
≪Review Paper≫ Applied Science and Convergence Technology Vol.23 No.5, September 2014, pp.201~210

http://dx.doi.org/10.5757/ASCT.2014.23.5.201

Electronic Structure of the SrTiO3(001) Surfaces: 

Effects of the Oxygen Vacancy and Hydrogen Adsorption

K. Takeyasua, K. Fukadaa, S. Oguraa, M. Matsumotob, and K. Fukutania*

aInstitute of Industrial Science, The University of Tokyo, Tokyo 153-8505, Japan
bTokyo Gakugei University, Tokyo 184-0015, Japan

(Received September 24, 2014, Revised September 30, 2014, Accepted September 30, 2014)

The influence of electron irradiation and hydrogen adsorption on the electronic structure 
of the SrTiO3 (001) surface was investigated by ultraviolet photoemission spectroscopy (UPS). 
Upon electron irradiation of the surface, UPS revealed an electronic state within the band 
gap (in-gap state: IGS) with the surface kept at 1×1. This is considered to originate from 
oxygen vacancies at the topmost surface formed by electron-stimulated desorption of oxygen. 
Electron irradiation also caused a downward shift of the valence band maximum indicating 
downward band-bending and formation of a conductive layer on the surface. With oxygen 
dosage on the electron-irradiated surface, on the other hand, the IGS intensity was decreased 
along with upward band-bending, which points to disappearance of the conductive layer. The 
results indicate that electron irradiation and oxygen dosage allow us to control the surface 
electronic structure between semiconducting (nearly-vacancy free: NVF) and metallic (oxygen 
de cient: OD) regimes by changing the density of the oxygen vacancy. When the NVF surface 
was exposed to atomic hydrogen, in-gap states were induced along with downward band 
bending. The hydrogen saturation coverage was evaluated to be 3.1±0.8×1014 cm−2 with 
nuclear reaction analysis. From the IGS intensity and H coverage, we argue that H is positively 
charged as H~0:3+ on the NVF surface. On the OD surface, on the other hand, the IGS intensity 
due to oxygen vacancies was found to decrease to half the initial value with molecular 
hydrogen dosage. H is expected to be negatively charged as H− on the OD surface by 
occupying the oxygen vacancy site.
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I. Introduction

SrTiO3 is a perovskite-type transition metal oxide 

with a band gap of about 3.2 eV, and its surface has 

recently received much attention due to generation of 

a two-dimensional electron gas [1,2] and photo-

catalytic activity under visible light [3,4]. The surfa-

ces of oxide materials, however, are readily reduced 

generating oxygen vacancies, which have substantial 

influence on the surface electronic structure [5] and 

play a significant role in the interac-tion with atoms 

and molecules [6–8]. Characterization of the oxygen 
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vacancy, therefore, is indispensable for under-

standing the functionality of oxide surfaces. The ori-

gin of the two-dimensional electron gas on the 

SrTiO3 surface is indeed claimed to be due to oxygen 

vacancies [2,9]. Whereas oxygen vacancy formation is 

usually not a well-controlled pro-cess, it has been 

shown that oxide surfaces are reduced by irradiation 

of ultraviolet light and energetic electrons [2,10,11], 

which might allow us to control the oxygen vacancy 

concentration.

The interaction of hydrogen with the SrTiO3 sur-

face is of considerable interest and im-portance, be-

cause the surface is metalized by hydrogen adsorption 

[12,13], and molecular hydrogen is formed as a result 

of photolysis of water [3,4]. It has been shown that 

the hydrogen adsorbed on the SrTiO3(001) surface 

forms an O-H bond [13,14]. Since hydrogen is an am-

photeric element, hydrogen is possibly adsorbed to 

cations in addition to anions of oxygen. Such hydro-

gen-cation complexes, however, have not been iden-

tified on the SrTiO3 surface to date. The other possi-

ble adsorption site of hydrogen is the oxygen vacancy 

site. At the oxygen vacancy, hydrogen is expected to 

form a hydride ion (H−). It has been suggested that 

a vacancy-hydrogen complex is formed with hydrogen 

negatively charged in SrTiO3 bulk experimentally 

[15,16] and theoretically [17]. Previous photoemission 

studies have shown that the in-gap state generated 

by ion bombardment or annealing on a SrTiO3(111) is 

decreased by H2 dosage [18,19]. Although the studies 

suggest hydrogen interaction with oxygen vacancies, 

these studies were conducted on a disordered surface, 

and the detailed investigation remained to be done. 

The motivation behind the present study is thus to 

prepare an oxygen-deficient surface in a controlled 

manner and to clarify the interaction of hydrogen and 

concomitant charge transfer with the SrTiO3 surfaces 

with and without oxygen vacancies.

In the present article, we review our recent work on 

the electronic structure of the SrTiO3(001) surface in-

vestigated by ultraviolet photoemission spectroscopy 

(UPS) [20,21]. We first show that an in-gap state (IGS) 

appears within the band gap with electron irra-

di-ation, which is caused by oxygen vacancies. We also 

show that electron irradiation causes a band bending 

inducing an insulator to metal transition in the surface 

layer. We then demonstrate that the effects of hydro-

gen on the electronic structure of the SrTiO3(001) sur-

face with and without oxygen vacancies. On a near-

ly-vacancy-free (NVF) surface, hydrogen atoms are 

adsorbed with an atomic-hydrogen dose revealing an 

in-gap state. The hydrogen coverage is quantitatively 

analyzed to be 3.1±0.8×1014 cm−2 with nuclear re-

action analy-sis (NRA). Upon molecular hydrogen ex-

posure to an oxygen-deficient (OD) surface, on the 

other hand, the in-gap state due to oxygen vacancies 

decreases in intensity in contrast to the NVF surface. 

We discuss that the adsorbed hydrogen is positively 

charged on the NVF surface and negatively charged on 

the OD surface.

II. Experimental

The SrTiO3(001) surface was cleaned by annealing 

at 923 K under 6.5×10−4 Pa of oxygen gas for 30 

min, which is expected to lead to dominant termi-

nation by the TiO2 layer with a slight mixture of the 

SrO layer [22]. The surface was then annealed in ul-

trahigh vacuum (UHV) at 1000 K for 10 min. This 

process introduces oxygen vacancies in the bulk 

without causing any reconstructions at the surface, 

which brings about electric conductivity allowing UPS 

measurements without charging-up. The density of 

the oxygen vacancy on the surface induced by an-

nealing is <<1013 cm−2, which we regard as an NVF 

surface [20]. The NVF surface was reduced by irradi-

ation of electrons with an energy of 1500 eV at a 

sample temperature of room temperature.

The interaction of hydrogen with the SrTiO3(001) 
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Figure 1. UPS spectra of (a) NVF (green) and (b) elec-
tron-irradiated (blue) SrTiO3(001) surfaces 
with a photon energy of 21.2 eV taken at room
temperature. The inset shows the spectra 
near EF. The electron irradiation was per-
formed at an energy of 1500 eV and the elec-
tron dose was 5×1018 cm−2. Adapted with 
permission from [20].

surface was examined by introducing H2 gas (99.999 

% purity) into the UHV chamber after purification 

with a palladium mem-brane heated at 400oC. Atomic 

hydrogen was produced by passing the purified H2 gas 

in a tungsten tube heated at 1900 K. In the present 

experiments, the SrTiO3(001) surface was exposed to 

either molecular H2 or atomic H at room temperature.

The surface electronic structure was investigated 

by using UPS with the He I line (21.22 eV) at an in-

cident angle of 45o in normal emission at room 

temperature. The absolute amount of hydrogen and 

its depth profile were investigated by the 1H(15N, α

γ)12C nuclear reaction at the 1E beamline of the 5 MV 

Van de Graaff Tandem accelerator in the Mi-croanal-

ysis Laboratory (MALT) of The University of Tokyo 

[23,24]. The 15N2+ ion beam irradiated the surface at 

a current of 40∼100 nA and a beam diameter of 2∼4 

mm on the surface at room temperature. By detecting 

the γ-ray at 4.43 MeV emitted in the nuclear re-

action, the absolute H concentration was evaluated by 

calibrating the γ-detection effciency of the system 

with a kapton film with a known H concentration. 

Since the nuclear reaction is resonanced at 6.385 MeV 

with a resonance width of 1.8 keV, the hydrogen 

depth distribution was analyzed by using the stopping 

power (2.67 keV/nm for SrTiO3) [25]. The depth reso-

lution is a few nanometers mainly due to the 

Doppler-broadening of the resonance peak [26].

III. Results and Discussion

1. Oxygen vacancy formation

Fig. 1(a) shows the UPS spectrum for the NVF 

SrTiO3 (001) surface. The large intensity below -3.1 

eV corresponds to the valence band mainly due to O 

2p of SrTiO3. The inset shows the spectrum near the 

Fermi level (EF ). No particular feature was observed 

between EF and −3.1 eV except background and a 

hump at −2.7 eV, which was ascribed to the emission 

due to the 23.1 eV line of He I [27]. The position of 

the valence band maximum (EV ) was evaluated to be 

-3.1 eV by linear extrapolation of the valence band to 

the zero intensity. After electron irradiation of 

5.0×1018 cm−2, the spectrum revealed an electronic 

state in the band gap at 1.3 eV below EF, as shown in 

Fig. 1(b). This in-gap state (IGS) is likely to be in-

duced by electron doping into the Ti 3d band of 

SrTiO3 [12,28,29]. Along with the appearance of the 

IGS, EV was shifted toward a lower energy. Electron 

irradiation causes electronic excitation at the sur-

face, which often induces desorption of adsorbates or 

substrate atoms. A likely species is oxygen in the 

substrate of SrTiO3, which generates oxygen vacan-

cies in the substrate. The IGS is therefore considered 

to be caused by oxygen vacancies on the topmost sur-

face, as schematically shown in Fig. 2(a) and (b). An 

oxygen atom is expected to desorb as a neutral spe-

cies, which was originally O2− in SrTiO3 (001). As a 

result, the two electrons in O2− are transferred to the 

Ti 3d band on the surface, and the doped electrons 

are spatially localized forming IGS. The mechanism of 

the electron localization has been discussed in terms 
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Figure 2. Schematic gures of the surface structure. (a)
Vacancy-free surface, (b) oxygen-de cient 
surface, (c) H-adsorbed at the O site, and 
(d) H at the oxygen vacancy site.

Figure 3. Peak area of the in-gap state, and positions
of the valence band maximum and con-
duction band minimum on the NVF SrTiO3

(001) surface as a function of the electron 
dose with an electron energy of 1500 eV. 
Reproduced with permission from [20].

Figure 4. Schematic illustrations of the energy band 
from the surface to bulk. (a) Nearly at band 
corresponding to the NVF surface. (b) Band
downward-bent at the surface correspond-
ing to the OD and H-adsorbed NVF surfaces.

of the polaronic effect [30] and the Ti 3d-O 2p hy-

bridization effect [31]. Note that LEED after electron 

irradiation revealed only 1×1 with a slight increase 

of the background intensity indicating that the oxy-

gen vacancy was randomly distributed on the surface.

Fig. 3 shows the peak area of IGS and the position 

of EV as a function of the number of irradiated elec-

trons on the NVF surface. The position of the con-

duction band minimum (EC ) was evaluated by adding 

the bulk band gap energy of 3.17 eV to EV [32,33], 

which is also shown in the figure. The peak area of 

IGS increases with increasing electron dose and satu-

rates at about 2×1018 cm−2. The oxygen desorption 

cross section is estimated to be 1.8×10−18 cm2 from a 

fit with an exponential function. This value is smaller 

than that for TiO2 of 9×10−17 cm2 [10], probably be-

cause oxygen atoms are more strongly bound in SrTiO3 

than in TiO2 [34]. Fig. 3 also shows that the electron 

irradiation lowers EV  from -3.09 eV to -3.29 eV and 

EC from 0.08 eV to −0.12 eV. This means that there 

occurred a downward band bending near the surface 

as schematically shown in Fig. 4. Electrons are trans-

ferred to the substrate and EC seems to cross EF sug-

gesting formation of a conductive layer on the surface. 

Nevertheless, metallic states at EF were not observed 

with electron irradiation of 5×10−18 cm−2 as shown in 

Fig. 1(a). This is probably because the photon energy 

of the He I line is not sensitive to the metallic state 

[29,31]. It is noted that presence of IGS and a metallic 

state in the conduction band with an oxygen vacancy 

is consistent with recent theoretical calculations that 

the in-gap state due to an oxygen vacancy is singly 

occupied by a doped electron with the other electron 

in the conduction band [35]. We also note that EC 

seems to cross EF at a certain electron dose while IGS 

starts to grow from zero dose. This suggests that the 

IGS is not caused by a side effect of the metallic state 

in the photoemission process.

When the electron-irradiated surface was exposed 
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Figure 5. UPS spectra taken at room temperature for 
(a) the NVF SrTiO3(001) surface (black), (b) 
the NVF surface exposed to atomic H of 
9×103 L (red) and (c) the OD surface (blue)
at a photon energy of 21.22 eV near EF. 
Adapted with permission from [21].

Figure 6. Peak area of the in-gap state and the posi-
tion of the valence band maximum (EV ) in 
Fig. 5 as a function of the atomic H exposure
on the NVF SrTiO3(001) surface. The mark on
the ordinate indicated by OD denotes the IGS
area for the OD surface. Adapted with per-
mission from [21].

to molecular oxygen, the IGS was found to decrease 

in intensity and eventually disappear at an oxygen 

exposure of ~2.5 L. This is because neutral oxygen is 

either dissociatively or molecularly adsorbed at the 

oxygen vacancy receiving electrons from the surface. 

At the same time, EV and EC shift toward a higher 

energy, and EC crosses EF quenching the conductive 

layer on the surface. As a result, the surface is con-

sidered to be depleted. On the assumption that the 

oxygen adsorption at the oxygen vacancy site is a 

first-order reaction with a sticking probability of 0.6 

[36], the density of the oxygen vacancy produced by 

electron irradiation was estimated to be 1×1014 cm−2 

from the reduction rate of the IGS intensity.

2. Hydrogen on nearly-vacancy free surface 

Fig. 5 shows the UPS spectra near EF for the NVF 

surface before and after an atomic-H exposure of 

9×103 L (1 L = 1.33×10−4 Pa·s). Whereas the spec-

trum reveals no change with H2 exposure to the NVF 

surface, the intensity in the band gap region is sig-

nificantly enhanced by atomic H exposure. This is al-

so an in-gap state as observed on the OD surface 

produced by electron irradiation. The peak area of 

IGS and EV as a function of the atomic-H exposure 

are shown in Fig. 6. The peak area increased with in-

creasing H exposure and saturated at about 3×103 L. 

The peak area at saturation was 44% of that of the 

OD surface. At the same time, EV was lowered from 

−3.12 eV to −3.17 eV, and the work function 

changed by −0.3 eV. With the H exposure, fur-

thermore, a small feature developed at −10.5 eV, 

which is attributed to the O-H bond implying that 

hydrogen is adsorbed on the oxygen atom as sche-

matically shown in Fig. 2(c) [13,37]. These results 

indicate electron transfer from hydrogen to the 

surface. The decrease of the work function is consid-

ered to be caused by the electric dipole moment at the 

O-H bond. Note that EC is estimated to change from 

0.05 to 0 eV from the change of EV on the assumption 

of the band gap of 3.17 eV. It is also noted that a 

metallic state was not observed in the UPS spectrum 

of Fig. 5(b) although EC is expected to lie near EF. 

This is because of the photon energy of 21.22 eV used 

in the present study. The metallic state appears 

around the Γ point, which can be effciently excited 

to a final state at 81 eV above EF with a photon en-
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Figure 7. Yield curves of the 1H(15N, αγ)12C nuclear re-
action taken at room temperature for (a) the
NVF SrTiO3(001) surface, (b) the NVF surface
exposed to atomic H, and (c) the oxygen-de
cient SrTiO3(001) surface exposed to H2. 
Adapted with permission from [21].

ergy of 81 eV [12].

The NRA yield curves measured for the NVF sur-

face before and after atomic-H dosage of 5×104 L are 

shown in Fig. 7(a) and (b). The profiles reveal a 

maximum at the resonance energy indicating that H 

is present at the surface within the experimental 

uncertainty. For the NVF surface, the H coverage is 

estimated to be (2.2±0.4)×1014 cm−2 even without 

hydrogen exposure. The observed signal might origi-

nate from hydrogen trapped at defect sites due to 

background gas adsorption, although the origin re-

mains to be elucidated. The profile after atomic-H 

dosage, on the other hand, shows an enhanced in-

tensity at the resonance energy, indicating that hy-

drogen is adsorbed on the surface. The amount of 

hydrogen adsorbed on the surface is estimated to be 

(3.1±0.8)×1014 cm−2 by subtracting the H coverage 

value observed for the NVF surface from that ob-

tained after atomic H exposure. This corresponds to 

0.47 hydrogen in the surface unit cell of TiO2.

The charge transfer and charged state of H can be 

discussed on the basis of the above experimental 

results. It is noted that atomic hydrogen might ab-

stract the oxygen atom on the NVF surface as a water 

molecule, which leads to formation of the oxygen va-

cancy on the surface exhibiting IGS as shown in Fig. 

1. However, oxygen abstraction by atomic hydrogen is 

unlikely to occur on SrTiO3, because oxygen atoms are 

more strongly bound in SrTiO3 than TiO2 and oxygen 

abstraction on TiO2 is induced only above 500 K [38–
40]. The IGS observed in Fig. 5 is, therefore, induced 

by hydrogen adsorbed on oxygen at the surface.

The area density of electrons donated from H to the 

surface is evaluated from the IGS intensity observed 

in UPS. As discussed in Sec. III.A, the IGS intensity 

on the OD surface shown in Fig. 1 corresponds to the 

surface electron with an area density of 2×1014 cm−2 

(twice as many as the oxygen vacancy density). On 

the assumption that the IGS intensity is proportional 

to the surface electron density in IGS, the areal elec-

tron density on the H-adsorbed NVF surface is esti-

mated to be 0.8×1014 cm−2. This value is similar to 

the electron density of 0.6×1014 cm−2 estimated from 

the Fermi wavevector of the metallic state in previous 

work [12]. Since the hydrogen coverage on this sur-

face is 3.1×1014 cm−2, a hydrogen atom is considered 

to donate ~0.3 electron to the surface as H0.3+. This 

electron transfer leads to formation of a dipole layer 

on the surface. We assume that the O–H bond length 

is 0.1 nm, the permittivity changes from the vacuum 

value of ε0 to that of SrTiO3 (~300ε0 [41]) at the mid-

dle of the O–H, and the charge of hydrogen uniformly 

distributes from the top to the half of the O–H bond. 

Then, the potential difference in this layer is eval-

uated to be 0.4 V, which is in rough agreement with 

the workfunction change of 0.3 eV.
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Figure 8. (a) UPS taken at room temperature for (a) the
OD SrTiO3(001) surface (blue) and (b) the OD
surface exposed to H2 of 2.5×104 L (red) with
a photon energy of 21.22 eV. Adapted with 
permission from [21].

Figure 9. Peak area of the in-gap state and the position 
of the valence band maximum (EV ) on the OD
surface in Fig. 8 as a function of the H2

exposure. Adapted with permission from [21].

3. Hydrogen on oxygen-de cient surface

For the NVF surface, UPS revealed no change upon 

molecular H2 dosage. On the OD surface, on the other 

hand, a significant effect was observed in UPS. Fig. 

8 shows the change in the UPS spectrum near EF by 

H2 exposure on the OD surface. For the OD surface, 

IGS is present at −1.3 eV in the band gap, which is 

caused by oxygen vacancies on the topmost surface as 

discussed in Sec. III.A. After a H2 exposure of 

2.5×104 L on the OD surface, the peak area of the 

IGS was found to decrease as shown in Fig. 8. The 

peak area of the IGS and EV as a function of H2 ex-

posure are shown in Fig. 9. The peak area of the IGS 

was reduced by H2 exposure to a half of the initial 

value. It appears that the electrons in the IGS in-

duced by oxygen vacancies were withdrawn by ad-

sorbed hydrogen. Furthermore, the work function was 

reduced by 0.1 eV, and EV  was shifted from −3.22 eV 

to −3.16 eV. This indicates that the band is upward 

bent and that EC crosses EF suppressing the con-

ductive layer originating from the surface oxygen 

vacancy.

Fig. 7(c) shows the NRA yield curve taken after a 

H2 dosage of 1×105 L on the OD surface. With the H2 

dosage, the NRA intensity is slightly increased as 

compared with the result of Fig. 7(a). The hydrogen 

coverage due to the H2 dosage is estimated to be 

(0.9±0.7)×1014 cm−2. Although the uncertainty is 

large, this value is similar to the oxygen vacancy 

density of 1×1014 cm−2 induced by electron irradi-

ation suggesting that a hydrogen atom adsorbs at the 

oxygen vacancy site. This appears to indicate that 

one hydrogen receives one electron from the OD sur-

face and the hydrogen exists in the H− state, which 

is in remarkable contrast with the adsorption state of 

hydrogen on the NVF surface in which H is positively 

charged.

Previous experimental studies claimed that H− is 

present at the oxygen site in bulk oxides [42–45]. It 
is also theoretically shown that oxygen vacancies are 

stably occupied by hydrogen as H− in TiO2, BaTiO3 

and SrTiO3 [17,48,49]. We discuss in the following the 

stability of H− around the oxygen vacancy on the 

SrTiO3(001) surface. The total energy is approx-

imately evaluated by taking account of the electronic 

energy for H− formation and the electrostatic poten-

tial of H− in the ionic lattice, because H− is a 

closed-shell ion. The energy required for the H− for-

mation on SrTiO3 is evaluated by
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→

−

The dissociation energy of H2 and the electron 

affnity of H are 2.3 eV/H [50] and 0.8 eV [50], 

respectively. The ionization energy of SrTiO3 is as-

sumed to be the sum of the work function (5.1 eV) 

[51] and the energy of the IGS from EF (1.3 eV). As 

a result, the energy required for the above reaction 

becomes 7.9 eV. The energy gain due to adsorption of 

H− on SrTiO+
3 mainly originates from the electro-

static potential energy between H− and the ions in 

SrTiO+
3. The electrostatic potential energy is calcu-

lated from the Madelung energy and the repulsive 

energy between the electron orbital of H− and 

SrTiO3(001)+ with a surface oxygen vacancy. The 

Madelung energy was calculated as a function of the 

H− position with the Ewald method [52], which rep-

resents a local maximum of 19.5 eV at the oxygen va-

cancy site along the [100] direction. This is because 

of the attractive interaction from the neighboring Ti 

ions. Along the [010] and [001] directions, on the 

other hand, the Madelung energy shows a minimum 

at the oxygen vacancy site. The repulsive energy U is 

assumed to be the Born-Mayer type function given by 

U = a exp(−d/b), where d is the distance between the 

centers of ions and a and b are the Born-Mayer pa-

rameters for each pair of ions. The Born-Mayer pa-

rameters are adjusted with the measured H− radii 

[21, 53]. Although the actual H− radius is not known, 

the total energy takes positive values on Ti and O 

atoms, and reveals a negative value only around the 

oxygen vacancy site. This indicates that H− can sta-

bly adsorb only at the oxygen vacancy site on 

SrTiO3(001) due to the large gain of the electrostatic 

potential energy.

IV. Conclusion

We have reviewed our recent work on the electronic 

structure of the SrTiO3(001) surface. By applying 

electron irradiation, oxygen vacancies were formed on 

the surface, which re-vealed an in-gap state and 

downward band bending. By tuning the electron dose 

and oxygen exposure, the surface was switched be-

tween the metallic and insulating regimes. Whereas H 

adsorption induced an in-gap state on the nearly-va-

cancy-free SrTiO3(001) surface, the in-gap state due 

to oxygen vacancies was partially removed by H on the 

oxygen-deficient SrTiO3(001) surface. By taking ac-

count of the absolute H coverage and the in-gap state 

intensity, we argued that hydrogen is positively and 

negatively charged on the nearly-vacancy-free and 

oxygen-deficient surfaces, respectively.
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