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High Temperature Schottky Barrier on n-Type SrTiO3
and Its Sensitivity to Ambient Gases
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Abstract. Metal or oxide electrodes (Pt, Au, Ag, (La,Sr)CoO3) were deposited on single crystals of 0.02 mol%
Nb doped SrTiO3 by pulsed laser deposition. Current-voltage and capacitance-voltage responses were measured
using three-terminal electrode configuration. Under high oxygen partial pressures, clear rectification behaviors were
observed. Diffusion model well explained the current vs. voltage relationship with ideality factors close to unity.
The barrier height varied reversibly with oxygen partial pressure, and was almost independent of the electrode
materials, which suggested that the Fermi level at the interface was pinned by the surface states. The origin of the
surface states was discussed in terms of oxygen adsorption or oxidative formation of metal vacancies around the
surface. Chemical interaction between the surface and oxygen and resulting cation rearrangement was concluded to
play an important role from the long stabilization time on oxygen partial pressure change. The water vapor pressure
dependence of the barrier height was also explained by competitive adsorption of oxygen and water.
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Introduction

Strontium titanate or barium titanate based perovskites
are widely used in electronic devices such as capaci-
tors, FeRAMs, PTCR thermisters, varisters, etc. They
are also attractive for high temperature applications like
resistance gas sensors or high temperature fuel cells. Ti-
tanate perovskites show high stability over wide range
of oxygen partial pressure and temperature. The elec-
tronic properties, however, varies drastically with the
atmosphere. The main charge carrier can be electron,
hole, oxide ion or proton depending on the dopant
cations, ambient gases, and temperature. Although the
bulk transport behaviors are well described in terms
of defect chemistry, interface properties are not sim-
ple. In most applications, control of electron transfer at
the interfaces is a key issue. An enormous number of
studies have been reported on the characterization and
modification of the interfaces. So far, however, high
temperature behaviors of the interface have not been

∗To whom all correspondence should be addressed. E-mail:
kawada@tagen.tohoku.ac.jp

clarified enough. For donor doped SrTiO3, the grain
boundary or the surface are known to have much higher
resistance than the bulk [1–9]. Niobium segregation,
Sr vacancy and/or Srn+1TinO3n+1 phase formation, or
Schottky barrier have been considered in the literatures
as the reason of the high resistivity. The present authors
have reported that the interface between platinum and
1 mol% Nb doped SrTiO3 exhibits Schottky barrier
type rectification behavior even at high temperatures
as 600◦C [9]. The barrier height reversibly varied with
the partial pressure of ambient oxygen. In a recent ex-
periment, an ideal Schottky contact was obtained at the
interface of platinum and SrTiO3 with less Nb concen-
tration. In this paper, the results of high temperature
I -V and C-V measurements are presented, and their
sensitivity to ambient gases (oxygen and humidity) is
discussed.

Experimental

Single crystals of strontium titanate doped with nom-
inally 0.01 wt.% niobium (∼0.02 mol%, STNO), was
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Fig. 1. Schematic view of the electrode configuration on the
samples.

purchased from Nakazumi crystal Co. The crystal size
was 0.5 mm in thickness and 15 mm in diameter, with
polished (1 0 0) surfaces. Metal or oxide electrodes, Pt,
Au, Ag, La0.6Sr0.4CoO3, and (Sn0.905In0.095)O2, were
deposited on the center of the pellet by pulsed laser
deposition as the working electrode (WE). The sub-
strate, STNO, was heated at 873 K during the deposi-
tion. Ultraviolet laser light (Ar-F or Xe-Cl) irradiated a
rotating target disk with the incident angle of 45 degree
and repetition rate, 5 Hz. The resulting electrode thick-
ness was around 500 Å. A platinum counter electrode
(CE) and a reference electrode (RE) were deposited
on the opposite side of WE on the pellet. A thin layer
of La0.1Sr0.9TiO3 was deposited in advance in order
to reduce the interface resistance. Current was flown
through the sample between WE and CE, and the po-
tential difference between WE and RE was monitored
(Fig. 1). The measurements were carried out at the tem-
peratures from 673 K to 873 K. The highest temperature
was limited at 873 K so as not to make the electrode
metals agglomerate or vaporize. For the measurements
in oxidizing conditions, oxygen and argon mixed gases
were flown at a flow rate of 20 ml/min. For compari-
son, 1% hydrogen - argon mixture saturated with water
vapor at room temperature was flown in order to make
a reducing atmosphere. For gas sensitivity tests, the
composition of the gas was suddenly changed, and the
interface resistance of the sample was monitored by ac
measurements.

Fig. 2. Oxygen partial pressure dependence of current vs. voltage
curves of the Pt/STNO interface at high temperature (873 K).

Results and Discussion

Interface Resistance

Figure 2 shows typical current-voltage behaviors of
Pt/STNO interface at 873 K under various oxygen
partial pressures. Under highly reducing atmospheres
(humidified hydrogen), the interface resistance was
small compared to the bulk resistance, and the I-V
relation was linear. When it was annealed in oxygen
containing gases, the interface resistance increased,
and a rectification behavior appeared. Similar results
were obtained also in our previous studies on the
Pt/STNO interface with higher Nb concentration (1
mol%) [9]. In that case, however, a significant leak
current was observed in the reverse bias. In contrast,
the present results with lower Nb concentration (0.02
mol%) showed lower leak current.

Rectification behavior at the electrode/semi-
conductor interface is a characteristic feature of a
Schottky diode. The electron transfer across the bar-
rier takes place via thermionic emission or diffusion
mechanism depending on the thickness of the deple-
tion layer. The current-voltage curve is described as
the Eqs (1) and (2) for the respective mechanisms
[10].
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diffusion

J = JSD

[
exp

(
qV

αkBT

)
− 1

]

JSD =
{

q Dn Nc

kBT

[
2q(VD − V )ND

ε0εs

] 1
2

exp

(
−qφB

kBT

)}

(2)

A∗: effective Rechardson factor, φB: barrier height
D: diffusion coefficient of electron, VD: diffusion
potential, ND: donor density and Nc: effective den-
sity of state of conduction band, ε: permittivity of
STNO.

In both cases, “α” denotes the ideality factor that
is unity when the ideal Schottky barrier is formed. As
shown in Fig. 2, the experimental data fitted well to
those equations. The best fit results are represented by
the solid and dotted lines for the emission and diffusion
mechanisms, respectively. The diffusion model fitted
better the results especially under the reverse bias. The
numbers shown in the parentheses are the ideality fac-
tors when the diffusion model is applied. In most cases,
the ideality factors were close to unity. Figure 3 shows
the results of ac response measurements. The inductive
loops observed at the high frequency range were inde-
pendent of the sample and measurement conditions,
and were attributed to the impedance of the equipment
or the wiring. After it was subtracted, the remaining
part was a single semicircle that was represented by a
parallel resistance and capacitance. The resistance in-
creased, and the capacitance decreased with increasing

Fig. 3. Typical complex impedance plot for the Pt/STNO interface
at 873 K.

Fig. 4. Relationship between the interface capacitance and the ap-
plied potential for the Pt/STNO interface at 873 K.

negative bias potential as is expected for a depletion
layer capacitance of a Schottky barrier. For a Schottky
barrier, the capacitance is represented as Eq. (3) assum-
ing a plane capacitor for the depletion layer [10].

C−2 = 2

eNDεS S2
(VD − V ), (3)

The C−2 against V plot showed a straight line (Fig. 4)
as predicted from Eq. (3) at the inverse bias region.
The increase in capacitance around the zero bias might
be due to the surface states, which will be discussed
later. The similar results were obtained with gold and
silver electrodes, and even with oxide electrodes such
as (La,Sr)CoO3 or (Sn,In)O2 . Furthermore, in our pre-
liminary experiments, the ITO/STNO interface showed
photoresponse at 873 K, which confirms the existence
of space charge layer at the temperature. Consequently,
it is concluded that the Nb 0.02 mol% doped SrTiO3

forms an ideal Schottky barrier with the electrodes even
at elevated temperatures as 873 K.

Sensitivity to Oxygen

As shown in Figs. 2 and 3, interface resistance was
dependent on oxygen partial pressure. Higher oxygen
partial pressure caused higher resistance. The diffusion
potential Vd estimated from the C−2 vs. V plot was
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Fig. 5. Transient behavior of the resistance and capacitance of
Au/STNO interface when oxygen partial pressure is varied at 773 K.

0.95 V, 0.84 V, and 0.77 V in oxygen partial pressures
1 bar, 10−2 bar, and 10−4 bar, respectively. The oxy-
gen partial pressure dependence was similar among the
samples with different electrodes although the absolute
value of the barrier height was slightly dependent on
the electrode material. The change was reversible in
the oxidation and the reduction runs. Figure 5 shows
the variation in the interface resistance and capacitance
on a sudden change in the oxygen partial pressure for
Au/STNO. The transition time, however, was rather
long. It took more than hundred hours to reach a steady
state. The factors that determine the equilibration time
can be oxygen transport rate through the electrode layer
and/or surface reaction rate. If oxygen transport pre-
dominated the kinetics, the relaxation time would have
been dependent on the electrode material and the mor-
phology. In the present experiments, no clear depen-
dence on the electrode material was observed. The
transient time was long even with (La,Sr)CoO3 that
is known as a good mixed conductor of electron and
oxide ion. This suggests that the slow kinetics is not
due to the oxygen transport but due to some chemical
reaction that takes place at the STNO surface.

The origin of the Schottky barrier formation is dis-
cussed in terms of two extreme cases, i.e. Schottky limit
and Bardeen limit. In the former case, the barrier height
is determined by the difference between the work func-
tion of the electrode metal and the electron affinity of
the semiconductor, whereas in the latter case, the bar-
rier height is not dependent on the electrode but is fixed

at the surface level of the semiconductor. Robertson
summarized the literature data on Schottky barrier at
metal/SrTiO3 interface measured at room temperature
[11]. The reported data, however, are scattered since the
sample preparation condition are quite different among
the authors. For example, Shimizu et al. pretreated sin-
gle crystals of Nb-SrTiO3 by chemical etching and the
succeeding ozone cleaning at elevated temperatures,
and reported that the barrier was well explained by the
Schottky limit [2]. The ozone treatment makes the sur-
face of the sample in a highly oxidized state. It was
probably kept unchanged during their measurements
at room temperature. In contrast, our measurements
were carried out in an equilibrium state at least for the
surface of the sample. The surface state varies with the
surrounding atmosphere not only in the pretreatment
but also in the measurement conditions.

Table 1 summarizes the diffusion potentials deter-
mined from C−2 vs. V plot for various electrodes and
oxygen partial pressure. The Schottky barrier observed
in this study showed less dependence on the electrode
materials than expected from the work function. It var-
ied reversibly with varying oxygen partial pressure.
Those results suggest that the Fermi level pinning at the
interface dominates the barrier formation mechanism,
i.e. it is close to Bardeen limit. One of the possible
reasons for the formation of the surface states is oxy-
gen adsorption. The Fermi level pinning by adsorbed
oxygen was recently discussed in a quantitative way
for SnO2 by Rothschild and Komem [12]. The oxy-
gen partial pressure dependence of the Schottky bar-
rier in the present study is similar to that expected from
their model. Another possible explanation is oxidative

Table 1. Effect of oxygen partial pressure and the electrode ma-
terial on diffusion potential at electrode/SrTi0.9998Nb0.0002O3 in-
terface determined from C−2 vs. V plot at 873 K.

VD(V)

p(O2) = p(O2) = p(O2) =
1 bar 10−2 bar 10−4 bar

Au
873 K 0.56 0.58 0.27
773 K 0.90 0.89 0.58

Pt
873 K 0.95 0.84 0.77
773 K 0.90 0.89 0.58

(La,Sr)CoO3,
873 K 0.85 0.85 0.74
773 K 1.00 0.99 0.94
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formation of metal vacancies around the surface. Al-
though single crystalline Nb-SrTiO3 shows stable bulk
conductivity even under 1 atm oxygen at elevated tem-
peratures [13], the surface may be oxidized to form Sr
vacncy that compensates the donor as reported by Moos
and Härdtl for La doped SrTiO3 [1]. Recently, Han et
al. studied the surface of STNO annealed at 1273 K,
and found that it consists of a double layer of (1) highly
resistive thin surface skin of about 10 nm, which traps
electrons, and (2) the resulting space charge layer (de-
pletion layer) which dominates the electron transport
resistance across the interface [14]. They mentioned
the possibility of Sr vacancy formation accompanied
by Ti-site substitution by Sr to explain the electron
trapping at the surface skin. The similar kinetics can
explain the present results. The surface skin layer, in
the present case, must be very thin since its resistance
was not detectable. The long relaxation time shown in
Fig. 5 can be explained well by the slow kinetics of the
cation transport and rearrangement.

Sensitivity to Water Vapor

Interface resistance and capacitance also varied with
water vapor pressure. Figure 6 shows the transient
behaviors when water vapor pressure is varied on
Au/STNO interface. Resistance decreased and capaci-
tance increased with increasing water vapor. This con-

Fig. 6. Dependence on water vaper pressure on the resistance and
capacitance of Au/STNO interface at 773 K under 1 bar oxygen.

firms that the surface level is an important factor to de-
termine the high temperature Schottky barrier. In this
case, however, the relaxation time was faster than that
observed in the oxygen partial pressure perturbation
by an order of magnitude. Dependences on the oxygen
partial pressure and water vapor pressure can be based
on different kinetics. The latter may be chemisorption
of water on the surface or dissolution of proton in the
surface layer, which are not accompanied by rearrange-
ment of the constituent cations.

The properties of the surface layer on STNO should
be clarified for further discussion.

Conclusion

An ideal Schottky barrier was formed between Nb
0.02 mol%-SrTiO3 and metal or oxide electrodes even
at elevated temperatures as 673 to 873 K. The barrier
height was positively dependent on oxygen partial pres-
sure. The change was reversible but had long transition
time. Introduction of water vapor decreased the barrier
height. The Schottky barrier formation mechanism was
close to Bardeen’s limit.
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