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An oxygen-deficient phase has been formed by pulsed-laser ablation of strontium titanate under vacuum
conditions �10−7 mbar�. By the complementary use of Rutherford backscattering spectrometry and x-ray dif-
fraction, the composition and structure of films were determined. A large oxygen deficiency is revealed in the
films as the corresponding formula is SrTiO2.5. This understoichiometry means that Ti3+ are present in such
films, while only Ti4+ is observed in stoichiometric compound �SrTiO3�. The presence of Ti3+ species in the
SrTiO2.5 films was checked by x-ray absorption spectroscopy. The SrTiO2.5 films were found to crystallize in
the cubic perovskite structure with a lattice parameter of 0.40 nm, considerably higher than that of the sto-
ichiometric compound �0.39 nm�. The SrTiO2.5 films were epitaxially grown on MgO single-crystal substrates,
with a “cube-on-cube” in-plane orientation with the substrate. In contrary to stoichiometric SrTiO3 films which
are perfectly insulating, the SrTiO2.5 films were found to be conductor or semiconductor at room temperature,
depending on the growth temperature. Resistivities at room temperature in the 10−3–10−2 � cm range are thus
obtained.
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I. INTRODUCTION

Pulsed-laser deposition �PLD� is now routinely used to
grow thin films of functional materials with a broad range of
properties.1 The various advantages of this growth method
are well known, in particular, the congruence of PLD leads
to films presenting the composition of the target, even in the
case of complex materials.2 PLD is thus perfectly adapted to
the formation of polycationic oxide films.1,2 In addition, the
epitaxial growth of films by PLD has been widely reported,3

as well as the formation of multilayers and superlattices.4

Besides these well-known advantages of PLD, new devel-
opments of this growth method are currently being explored,
such as the possibility of obtaining oxide phases with varia-
tions in composition in thin film form. To grow such oxide
phases by PLD, two approaches can be envisaged. The first
is the combinatorial approach, which is based on the use of
multitarget systems. This enables the formation of oxide
films with a broad range of composition. However, such an
approach presents one obvious limitation: although oxide
films with new and complex compositions can be easily de-
posited in this way, this does not mean that a chemical phase
with a well-defined crystalline structure exists for a given
composition. This obviously depends on thermodynamics.

The second approach to form such oxide phases in thin
film is based on the fact that PLD can be carried out under a
wide range of pressures, typically from high vacuum to a few
millibars A priori, this should enable the incorporation of
oxygen in the growing film to be controlled, thus forming

oxide films with the required stoichiometry. Such an ap-
proach was used in the case of a Ti-based oxide
�LixLa2/3+yTiO3�,5 and it was found that PLD under vacuum
�10−6 mbar� leads to films with the La2/3TiO2.5 composition,
indicating large lithium and oxygen losses with respect to the
target material. These films were crystallized and showed
very specific properties.5 More recently, PLD under high
vacuum was used to grow understoichiometric films present-
ing unusual transport properties.6,7

In this paper, we report on the growth of strontium titan-
ate thin films by pulsed-laser ablation under vacuum of a
stoichiometric SrTiO3 bulk target. The composition of the
films, the nature of the crystalline phases, and the physical
properties of these films are studied. Stoichiometric SrTiO3
is an insulator with a band gap of 3.2 eV and a high dielec-
tric constant used in ferroelectric applications. By introduc-
ing oxygen vacancies �SrTiO3−x�, this compound presents
interesting conducting properties8,9 which have been used in
field effect heterostructures.10 Nevertheless, while oxygen-
deficient phases have been highlighted in these studies
through their related electronic properties, no precision on
the crystallographic structure of these oxygen-deficient oxide
phases has been provided, nor has the oxygen deficiency
level been precisely determined. The main purpose of this
work is thus to quantify the oxygen deficiency x in strontium
titanate films and to correlate its effects on the crystalline
structure and the physical properties of these oxygen-
deficient oxide phases.
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II. EXPERIMENT

The films were grown by PLD by focusing a frequency
quadrupled Nd:YAG laser ��=266 nm, �=7 ns, and 5 Hz
repetition rate� onto either a SrTiO3 bulk ceramic target
�with about 1% Ba atoms as a substitutional impurity� or a
SrTiO3 single-crystal target. Film growth was carried out
under controlled pressure in the ablation chamber, between
vacuum ��10−7 mbar� and 0.5 mbar in oxygen pressure. The
substrate temperature was regulated in the 300–700 °C
range. The substrates used in this work were either Si or
MgO single crystals �001� oriented or thermally grown amor-
phous silica �0.5 �m thick� on �100� Si wafers.

The thickness and composition of the films were mea-
sured by Rutherford backscattering spectrometry �RBS�, car-
ried out using 4He+ ion beams from the 2 MeV Van de
Graaff accelerator at the Institut des NanoSciences de Paris
�Université Paris 6�. In order to determine precisely the in-
depth distribution of the various constituents in the films, the
RUMP simulation program was used.11 This analysis provides
cationic compositions with a precision in the order of 1%.
Nevertheless, the precision on the oxygen content is not so
good due to the low RBS yield on light elements: the esti-
mated precision on the oxygen level is therefore 5%.

X-ray diffraction analysis with a four-circle diffractometer
�Philips Xpert MRD� with the Cu K� radiation ��
=0.154 nm� was used to study the crystalline structure of the
films through 	−2	 diagrams in the Bragg-Brentano mode
to determine the nature of the phase and the lattice param-
eters. Rocking curve measurements were carried out to esti-
mate the mosaic spread of the films. Asymmetric x-ray dif-
fraction, through pole figure measurements, was used to
determine the epitaxial relationships of films grown on MgO
single-crystal substrates.

The chemical state of the titanium in the deposited film
was studied by x-ray absorption spectroscopy �XAS� by
measuring the Ti 2p XAS spectra as a function of the growth
conditions. The experiments were carried out in an UHV
chamber located at the VLS-PGM1 beamline of the
BESSY-II storage ring in Berlin.12

Finally, the resistivity of films as a function of tempera-
ture �from room temperature down to liquid He� was deter-
mined by the standard dc four-probe measurements.

III. RESULTS AND INTERPRETATION

A. Stability of perovskite phases depending on oxygen
pressure

During PLD of oxide films, a partial oxygen pressure is
generally needed to form and stabilize the oxide phase and to
prevent decomposition or evaporation of volatile compounds
from the films. The oxygen atoms present in the films can be
directly transferred from the target or incorporated from the
oxygen gas. To determine their origin, isotopic tracing ex-
periments using 18O enriched gas were carried out.13 These
experiments performed on the Bi2Sr2Ca1Cu2O8 and PbTiO3
compounds13,14 showed that one fraction �about 45%� of the
oxygen present in the films comes from the gas, while the
remaining part is directly incorporated from the target. It

follows that the incorporation of oxygen atoms in oxide films
may be controlled by carrying out PLD under vacuum or
under a very low oxygen pressure. The precise value of the
oxygen pressure will depend on the growth conditions. In
fact, we have to consider the flux of the different species
reaching the surface of the growing film as a function of
oxygen pressure, i.e., the flux of oxygen atoms coming from
the gas and the flux of cationic species coming from the
target for a given deposition rate. This flux of cations does
not show large variations with the pressure. For such perov-
skite, the flux of cations emitted from the target is around
1013 atoms/cm2 per laser shot. The oxygen flux was charac-
terized by the number of oxygen atoms N reaching the sur-
face of the substrate during a time 
t:

N = N0�P/2RT��3RT/M�1/2
t ,

where P and T are the pressure and temperature of the gas in
the ablation chamber, respectively, R is the perfect gas con-
stant, M is the molar weight of O2 gas, and N0 is the
Avogadro number. This relation is established through the
gas kinetic theory and by assuming that oxygen is a perfect
gas. It should be noted that film growth by PLD is a pulsed
discontinuous process, and thus, the oxygen flux was deter-
mined for the time 
t corresponding to the interval of arrival
time of the cationic species coming from the target. 
t was
chosen equal to 1 �s in this approach. According to this
formula, the pressures corresponding to fluxes of 5�1011,
3�1012, and 3�1014 at/cm2/pulse are 10−7, 10−6, and
10−4 mbar. Consequently, in order to limit the oxygen incor-
poration in films, deposition has to be performed in very low
oxygen pressure conditions corresponding to an oxygen flux
lower than the flux of cations coming from the target, i.e., in
the pressure range down to 10−6 mbar. The extent of this
region will depend on the deposition rate, and thus on the
laser fluence.

As a result, the films grown by PLD on a �100� MgO
substrate from a SrTiO3 target under high vacuum �2
�10−7 mbar� present very specific characteristics. As shown
in Fig. 1, which displays the result of a RBS analysis, the
typical experimental spectrum recorded on such a film can-
not be fitted by the RUMP simulation program using the sto-
ichiometric SrTiO3 composition. Although the Sr to Ti ratio
in the film is equal to unity, a good fit can only be obtained
by decreasing the oxygen concentration in the film, and this
leads to the composition SrTiO2.5, meaning that a strontium
titanate film with strong oxygen deficiency has been formed
in these conditions. For comparison purposes, stoichiometric
strontium titanate films were grown by PLD. It has been
reported15,16 that stoichiometric SrTiO3 films are generally
grown by PLD at relatively high temperature ��500 °C� and
rather high oxygen pressure �around 0.1 mbar�. These ex-
perimental conditions were used in this work, and stoichio-
metric strontium titanate thin films were grown as indicated
by the typical RBS spectrum presented in Fig. 2, correspond-
ing to a film grown at 640 °C under 0.3 mbar oxygen gas,
with the following composition: Sr1.05Ba0.01Ti0.95O2.95. The
slight deviation in composition with respect to the target is
due to the differences in sticking coefficient of the Sr and Ti
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species when growth is carried out under rather high oxygen
pressure.

The oxygen stoichiometry in the SrTiO2.5 films corre-
sponds to oxygen vacancies created in the perovskite stron-
tium titanate network associated with the reduction of Ti4+

ions in Ti3+ species, while Ti4+ is the sole species in the
stoichiometric compound �SrTiO3�. In fact, for each lacking
oxygen atom �or oxygen vacancy creation� the global charge
equilibrium implies the transformation of two Ti4+ into two
Ti3+ according to the following mechanism:

2Ti4+ + O2− → � + 2Ti3+,

where � symbolizes an O2− vacancy. If x corresponds to the
loss of oxygen from the stoichiometric compound, the gen-
eral composition of strontium titanate films may be written
as SrTiO3−x, with x varying from 0.0 �SrTiO3� to 0.5
�SrTiO2.5�. More precisely, the expected chemical formula
according to x and the titanium oxidation state is

Sr2+Ti4+
1−2xTi3+

2x�xO3−x.

Consequently, for x=0.5, the strontium titanate compound
is composed of Ti3+ ions without any Ti4+. However, from an
experimental point of view, due to the lower precision of the
RBS analysis for light elements like oxygen �about 5%�, the
value of the oxygen concentration in the film could be in the
2.5–2.6 range. We cannot therefore exclude the possibility
that some Ti4+ species are also present in our SrTiO3−x films
obtained in vacuum. It is known that the oxygen content in
oxide compounds is tightly linked for a given temperature to
the oxygen pressure in the chamber, and a low oxygen pres-
sure is therefore expected to favor the creation of oxygen
vacancies. This may be evidenced through the Kröger-Vink
notation:

0 = VO.. + TiTi� + �1/2�O2,

where 0 represents the perfect crystal �without defects�, VO..
corresponds to the O2− vacancy created on a crystallographic
oxygen site, and TiTi� the decrease in the oxidation state on a
titanium crystallographic site �Ti4+→Ti3+�.

Preliminary experiments to check the presence of Ti3+

species in the SrTiO2.5 films were carried out by x-ray ab-
sorption spectroscopy, which is very sensitive to the coordi-
nation and oxidation state of the titanium atoms. For com-
parison purposes, the Ti 2p XAS spectra of SrTiO2.5 and
SrTiO3 films were studied. The SrTiO3 spectrum exhibits the
peaks characteristic of the presence of Ti4+ cations, while the
SrTiO2.5 spectrum shows an overall broadening of the peaks
and the appearance of a shoulder. These changes indicate a
partial reduction in titanium ions in the SrTiO2.5 film, i.e., the
presence of Ti3+ species.17,18 It should be mentioned that the
x-ray absorption spectroscopy experiments were carried out
in a separate analysis chamber, and thus, the surfaces of the
films were further oxidized upon exposure to air during the
transport from the growth chamber to the analytical setup.
Despite this surface oxidation, the reduction in titanium in
the understoichiometric SrTiO2.5 film is observed in these
preliminary experiments.

B. Crystalline structure of oxygen-deficient phases

In terms of chemical composition, very different oxide
films can thus be grown depending on the oxygen pressure
during PLD, and this is confirmed by structural analysis.
Figure 3 represents a typical x-ray diffraction diagram ob-
tained on a SrTiO2.5 film grown on MgO at 640 °C under
vacuum. Two series of peaks can be identified with the �hh0�
and �h00� family planes of a cubic perovskite structure.

The presence of the �hh0� peaks in diagrams of strontium
titanate films grown in the 600–700 °C range is classically

FIG. 2. RBS spectrum recorded on a strontium titanate �SrTiO3�
film �0.3 mbar, 640 °C�. The simulation corresponding to the sto-
ichiometric composition is presented.

FIG. 1. RBS spectrum recorded on a strontium titanate film
�10−7 mbar, 640 °C�. The simulations corresponding to the sto-
ichiometric �SrTiO3� and oxygen-deficient �SrTiO2.5� compositions
are presented.
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observed,16 while at higher temperature only the �h00� peaks
are observed. The respective values of peak intensities cor-
responding to the two family planes indicate that the main
orientation is the �h00� one. The lattice parameters of these
cubic phases deduced from these two series of peaks are
different, i.e., 0.400 and 0.396 nm, respectively, for the �h00�
and �hh0� peaks. Two distinct crystalline phases are, thus,
present in the SrTiO2.5 films grown under these conditions
�T=640 °C�: the “�h00� phase” being the main one and the
“�hh0� phase” representing in most cases only traces in the
films. An increase in temperature �T=700 °C� leads to the
formation of pure �h00� phase films. The lattice parameter of
this SrTiO2.5 phase �0.400 nm� is considerably higher than
that measured in the stoichiometric strontium titanate films
grown under high oxygen pressure, i.e., 0.3905 nm. Such
high values of lattice parameters of strontium titanate oxide
films have never been reported. For SrTiO3 thin films grown
by PLD, it has been shown15,19 that oxygen deficiency tends
to increase its lattice parameter and can reach 0.395 nm for
films grown under 10−6 mbar,19 a value very close to that of
our minority phase observed in SrTiO2.5 films.

This structural analysis demonstrates that a crystalline
structure associated with the understoichiometric composi-
tion is present in these films. A well-defined chemical phase
is thus present and is perfectly stable at room temperature.
The fact that the understoichiometric SrTiO2.5 films remain
in the crystalline network of a cubic perovskite means that a
high concentration of oxygen vacancies exists in such a
phase, i.e., more than 16% of the oxygen sites in the struc-
ture are unoccupied in this oxygen-deficient oxide phase.

A few points related to this strontium titanate phase are
worthy of comment. First, despite the high concentration of
oxygen vacancies in the understoichiometric phase, a change
in crystalline structure does not occur. For the BaTiO3 com-
pound, a rather low oxygen nonstoichiometry �BaTiO2.85�
leads to a change in the crystalline structure toward a hex-
agonal one.20 It should also be noted that the PbTiO3 com-
pound �quadratic cell� does not support any deficiency in
oxygen as the perovskite structure drastically changes to
other phases �pyrochlore phases� losing the perovskite

structure.21 This is not the case of the SrTiO2.5 phase, which
preserves the cubic perovskite structure of the SrTiO3 sto-
ichiometric phase. It must be underlined that the drastic
change in structure, for example, in the case of BaTiO3−x, is
observed in bulk material while the growth of barium titanate
thin films under low oxygen pressures22 does not lead to the
formation of the hexagonal structure observed in bulk mate-
rial. Indeed, a tetragonal structure is observed in this case
with a noticeable increase in the lattice parameters. There-
fore, the nature of the structural modification induced by an
oxygen deficiency can be different in bulk and thin-film
forms, and in the case of strontium titanate, this could lead
solely to a change in the lattice parameters.

The second point is related to the lattice parameter of the
SrTiO3−x phase with respect to that of the stoichiometric
SrTiO3 phase. The Sr to Ti ratio in the films being 1±0.02,
the increase in the lattice parameter cannot be attributed only
to strong cationic composition deviations as has been already
reported.23 This large increase in the axis parameter has to be
related to the presence of the high concentration of oxygen
vacancies in the understoichiometric phase, which involves
severe Coulombic repulsion between the strontium and tita-
nium cations. Due to this electrostatic repulsion, the cations
will be displaced away from the oxygen vacancy. As a result,
the unit-cell volume will increase, and the axis parameter of
the cubic structure will increase proportionately.

For comparison, in the SrTiO3 perovskite structure, the
ionic radii of Sr2+, Ti4+, and O2− are 1.44, 0.605, and 1.35 Å,
respectively, taking into account the fact that their respective
coordinances are 12, 6 �octahedral�, and 2. These radius val-
ues are in agreement with the experimental lattice parameter
a �3.90 Å� as the edge of the cubic cell is related to the
oxygen and titanium radii according to a=2�RO2− +RTi4+�.
The increase in the lattice parameters in SrTiO2.5 may be
explained by the modification of the ionic radius of the tita-
nium elements. Indeed, the ionic radius of Ti3+ in coordi-
nence 6 is 0.67 Å �instead of 0.605 Å for Ti4+�. Assuming
that for the SrTiO2.5 composition all the Ti4+ sites are re-
duced to Ti3+, the parameter cell a could reach 2�1.35
+0.67�=4.04 Å, corresponding to an increase of 3.6% in the
lattice parameter.

The high concentrations of oxygen vacancies in the
SrTiO3−x phase then give rise to the question of a possible
ordered arrangement of these vacancies. In fact, we did not
observe any reflection peaks in the x-ray diffraction dia-
grams, which could be related to a superstructure due to an
oxygen vacancy ordering. The oxygen vacancies are respon-
sible for the increase in the unit-cell volume, but in addition,
strains in the unit cell have also been evidenced. By a careful
analysis of the width of the reflection peaks in the x-ray
diffraction diagrams, through the Williamson-Hall method,24

strain values as high as 1%–2% were estimated. These very
high values of strains indicate that the oxygen vacancies be-
have like defects, inducing a high degree of deformation in
the cubic perovskite structure.

The formation of the SrTiO2.5 phase is reproducibly ob-
served in films grown on MgO single-crystal substrates. On
the other hand, the films grown on Si substrates or on
SiO2/Si substrates under the same experimental conditions
also display the SrTiO2.5 composition, with the cubic perov-

FIG. 3. X-ray diffraction diagram in the Bragg-Brentano geom-
etry of an understoichiometric SrTiO2.5 film grown at 640 °C under
vacuum �10−7 mbar�.
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skite structure but with a lattice parameter equal to
0.396 nm. This fact leads thus to the question of an epitaxial
stabilization of this oxide phase, i.e., the stabilizing effect is
observed only if the epitaxial growth is induced.25 To check
this point, asymmetric x-ray diffraction analyses were carried
out. Figure 4 represents the pole figure of the �110� family
planes recorded on a SrTiO2.5 film on MgO. Four main in-
tense poles are observed at a declination angle  equal to
45°. These poles are characteristic of crystallites presenting
the �200� texture. The following in-plane epitaxial relation-
ship between the film and substrate axes is thus deduced:

�100�film//�100�MgO.

This epitaxial relationship would mean a “cube-on-cube”
epitaxy of the film on substrate. However, owing to the large
difference in the in-plane lattice parameters of film
�0.400 nm� and MgO substrate �0.421 nm�, this would in-
duce too large stresses in the film. In the case of such large
differences between film and substrate lattice parameters, it
is generally admitted that the film can be grown epitaxially
with well-defined in-plane orientations via the domain
matching epitaxy,26–29 in which m lattice units of the film
match with p units of the substrate. In the case of SrTiO2.5
film on MgO, the lattice parameters �0.400 and 0.421 nm,
respectively� are such that a very good matching
��0.01% � could be obtained with very high values of m and
p, i.e., 20 units of SrTiO2.5 and 19 units of MgO. The lattice
mismatch for this so-called 20 cubes-on-19 cubes is given26

by

� = 2�20df − 19ds�/�20df + 19ds� ,

where df and ds are the respective in-plane lattice parameters
of the film and the substrate. The � value obtained here, i.e.,
1.2�10−4 is characteristic of a very good matching with the
20 cubes-on-19 cubes growth.

Nevertheless, it is difficult with such high values for m
�20� and p �19� to be sure that epitaxy stabilizes the new
SrTiO2.5 phase, i.e., that epitaxy forces the growth of one
phase having a crystal structure coherent with the MgO
structure. Moreover, the epitaxial stabilization effect appears

questionable when the results of the growth of stoichiometric
strontium titanate films are taken into consideration. Indeed,
the same epitaxial relationship was observed in the case of
the growth of such stoichiometric films on MgO substrates.
The �110� pole figure recorded on a film grown at 640 °C
under 0.3 mbar oxygen pressure is presented in Fig. 5. In
addition to centered pole characteristics of �hh0� textured
crystallites in the film, four poles are evidenced, identical to
those observed in Fig. 4, leading to the same conclusion, i.e.,
a cube-on-cube growth. In this case, the lattice mismatch is
higher �about 8%�, but this does not preclude epitaxy, the
sole difference being a broadening of the poles, indicating an
increase of the in-plane mosaicity. Considering the domain
matching epitaxy, a good coincidence can be obtained with
14 units of SrTiO3 matching with 13 units of MgO, leading
to a lattice mismatch lower than 0.2%. From these results, it
is not possible to conclude that the formation of the oxygen-
deficient SrTiO2.5 phase is due to an epitaxial stabilization
effect.

C. Transport properties of oxygen-deficient phases

The physical properties of the understoichiometric films
were studied. While stoichiometric SrTiO3 thin films are
transparent and insulating, the understoichiometric SrTiO2.5
layers appear black, shiny and show electrical conductivity.
Their room-temperature resistivity was in the
10−3–10−2 � cm range, depending on the growth tempera-
ture. Their transport properties were thus investigated
through resistivity measurements as a function of tempera-
ture. The Arrhenius plot obtained on a film grown at 640 °C
under 10−7 mbar is presented in Fig. 6. A typical semicon-
ducting behavior is observed, and in the limited range of
300–240 K, the ln � follows an Arrhenius law versus tem-
perature �see the inset of Fig. 6�. The activation energy esti-
mated from the slope is 0.013 eV, i.e., a value much lower
than those currently obtained on semiconducting oxides.30

For T�240 K, the resistivity increases and a pronounced
curvature is observed in the Arrhenius plot. Such behavior is
frequently observed for semiconducting oxides.30 The classi-

FIG. 4. �Color online� �110� pole figure for an understoichiomet-
ric SrTiO2.5 film grown at 700 °C under vacuum �10−7 mbar�.

FIG. 5. �Color online� �110� pole figure for a stoichiometric
SrTiO3 film grown at 700 °C under 0.5 mbar oxygen pressure.
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cal explanation is based on a variable range hopping �VRH�
mechanism,31 in which ln ��T� follows a linear dependence
on T−1/4 for a three-dimensional hopping. To check this ap-
proach, Fig. 7 represents the variation of ln � versus T−1/4,
and a linear behavior is observed solely in a limited domain,
i.e., between 220 and 60 K. A VRH mechanism of electrons
between Ti3+ and Ti4+ ions may therefore be dominant in this
temperature range.

The precise behavior of the SrTiO2.5 films is found to
depend on the substrate temperature during growth. Figure 8
shows the variation in the normalized resistance
�R�T� /R�300�� with temperature for a film grown at 700 °C.
The room-temperature resistivity is low �a few 10−3 � cm�
and a metallic behavior is observed �inset in Fig. 8� down to
260 K. Then below 260 K, a semiconducting dependence is
highlighted as the resistance increases with the temperature.
Depending on growth conditions, it is thus possible to

change the room-temperature transport properties of the new
SrTiO2.5 oxide phase, i.e., by changing the substrate tem-
perature during growth, semiconducting or metallic SrTiO2.5
films at room temperature can be obtained.

Such transport properties can be interesting for various
applications. Indeed, due to their conducting properties and
their perovskite structure, the SrTiO2.5 films could be used as
electrically conducting films in epitaxial heterostructures, for
example, in ferroelectric devices. In addition, due to their
semiconducting behavior, the understoichiometric films
could be used as a semiconducting layer in metal-insulator-
semiconductor heterostructures. Such an approach has al-
ready been investigated,8–10 with the insulator being first a
MgO thin layer deposited on the understoichiometric semi-
conducting strontium titanate film. The insulator layer was
then directly obtained by anodic oxidation of a semiconduct-
ing strontium titanate film, leading to the formation of a field
effect device.10

IV. CONCLUSIONS

In this work, we have demonstrated the possibility of
forming PLD thin films with an oxygen-deficient phase
while performing deposition at very low oxygen pressure.
The SrTiO2.5 perovskite phase obtained displays a lattice pa-
rameter �0.400 nm� markedly different from that of the sto-
ichiometric phase �0.3905 nm�. This oxygen-deficient perov-
skite exhibits a well-defined composition, is perfectly stable
at room temperature, and seems to preserve the perovskite
structure. This crystalline phase has not been reported in bulk
material to the best of our knowledge. While it is possible to
induce oxygen vacancies in bulk SrTiO3 by thermal treat-
ments under reducing conditions, the concentration of oxy-
gen defects is limited and the SrTiO2.5 composition has not
been reached. PLD, in contrast, allows the formation of
highly understoichiometric oxide films in vacuum conditions
�10−7–10−6 mbar�, without any reducing gas flux. Moreover,
in order to form such oxygen-deficient oxide phases, the

FIG. 6. Arrhenius plot of the resistivity of a SrTiO2.5 film grown
at 640 °C under vacuum �10−7 mbar�, through the variation of ln �
with reciprocal temperature. Inset shows the variation in the
280–100 K range on an expanded scale.

FIG. 7. Variation of ln � as a function of T−1/4 for the SrTiO2.5

film grown at 640 °C under vacuum �10−7 mbar�. The arrows de-
termine the domain of linear variation.

FIG. 8. Normalized resistance �R�T� /R�300�� as a function of
temperature for a SrTiO2.5 film grown at 700 °C under vacuum
�10−7 mbar�. Inset shows the variation in the room temperature to
200 K range on an expanded scale.
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ability of PLD to grow oxide films under very low oxygen
pressure is a noticeable advantage with respect to the other
classical thin-film growth processes. This SrTiO2.5 phase is
only observed in thin films epitaxially grown on MgO single-
crystal substrates. A possible epitaxy-induced stabilization of
metastable phase could be envisaged; however, our results do
not evidence direct proof of such a stabilization effect.

The formation of this strontium titanate oxide phase is
based on the fact that titanium can accept various oxidation
states �Ti3+ and Ti4+�, thus stabilizing such an understoichio-
metric material. This is an essential condition to grow
oxygen-deficient oxide phases based on this approach. For
instance, whatever the oxygen pressure during PLD of zinc
oxide, even in the high vacuum pressure range, the sole
phase which can be grown is ZnO, since Zn has a single
fixed valency state of 2+. Various kinds of oxide phases
could therefore be obtained in thin films by PLD of oxide
compounds with cationic species such as Cu, Fe, W,…,
which may be stabilized in different oxidation states. Pre-
liminary results clearly indicate that stable and crystalline

understoichiometric tungsten oxide phases can be grown in
similar conditions.

The SrTiO2.5 phase enhances interesting physical proper-
ties which can be easily controlled via the composition in the
PLD process. It has been found possible to grow semicon-
ducting or metallic SrTiO2.5 films depending on the tempera-
ture of the MgO substrate during the PLD growth. These
features could be used for potential applications, a typical
example being the in situ formation of metal/insulator/
semiconductor epitaxial heterostructures, based on the differ-
ent phases of strontium titanate: SrTiO2.5 �metal�/SrTiO3
�insulator�/SrTiO2.5 �semiconductor�. This epitaxial hetero-
structure could be simply obtained by changing the experi-
mental conditions �substrate temperature and/or oxygen pres-
sure� during PLD growth.
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