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Oxidation kinetics in SrTiO 3 homoepitaxy on SrTiO 3„001…
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Using an oblique-incidence optical reflectivity difference technique, we investigated kinetic
processes in SrTiO3 homoepitaxy on SrTiO3(001) under pulsed-laser deposition conditions.
Depending upon growth temperature and oxygen ambient pressure, we found that the oxidation of
an as-grown SrTiO3 monolayer may take a much longer time to complete than the recrystallization
of the monolayer. The oxidation reaction was found to be characterized by an effective activation
energy barrier of 1.35 eV and a large preexponential factor. ©2001 American Institute of Physics.
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Two-dimensional epitaxy of thin-film oxides has been
subject of intense research as the atomic-level control of
faces and interfaces is recognized to be essential for var
oxide-based heterostructure devices.1,2 So far, most efforts
have been focused on the crystalline structure or recryst
zation of epitaxially grown films.In situ reflection high-
energy electron diffraction~RHEED! from the growth sur-
face has been successfully used in these efforts.1–6 For
example, the oscillation of the RHEED intensities during
continuous deposition is used as the indicator of layer-
layer growth~through nucleation, growth, and coalescence
two dimensions!. At high temperatures, the disappearance
RHEED intensity oscillations is used as an indicator of st
flow growth.7 The short-time and long-time recovery of th
RHEED intensities in an interrupted deposition are used
monitor the temporal evolution of recrystallization.

In addition to crystallinity, the properties of oxide film
are subject to oxygen stoichiometry.8–11 In most oxide epi-
taxy, the full oxygenation of an oxide film is achieve
through postdeposition cooling treatments under high p
sure of an oxidant, regardless of the origins of the init
incomplete oxygenation. The latter can result from the th
modynamic conditions such as substrate temperature
ambient oxidant partial pressureduring growthand from ki-
netic conditions such as the rate of deposition. At a high r
of deposition, the oxidation of an as-deposited oxide fi
during growthmay be incomplete. This aspect has not be
studied in the context of oxide epitaxy, presumably beca
most commonly usedin situ monitoring techniques canno
probe the oxidation state of an oxide film withsubmonolayer
sensitivity.

Photoemission studies by many groups show that o
gen deficiency in a SrTiO3 crystal is mostly in the form of
oxygen vacancies.12,13The SrTiO3 crystal has a direct energ
gap of 3.4 eV separating the top of the O 2p valence band
from the bottom of the Ti 3d conduction band.14 The Fermi
level is very close to the bottom of the conduction ban
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Upon annealing at high temperatures in vacuum, a stoic
metric SrTiO3 crystal loses oxygen~starting from the surface
region! and oxygen vacancies are formed, mostly in TiO2

layers.12,13,15As a result, a new energy state develops in
energy gap at 1.2–1.4 eV below the bottom of the Tid
conduction band. This new energy state, having the Tid
orbital character, causes a vacuum-annealed or ‘‘reduc
SrTiO3 crystal to be absorptive in the visible range. Since
oxygen deficiency in a SrTiO3 crystalline film is accompa-
nied by the appearance of optical absorption in the visib
one can detect the state and kinetics of oxidation of an
taxially grown SrTiO3 monolayer by monitoring the absorp
tion of the monolayerduring growth.

In this letter, we report an investigation of the oxidatio
kinetics in SrTiO3 ~STO! homoepitaxy on SrTiO3(001) us-
ing an oblique-incidence optical reflectivity differenc
technique.16–19 We follow the postdeposition evolution o
the optical dielectric constanted of an as-deposited STO
monolayer film.ed deviates initially from the dielectric con
stantes for a stoichiometric SrTiO3 substrate byded5ded8
1 ided9 . Since the stoichiometric SrTiO3 is transparent in the
visible range, the imaginary partded9 that characterizes the
absorption in the visible comes from the incomplete oxid
tion of the monolayer film.20,21

Our experiment is performed in a pulsed-laser deposit
chamber with a base pressure of 131026 Torr. A
SrTiO3(001) single-crystal plate is used as the substrate.
preannealed in an oxygen flow at 1100 °C for 4 h. The sc
ning tunneling microscopy image shows that the annea
SrTiO3(001) surface exhibits terraces with heights predom
nantly of 0.4 nm~one unit cell! and widths of 300 nm. A
small portion of the surface is covered with terraces of
nm in height. All terraces are atomically flat with corrugatio
less than 0.1 nm. The substrate temperature during grow
variable from 270 to 900 °C. During growth, the oxyge
pressure can be varied from 131025 Torr to a few Torr. For
deposition, we use the laser ablation of a stoichiome
SrTiO3 target with optical pulses from a 248 nm KrF exc
mer laser operated at a repetition rate of 5 Hz. The sin
pulse energy is 550 mJ and the energy density on the ta
© 2001 American Institute of Physics
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is 1.5 J/cm2. The average deposition rate is calibrated to
0.36 ML per second at oxygen pressure of 100 mTorr a
0.5 ML per second at 0.3 mTorr.

For the optical reflectivity difference measurement,
use a 2 mW He–Nelaser atl5633 nm as the probe. At th
photon energy of 1.96 eV, the 1-mm-thick SrTiO3 substrate
is transparent and has a real dielectric constantes55.66. The
laser is initiallyp polarized. We alter the polarization of th
laser beam fromp to s polarization at a rate ofV550 kHz
with a photoelastic modulator~PEM-90, Hinds Instruments!.
The polarization-modulated beam is incident on t
SrTiO3(001) substrate at an angle off inc560°. We pass the
reflected beam through an analyzing polarizer with its tra
mission axis at an angle ofu from the s polarization. The
resultant beam intensityI r(t) is detected with a photodiode
I r(t) has terms that vary with time at various harmonics
the modulation frequencyV. We detect the second harmo
ics I r(2V)cos(2Vt).

Let r p05ur p0uexp(iFp0) and r s05ur s0uexp(iFs0) be the
reflection coefficients forp- and s-polarized light from the
substrate before deposition. And letr p5ur puexp(iFp) and
r s5ur suexp(iFs) be the reflection coefficients after an oxid
layer is deposited on the substrate. We adjustu initially such
that before depositionI r(2V)50. During the subsequen
deposition, the change inI r(2V) is given by16–19

I r~2V!>I incur p0 sinuu2 Re$Dp2Ds%, ~1!

whereDp[(r p2r p0)/r p0 and Ds[(r s2r s0)/r s0 . It can be
shown that16

ded5ded81 i ed9

5~2 i !H l@es
2 cos2 f inc2~es2sin2 f inc!#

4pd cosf inc sin2 f inc~es21! J ~Dp2Ds!,

~2!

whered is the averaged thickness of the deposited layer.
a result, ded9 is monitored through the measurement
I r(2V). Since the photon energy of 1.96 eV is large co
pared to the energy separation~1.2–1.4 eV! between the oc-
cupied oxygen-vacancy-induced state and the bottom of
conduction band,ded9 is associated with oxygen vacancies
the as-grown STO monolayer.

In our measurement, we deposit 1 ML of SrTiO3

(d50.39 nm in height! on the SrTiO3(001) substrate and
follow the change and recovery ofded9 . To deduce the ki-
netics parameters of the oxidation, we studied the dep
dence of the recovery rate forded9 on oxygen pressure an
substrate temperature. In Figs. 1~a! and 1~b!, we displayded9
before and after the deposition of a STO monolayer at o
gen pressures of 5 and 0.3 mTorr, respectively. The in
change inded9 is roughly 0.4, so thatded9/es57%. Compar-
ing Fig. 1~b! with Fig. 1~a!, we note that the recovery o
ded9 , for example, at 550 °C slows down dramatically wh
the oxygen pressure is reduced from 5 to 0.3 mTorr. T
oxygen pressure dependence confirms that the kinetic
cess responsible for the change inded9 has to do with the
interaction or reaction of ambient molecular oxygen with t
deposited STO monolayer. At a fixed oxygen pressure,
decay rate forded9 increases with the substrate temperatu
indicating that the process is also thermally activated.
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To extract the kinetic parameters that character
the decay, we fit the temporal profiles of the optic
signals with single-exponential functions of timeded9
;exp@2a(T,PO2

)t#. In Fig. 2 we display the Arrhenius plot
of the exponentsa(T,PO2

). a(T,PO2
) are fit to Arrhenius

form a(T,PO2
)5a(PO2

)exp@2Ea /kBT#. At PO2
50.3 mTorr,

we find Ea530 kcal/mol or 1.3 eV, anda(PO2
50.3 mTorr!

513106 s21. At PO2
55 mTorr, we findEa532 kcal/mol

or 1.4 eV, anda(PO2
55 mTorr!523107 s21. The two

Arrhenius plots can be combined roughly into a single e
pression:

a~T,PO2
!543109 Torr21 s21PO2

exp@21.35 eV/kBT#. ~3!

We now discuss our experimental findings. The oxyg
stoichiometry effect in bulk STO has been extensive
studied.12,13,15,21The oxygen deficiency in STO leads to do
bly ionized oxygen vacancies in the TiO2 layers presumably
as well as free electrons. This results in optical absorption

FIG. 1. Imaginary part of the optical dielectric constantded9 for a deposited
STO monolayer on SrTiO3(001) before and after the deposition in an am
bient oxygen pressure of~a! 5 mTorr and~b! 0.3 mTorr. The substrate
temperature ranges between 400 and 600 °C. For display, the curve
shifted from each other by 0.5, as indicated by the dotted lines.

FIG. 2. Arrhenius plots of decay ratesa(T,PO2
) in oxygen pressures of 5

mTorr ~solid circles! and 0.3 mTorr~open circles!, respectively. The dash
lines are fits to Arrhenius functiona(T,PO2

)5a(PO2
)exp@2Ea /kBT#.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the visible range. In our present study this effect is obser
at the monolayer levelduring growth. Immediately after the
deposition, the as-grown STO monolayer has a very h
degree of oxygen deficiency compared to the stoichiome
substrate. The high degree of oxygen deficiency is eviden
by the large initial magnitude ofed95ded9'0.4 for the as-
grown STO monolayer. It corresponds to an optical pene
tion depth ofl d50.531024 cm atl5633 nm. This means
that theeffectivevolume density of oxygen vacancies in th
as-grown STO monolayer is initially over 2000 times high
than that in the substrate under the growth condition.

We use a simple kinetic model to describe the oxidat
of an as-grown STO monolayer on SrTiO3(001). The model
reproduces the observed temperature and the oxygen
sure dependence of the decay rate forded9 . We assume tha
ded9 of the STO monolayer is proportional to the surfa
density of oxygen vacanciesNv so that the recovery of the
optical signal describes the decay ofNv . Since the decay
rate depends on the substrate temperature, oxygen vaca
in the deposited oxide monolayer must react with oxyg
adatoms~in a precursor state! rather than with ambient oxy
gen molecules directly. It is thus reasonable to assume
ambient oxygen molecules first dissociate into oxygen a
toms in a precursor state.22 The oxygen adatoms~already
thermally equilibrated with the substrate! either desorb from
the precursor state or react with the nearby oxygen vacan
~either directly or through oxygen vacancy conduction!. Let
Ni be the surface density of oxygen adatoms in the precu
state. The rate of change forNi equals the rate of dissociativ
adsorption for ambient molecular oxygen minus the rate
desorption for oxygen adatoms from the precursor state
the rate at which these oxygen adatoms react with the ne
oxygen vacancies,

dNi

dt
5SGpF ~Nv02Nv!2Ni

Ns
G2ndesNi exp~2Edes/kBT!

2nRNi exp~2ER /kBT!, ~4!

whereNv0 is the surface density of oxygen vacancies imm
diately after the deposition. The rate of change forNv as a
result of oxidation is given by

dNv

dt
52nRNi exp~2ER /kBT!, ~5!

whereGp5PO2
/A2pMO2

kBTg is the surface collision rate
for ambient molecular oxygen at room temperatureTg . MO2

is the mass of an oxygen molecule.Ns is the maximally
possible density for surface oxygen vacancies.@(Nv02Nv)
2Ni #/Ns is the probability for an oxygen molecule to strik
an unoccupied oxygen vacancy site andS is the sticking
probability or the probability that such an oxygen molecu
successfully dissociates into two precursor state oxygen
toms. ndes and Edes are the preexponential factor and th
energy barrier for an adsorbed oxygen atom to desorb f
the precursor state, respectively.nR andER are the preexpo-
nential factor and the energy barrier for an adsorbed oxy
atom to react with the nearby oxygen vacancy, respectiv
Since the rate of change forNv is roughly proportional to the
ambient oxygen pressure, it suggests thatNsndesexp
(2Edes/kBT)@SGp and the reaction rate is small compar
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to the desorption rate. As a result, we obtain a quasi-stea
state density for Ni as Ni'@SGp(Nv02Nv)/Nsndes#
3exp(Edes/kBT) from Eq. ~4!. Solving Eq.~5!, we arrive at
Nv>Nv0 exp@2a(PO2

,T)t#. The exponent a(PO2
,T)

5(SGp /Ns)(nR /ndes)exp@2(ER2Edes)/kBT# is an Arrhenius
function of temperature and has a nearly linear depende
on the oxygen pressure. Sinceded9}Nv , the recovery of the
optical signal is expected to evolve also as e
@2a(PO2

,T)t#. This is what we observed experimentall
This model suggests that the experimentally measured
ergy barrier is the difference between that for a precur
state oxygen atom to react with a nearby oxygen vaca
and the barrier for desorption,Ea5ER2Edes51.35 eV.

The main conclusion from our study is that dependi
upon the substrate temperature and oxygen pressure,
long after the oxide film is recrystallized, the oxygen stoic
ometry and the resultant properties of the film may be
from restored to those of a stoichiometric STO crystal.
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