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We have studied the growth dynamics and electronic properties of SrTiO3−� homoepitaxial films by
pulsed laser deposition. We find that the two dominant factors determining the growth mode are the
kinetics of surface crystallization and of oxidation. When matched, persistent two-dimensional
layer-by-layer growth can be obtained for hundreds of unit cells. By tuning these kinetic factors,
oxygen vacancies can be frozen in the film, allowing controlled, systematic doping across a
metal-insulator transition. Metallic films can be grown, exhibiting Hall mobilities as high as
25 000 cm2/V s. © 2007 American Institute of Physics. �DOI: 10.1063/1.2798385�

I. INTRODUCTION

Aspects of SrTiO3 have been studied for many years,
including the anomalous low temperature dielectric response,
due to incipient ferroelectricity,1 and electronic properties
upon doping.2–6 Oxygen vacancies induce free electrons with
unusually high mobility for such a narrow-band system, with
significant charged-impurity screening provided by the lat-
tice. Remarkably, the evolution from a dielectric insulator, to
a doped semiconductor, then to a metal and superconductor
all occurs within the first 0.03% of oxygen vacancies. Re-
cently, thin film SrTiO3 has been actively investigated to
utilize this wide range of physical properties. Motivations
include functions such as high-K dielectric layers for ad-
vanced complementary metal oxide semiconductor,7 insulat-
ing tunnel barriers,8 semiconductor for oxide field effect
devices,9 conducting layers,10 etc. In addition, SrTiO3 is a
prominent epitaxial substrate for many of the perovskite-
derived transition metal oxides.

In all of these contexts, SrTiO3 homoepitaxy provides an
ideal prototype to evaluate the growth dynamics in the cur-
rent efforts to develop complex oxide heteroepitaxial struc-
tures. In situ reflection high-energy electron diffraction
�RHEED� techniques have been successfully applied to dem-
onstrate near-perfect epitaxy. Layer-by-layer growth sus-
tained by growth interruptions,11 as well as step-flow
growth,12 has been demonstrated using pulsed laser deposi-
tion �PLD�. However, a general understanding of the growth
dynamics, including the resulting oxygen stoichiometry, has
not yet been established. This is a key issue underlying ap-
plications of thin film SrTiO3, as well as an opportunity to
provide controlled dopant profiles in heteroepitaxial struc-
tures.

Here, we report our study of the growth dynamics of
SrTiO3−� homoepitaxial films using PLD. By varying the
temperature �Tg� and the oxygen partial pressure �PO2

� dur-
ing growth, we have mapped out the growth mode transition

from three-dimensional island growth to two-dimensional
layer-by-layer growth. The optimal conditions for extended
layer-by-layer growth occur when the time constant for crys-
tallization ��cryst� of the adatom species matches the surface
oxidation time constant ��ox�. This also marks a key thresh-
old for the electronic properties of the films because when
�cryst��ox, oxygen vacancies are frozen in the growing film,
resulting in free electron carriers. The films can be system-
atically doped in this manner to undergo a metal-insulator
transition, with low temperature mobilities as high as
25 000 cm2/V s.

II. EXPERIMENT

Homoepitaxial SrTiO3 films, 1000 Å thick, were grown
by PLD from a single crystal target on atomically flat,
TiO2-terminated �001� SrTiO3 substrates. The entire growth
process was monitored by RHEED. Substrates were mounted
using silver paint or clamping on an oxidized Inconel sur-
face, and Tg was measured by a pyrometer assuming an
emissivity of 0.8. Tg and PO2

were varied in this study, while
the repetition rate �5 Hz� and fluence ��1 J /cm2� of the KrF
excimer laser were held constant. After growth, the tempera-
ture was lowered to room temperature at a constant rate of
50°C/min while keeping PO2

constant. The obtained films
were characterized by means of atomic force microscopy and
x-ray diffraction �XRD� at the National Synchrotron Light
Source at Brookhaven National Laboratory as well as using a
laboratory apparatus. Transport properties were measured in
six-probe Hall bar geometries using evaporated Al Ohmic
contacts. Films were also grown on �001� LaAlO3 substrates
in order to measure their compositions using Rutherford
backscattering spectroscopy �RBS�.

III. RESULTS AND DISCUSSION

In order to analyze the growth-induced effect in
RHEED, we set a constant diffraction condition through all
deposition experiments—the in-phase condition where the
Bragg condition is satisfied for the SrTiO3 unit cell. The finea�Electronic mail: aohtomo@imr.tohoku.ac.jp
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diffraction spots were observed from the substrates after
heating at 950 °C in PO2

=1�10−6 Torr for 30 min, as
shown in Fig. 1�a�. Weak streaks between the specular and
�01� spots are presumably due to the �2�1� reconstruction.13

These diffraction features hardly changed during homoepi-
taxial growth, when grown at 650 °C in PO2

=1�10−6 Torr
�Fig. 1�b��. The films grown at higher Tg showed streaky
patterns along the streak direction, as shown in Figs. 1�c� and
1�d�. Figure 2 shows the normalized RHEED intensity oscil-
lation of the specular spot during the growth in PO2

=1
�10−6 Torr at various temperatures. Each oscillation corre-
sponds to the completion of one perovskite unit cell, and the
typical growth rate was one unit cell for �30 laser pulses.
The topmost trace �Tg=650 °C� represents the optimal con-
ditions for this PO2

. After initial decay in amplitude, the
RHEED oscillations persist in steady state after more than
100 unit cells of growth. Many nonintrinsic factors can
dampen RHEED oscillations,14 thus this trace confirms our
efforts to optimize the experimental geometry—minimizing
flux inhomogeneity, for example. Any observed factor con-
tributing to oscillation persistence, therefore, can be consid-
ered as intrinsic and growth mode related. In fact, almost the
same oscillation traces were also obtained from the �01�
spots. For higher and lower Tg, both the oscillation amplitude
and average intensity decrease more quickly �higher Tg

shown in Fig. 2� and eventually the patterns become diffused
�Figs. 1�c� and 1�d��. It should be mentioned that the layer-
by-layer growth could be further extended by applying
pulsed laser interval deposition technique regardless of
growth condition.11

Figure 3 shows the �-2� synchrotron XRD pattern near
the �002� Bragg condition for three films grown in PO2

=1
�10−6 and 1�10−5 Torr on SrTiO3. Although this is ho-
moepitaxial growth, the film peak is clearly separated from
the substrate, indicating elongation along the c axis. Off-axis

reciprocal space mapping in a laboratory XRD confirms that
all of the films in this study are fully strained. Therefore, the
longer c axis corresponds to an expanded lattice volume
change ��V� of 0.85%, 0.63%, and 0.30% for the films
grown at 650, 700, and 800 °C, respectively.

The results spanning a wide range of parameters are
summarized in the growth phase diagram of Fig. 4. Contour
lines �thin solid and dashed lines� denote the number of unit
cells of growth for which the RHEED oscillation loses half
of its initial amplitude, indicated by arrows in Fig. 2. The
optimal condition for extended layer-by-layer growth is ori-
ented diagonally, in between conditions at PO2

=1�10−5 and
1�10−6 Torr marked by crosses. At higher PO2

and lower
Tg, the lower surface mobility of the adatoms leads to island
growth contributions that diminish the RHEED intensity.
Consistent with this, the thick dashed line gives the boundary
for surface roughening, as observed by ex situ atomic force
microscopy. Outside of this region, the atomic step and ter-
race structure of the original substrate surface are preserved
on the surface of the film. Figure 5 gives the phase diagram
of the unit cell volume expansion as a function of growth
conditions, taken from a mix of synchrotron and laboratory
x-ray sources.15 This increase in �V, arising from the ex-
panded c axis, is found to increase monotonically with de-
creasing PO2

and lowering Tg.
In order to understand the structure of Fig. 4, many dy-

namical factors should be considered, two of which dominate

FIG. 1. �Color online� RHEED patterns of SrTiO3 substrate �a� and ho-
moepitaxial films, 1000 Å thick, grown at 650, 780, and 800 °C ��b�–�d��.
The images were taken along the �100� azimuth with 25 keV electrons. The
incidence angle was 1.1° �in-phase condition�. The measurement tempera-
tures were the same as the growth temperatures. The intensity of specular
spot outside the Laue circle, indicated by the square in �a�, was monitored to
record RHEED intensity oscillations shown in Fig. 2.

FIG. 2. �Color online� RHEED intensity oscillations during SrTiO3−��001�
homoepitaxial growth at various temperatures in an oxygen partial pressure
PO2

=10−6 Torr. Arrows indicate the position of the loss of half the initial
oscillation amplitude.
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the growth phase diagram. Among the various thin film
growth methods commonly used, PLD is generally the most
kinetic, particularly at low chamber pressures where the
mean free path of the ablated species is considerably longer
than the target-substrate distance. This results in unusually
high surface diffusion energy. The crystallization of the sur-
face precursors is kinetically limited with activation barriers
for the surface diffusion and dissociation of small islands. At
very low Tg, the adatoms freeze in metastable form, resulting
in an extremely long �cryst. With increasing Tg, �cryst de-
creases due to thermal assistance. The temporal evolution of
the RHEED intensity recovery after growth interruptions can
be used to estimate �cryst, and it has been found to follow the
Arrhenius form �cryst

−1=A exp�−EAcryst /kBTg�, where A is a
preexponential factor, EAcryst is the activation energy, and kB

is the Boltzmann constant.16 EAcryst is reported to be
�3.8 eV, although increasing the effective nuclei and step
edge density reduces this value.17,18

The other important kinetic limit is surface oxidation.
Since repeated laser ablation results in an oxygen deficient
surface on the target oxide,19 reduced species on the film
surface are oxidized during surface migration and after crys-
tallization. This has been studied by in situ optical reflectiv-
ity measurements during PLD growth of monolayer
SrTiO3.20 Here also, an Arrhenius form was observed, where
EAox is found to be PO2

independent at �1.35 eV, and A
=4�109PO2

, the preexponential factor, captures the PO2
de-

pendence. Taken together, the dynamics of crystallization

and oxidation give a framework to Fig. 4. Although both
follow the same simple rate equation, the different constants
result in the trend that with growth conditions varying from
high PO2

and low Tg to low PO2
and high Tg, there is a

crossover from �cryst��ox to �cryst��ox. Optimal layer-by-
layer growth is realized on the verge of three-dimensional
growth when �cryst��ox. The conditions with higher Tg and
lower PO2

also hamper layer-by-layer growth, not due to the
partial contribution of step-flow growth, which occurs either
at much higher Tg or for low miscut substrates,17 but due to
mismatching kinetic factors �cryst��ox, resulting in an irregu-
lar nucleation and growth cycle. In this region, the RHEED
intensity recovered on the minute timescale at a growth in-
terruption.

It is relevant to compare these time constants with the
inverse repetition rate of the laser pulses. Both �cryst and �ox,
just after monolayer growth at PO2

=1�10−5 Torr and Tg

=700 °C, are more than 102 s,17,20 which is much longer
than the laser pulse interval �0.2 s�. Applying a longer pulse
interval, for further evolution of the surface kinetics, is not
practical. Indeed, no change in RHEED oscillation persis-
tence is observed by decreasing the laser repetition from
5 to 0.5 Hz. It should be mentioned that the growth mode
can be manipulated by changing other parameters such as the
laser energy and the chemical potential of the source mate-
rials �ambient gases and target solids�. Many dynamical fac-

FIG. 3. �Color online� �-2� x-ray diffraction patterns �dots� and simulation
curves �solid lines� near the �002� Bragg condition for three films grown in
PO2

=10−6 Torr �650 and 700 °C� and 10−5 Torr �800 °C�.

FIG. 4. �Color online� SrTiO3−��001� homoepitaxial growth phase diagram
as a function of PO2

and growth temperature �Tg�. Contour lines denote the
number of unit cells for which half the RHEED oscillation amplitude is lost.
The thick dashed line indicates the boundary between two-dimensional
layer-by-layer growth and three-dimensional island growth modes. Thick
crosses depict a range of the optimal conditions for RHEED persistence at
PO2

=10−5 and 10−6 Torr.
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tors are involved and interdependent in a manner not dis-
cussed above, where we have focused on the key parameters
in typical growth conditions.

In addition to controlling the growth modes, the kinetics
of crystallization and oxidation dominate the electrical prop-
erties of the films as well. For Tg above that for optimal
layer-by-layer growth ��cryst��ox�, excess oxygen vacancies
beyond thermodynamic equilibrium are frozen in the grow-
ing film. Because doubly charged oxygen vacancies �VO

2+�
in SrTiO3 act as donors, contributing two electrons each,
they lead to a dramatic increase in the free carrier density.21

Figure 6 shows a central result of this study: free carriers
suddenly appear as �cryst��ox, and the resulting carrier den-
sity reflects the competing rates for crystallization and oxi-
dation. The room temperature carrier density n=−1/eRH,
where RH is the Hall coefficient and e is the electron charge,
is shown for varying Tg at PO2

=1�10−5 and 1�10−6 Torr.
Clearly seen are dramatic increases of n by more than three
orders of magnitude, just at the optimal Tg for extended
layer-by-layer growth where �cryst��ox �crosses in Figs. 4
and 5�.

At lower Tg, the falling n values extrapolate to the ther-
modynamic equilibrium VO

2+ densities n=2�VO
2+� expected

from simple free energy considerations,22 as confirmed for
bulk single crystals.23,24 The activation energy for the Tg de-
pendence of n at high temperatures is found to be
�1.3±0.2� eV, in good agreement with EAox discussed
previously.20 The highest electron densities observed are
�5�1021 cm−3, suggesting that �5% of the oxygen sites
are unoccupied �a chemical formula of SrTiO2.85�. It is not

surprising that such grossly oxygen deficient films can still
maintain the perovskite lattice, given the known stability of
SrTiO3−� up to �=0.28.24 RBS studies of films grown on
LaAlO3 confirm the cation stoichiometry Sr1 :Ti1 to within
1%, eliminating this possibility as a major contribution to the
free carrier density.

Figures 7�a� and 7�b� show the temperature dependent
resistivity ��T� and n�T� for conducting samples. The sys-
tematic change from metallic to insulating films corresponds
to a decrease in n, and the metal-insulator transition occurs
near n=1019 cm−3. Highly conducting samples show nearly
temperature independent n, while insulating samples show
activation behavior with decreasing n. In the films studied
here, no systematic differences in ��T� were found for
equivalent n achieved by different Tg and PO2

during growth.
Furthermore, the high kinetic barrier to oxidation and the
slow oxygen diffusion times at the growth parameters allow
the identification of the measured transport properties with
the frozen configuration due to the kinetics of growth.

The temperature dependent Hall mobility 	H�T� for the
metallic samples in Fig. 7 is plotted in Fig. 8. At higher
temperatures, all of the data follow essentially the same
curve with 	H�T−3.2, very similar to previous reports for
bulk single crystal samples of SrTiO3−�.2 At low tempera-
tures, the maximum 	H=25 000 cm2/V s was observed for a
film with n=2.5�1020 cm−3. To our knowledge, this is the
highest reported 	H for doped SrTiO3 in any form. However,
despite the similarity of 	H�T� in our films with bulk single
crystals, there are several significant differences that bear
consideration. The inset of Fig. 8 displays the carrier density

FIG. 5. �Color online� Contour map of the increase in unit cell volume,
arising from increase in the film c axis as a function of PO2

and Tg. Thick
crosses depict the optimal conditions for RHEED persistence at PO2

=10−5

and 10−6 Torr.

FIG. 6. �Color online� Variation of the room temperature free carrier density
n300 K with Tg at PO2

=10−5 and 10−6 Torr. With decreasing Tg, n300 K sud-
denly drops and extrapolates to the carrier densities corresponding to ther-
modynamic equilibrium oxygen vacancies, indicated for PO2

=10−5 and
10−6 Torr. This point �marked by vertical lines� also corresponds to the
optimal conditions for RHEED persistence �Fig. 4�.
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dependence of 	H�2–4.2 K� for both previous bulk work
and the films of this study. Although both share a peak in
mobility of comparable magnitude and form, this peak oc-
curs at much higher carrier density in the films than in bulk.

Some insight to the difference between thin film and
bulk results can be found in a comparison of the evolution of
the carrier activation energy En with carrier density, shown in
Fig. 9. A dramatic increase in En is observed at a much
higher carrier density in the films as compared to bulk single
crystals. One contribution to this shift may arise from the
recently observed effects of surface depletion.25 A second
contribution is the diminished low temperature dielectric
constant 
 often observed for thin films, noting that En

�
−2 for a hydrogenlike donor. Typical low temperature val-
ues for films range from 500–1500, whereas the single crys-
tal value exceeds 20 000.26 This difference is likely closely
related to the observed volume expansions �Fig. 5�. The ten-
dency for a tetragonal volume expansion has been observed
in bulk quenched SrTiO3−�, but it is greatly diminished for
slow-cooled samples ��V�0.2% for SrTiO2.72�.

24 We note
that by moderate oxygen postannealing �400 °C, 2 h in
1 atm of O2�, the metallic films become completely insulat-
ing, while maintaining the expanded lattice. The volume ex-
pansion has also been observed in much higher PO2

during
PLD growth.27 Taken together, these results indicate a non-
trivial modification of the lattice arising from the nonequilib-
rium kinetics of PLD growth.

IV. CONCLUSIONS

Using in situ RHEED, we have carefully examined the
evolution of the PLD growth mode during SrTiO3 homoepi-
taxy, which strongly depends on the oxygen partial pressure
and growth temperature. Nearly ideal oxygen stoichiometry
and extended layer-by-layer growth were simultaneously
achieved under conditions where the time constants of two
key kinetic processes, oxidation and crystallization, match.
By detuning from this condition, the oxygen stoichiometry
could be systematically controlled in the growing film. Our

FIG. 7. �Color online� �a� Temperature dependent resistivity for SrTiO3−�

films with varying �, following Fig. 6. �b� n�T� corresponding to the films in
panel �a�. Different symbols for each trace indicate correspondence to the
data shown in Figs. 6 and 8.

FIG. 8. �Color online� Temperature dependence of the Hall mobility for
metallic SrTiO3−� films. The dashed line gives the best power law fit be-
tween 100 and 300 K. The symbols correspond to those in Fig. 7. Inset: Low
temperature Hall mobility as a function of carrier density for the thin films
of this study and bulk single crystals �taken from Refs. 3–6 and 24�.

FIG. 9. �Color online� Carrier activation energy as a function of n300 K for
thin films and bulk single crystals �taken from Refs. 5 and 6�. The tempera-
ture dependent boundaries for the metal-insulator transition �d� /dT�0� for
thin films and bulk crystals are indicated by light and dark gray, respectively.
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approach provides a way to vary oxygen vacancy profiles in
complex oxide heterostructures while keeping atomically
sharp heterointerfaces.10,28

We have further investigated the structural and electronic
properties of homoepitaxial SrTiO3−� films over a wide range
of oxygen �. Films with high � exhibited metallic conduction
down to low temperatures, and with decreasing �, the films
undergo a metal-insulator transition at ��0.006. The varia-
tion of the low temperature Hall mobility as a function of
carrier density was found to be qualitatively similar to that of
bulk single crystals but with a maximum at much higher
carrier density in the films than in bulk. This difference can
be attributed to the observed tetragonal volume expansion,
causing reduction of the background dielectric constant far
below the bulk crystalline value.29
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