresponds to the con-
ductivity of the H-saturated SrTiO3ð001Þ surface, ��sat ¼
�H=STO.

The conductivity measured on the H-saturated
SrTiO3ð001Þ surface indicates that the electron transport
is in the metallic conduction regime. Indeed, electron
transport is in the metallic conduction regime if
conductivity exceeds the 2D Ioffe-Regel (2D-IR) limit

FIG. 3. Ti2p core-level photoemission spectra of the clean and
H-saturated SrTiO3ð001Þ surfaces at room temperature. The
photon energy is h� ¼ 605 eV.

FIG. 4. Schematic drawing of the band-bending change in-
duced by surface metallization during hydrogen adsorption on
the SrTiO3ð001Þ surface. The Debye length is estimated to 6 nm.
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�2D-IR ¼ ðe2=hÞðkFlÞ ¼ ðe2=hÞð1Þ ¼ 39 �S, where kF
and l are the Fermi wave number and carrier mean free
path, respectively. In contrast, electron transport is in the
hopping or strong localization regime if conductivity is
smaller than �2D-IR. Since �H=STO is much larger than

�2D-IR, the measured conductivity is in the band conduc-
tion regime, and the increase agrees with the band-bending
scenario in Fig. 4.

In addition, the electron mean free path of the
H-saturated SrTiO3ð001Þ surface is derived to be l�2 nm
from the isotropic 2D Boltzmann equation [29]
�H=STO ¼ ðe2=hÞðkFlÞ. The relaxation time � ¼ l=vF is

thus � ¼ 7:5� 10�15 s, which is similar to those
(10�15 s) evaluated from resistivity of Nb-doped SrTiO3

crystals at room temperature [30] through the Drude
model. The conduction process at room temperature is
generally dominated by electron-phonon interaction. In
the high temperature limit (T > TD=3 with TD ¼ 413 K
being the Debye temperature for SrTiO3 [31]), � is given
by �� �e-ph ¼ @=2��kBT with � representing the

strength of the electron-phonon coupling. From our experi-
mental � value, � ¼ 0:5 is obtained, which is comparable
to the value from previous photoemission research on the
cleaved SrTiO3 surface [32].

In summary, through photoemission spectroscopy and
transport measurements on the SrTiO3ð001Þ-ð1� 1Þ sur-
face, we evidenced an insulator-to-metal transition induced
by hydrogen adsorption. The surface metallization is due to
electron doping into the conduction band which shifts
under the Fermi level with the appearance of a quantized
state in the space-charge layer. The value of the surface
conductivity and derived mean free path show that the

system is in the metallic conduction regime. These results
open up the possibilities of designing future devices of
perovskite oxides and of extending to much detailed stud-
ies on their carrier dynamics.
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