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Oxidation kinetics in SrTiO 5 homoepitaxy on SrTiO 5(001)
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Using an oblique-incidence optical reflectivity difference technique, we investigated kinetic
processes in SrTip homoepitaxy on SrTig{001) under pulsed-laser deposition conditions.
Depending upon growth temperature and oxygen ambient pressure, we found that the oxidation of
an as-grown SrTi@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 factor2001 American Institute of Physics.
[DOI: 10.1063/1.1338497

Two-dimensional epitaxy of thin-film oxides has been aUpon annealing at high temperatures in vacuum, a stoichio-
subject of intense research as the atomic-level control of sumetric SrTiG, crystal loses oxyge(starting from the surface
faces and interfaces is recognized to be essential for variouggion and oxygen vacancies are formed, mostly in JiO
oxide-based heterostructure deviéésSo far, most efforts layers>**1As a result, a new energy state develops in the
have been focused on the crystalline structure or recrystallienergy gap at 1.2—-1.4 eV below the bottom of the di3
zation of epitaxially grown filmslIn situ reflection high- conduction band. This new energy state, having thedTi3
energy electron diffractiotRHEED) from the growth sur- orbital character, causes a vacuum-annealed or “reduced”
face has been successfully used in these effoftesor  SrTiO; crystal to be absorptive in the visible range. Since the
example, the oscillation of the RHEED intensities during aoxygen deficiency in a SrTiQcrystalline film is accompa-
continuous deposition is used as the indicator of layer-byhied by the appearance of optical absorption in the visible,
layer growth(through nucleation, growth, and coalescence inohe can detect the state and kinetics of oxidation of an epi-
two dimensions At high temperatures, the disappearance oft@xially grown SrTiQ monolayer by monitoring the absorp-
RHEED intensity oscillations is used as an indicator of stepfion of the monolayeduring growth o
flow growth! The short-time and long-time recovery of the I this letter, we report an investigation of the oxidation
RHEED intensities in an interrupted deposition are used t¢inetics in SrTiQ (STO) homoepitaxy on SrTig(001) us-
monitor the temporal evolution of recrystallization. Ing an o(?_lgue-mmdence optical reflectivity difference

In addition to crystallinity, the properties of oxide films technique'®~* We follow the postdeposition evolution of
are subject to oxygen stoichiomefty* In most oxide epi- the optical dielectric constargy of an as-deposited STO

taxy, the full oxygenation of an oxide film is achieved monolayer film.e4 deviates initially from the dielectric con-

i : : o
through postdeposition cooling treatments under high presSt@ntés for a stoichiometric SrTi@) substrate bybeq= deq

sure of an oxidant, regardless of the origins of the initial+'56d' Since the stoichiometric SrTiOs transparent in the

. . . H " 1
incomplete oxygenation. The latter can result from the theryISIble range, the imaginary pafe, that characterizes the
modynamic conditions such as substrate temperature a

nacpsorption in the visible comes from the incomplete oxida-
ambient oxidant partial pressudeiring growthand from ki-

tion of the monolayer filnf%?!
netic conditions such as the rate of deposition. At a high rate Our experiment is performed in a pulsed-laser deposition
of deposition, the oxidation of an as-deposited oxide film

chamber with a base pressure ofx10 ® Torr. A
during growthmay be incomplete. This aspect has not beenSrT|03(001) §|ngle crystal plate is used oas the substrate. It is
e . . reannealed in an oxygen flow at 1100 °C for 4 h. The scan-
studied in the context of oxide epitaxy, presumably becausg. : . )
L o ) ning tunneling microscopy image shows that the annealed
most commonly usedéh situ monitoring techniques cannot

2 L . SrTiO;(001) surface exhibits terraces with heights predomi-
g;cr)]zii'\t/i:gomdatlon state of an oxide film wgibmonolayer nantly of 0.4 nm(one unit cell and widths of 300 nm. A

Phot . wdies b how that small portion of the surface is covered with terraces of 0.2
otoemission studies by many groups show that oXyp ., i, height. All terraces are atomically flat with corrugation

gen deficiency'in alsSrTchrystal is mostly in the form of less than 0.1 nm. The substrate temperature during growth is
oxygen vacancie¥®*The SrTiQ, crystal has a direct energy variable from 270 to 900°C. During growth, the oxygen

gap of 3.4 eV separating the top of the OQ?Ience band 5 essure can be varied fromk110~5 Torr to a few Torr. For
from the bottom of the Ti@ conduction band’ The Fermi  jenqsition, we use the laser ablation of a stoichiometric
level is very close to the bottom of the conduction ba”d'SrTiO3 target with optical pulses from a 248 nm KrF exci-
mer laser operated at a repetition rate of 5 Hz. The single
dElectronic mail: xdzhu@physics.ucdavis.edu pulse energy is 550 mJ and the energy density on the target
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is 1.5 J/cm. The average deposition rate is calibrated to be w® ! I !

0.36 ML per second at oxygen pressure of 100 mTorr and < 2 MC_

0.5 ML per sec_ond at 0.3.n.1Torr. g 15p----- -
For the optical reflectlwtl/ difference measurement, we s _[‘_x_.‘_.,’” 500°C ]

use a 2 mW He—Néaser atn=633 nm as the probe. At the E

photon energy of 1.96 eV, the 1-mm-thick SrEiGubstrate £ 05 J“&..,_ --550°C .

is transparent and has a real dielectric constans.66. The & 600°C (@)

laser is initiallyp polarized. We alter the polarization of the E 0 — L 1

laser beam fronp to s polarization at a rate of2=50 kHz 0 120 240

with a photoelastic modulat¢PEM-90, Hinds Instruments time (seconds)

The polarization-modulated beam is incident on the o T T T

SrTiOz(001) substrate at an angle éf,.=60°. We pass the 8 15 M&«

reflected beam through an analyzing polarizer with its trans- 5 550°C

mission axis at an angle df from the s polarization. The T f_“_«_-m

resultant beam intensitly(t) is detected with a photodiode. ; v 600°C

[,(t) has terms that vary with time at various harmonics of S 0.5 -b"‘-MM -650°C -

the modulation frequencf). We detect the second harmon- (<)

ics 1,(22) cos(20). g o '.L""‘WT 700°C () ]
Let r,0=|rpolexp(®po) andrg=|rs|exp(®y) be the 0 120 240

reflection coefficients fop- ands-polarized light from the time (seconds)

substrate before deposition. And leg=|r|exp(®,) and
re= |rs|equq)s) be the reflection coefficients after an oxide FIG. 1. Imaginary part of the optical dielectric constaat; for a deposited
; ; 'ﬂ igiiti STO monolayer on SrTigl001) before and after the deposition in an am-
layer IS deposned On the SUbS_trate' We ad tla”y such bient oxygen pressure dB) 5 mTorr and(b) 0.3 mTorr. The substrate
that b.e.fore dGDOSItIOHr(ZQ)—Q. I:?urmg tgelQSUbsequem temperature ranges between 400 and 600 °C. For display, the curves are
deposition, the change in(2Q) is given by®- shifted from each other by 0.5, as indicated by the dotted lines.
1(2Q)=lindlrpo sin 6]” Re[A,— A, (1) - _
To extract the kinetic parameters that characterize
where A= (rp—rpo)/Tpo and Ag=(rs—rs)/rso. It can be  the decay, we fit the temporal profiles of the optical

shown that’ signals with single-exponential functions of timéej
Seq= S, +i€) ~exp[—a(T,P02)t]. In Fig. 2 we display the Arrhenius plots
5 . of the exponentsxx(T,Poz). a(T,POz) are fit to Arrhenius
(=] N[ 5 cos d’inc_.(es_ Sir dinc) ] (A=A form a(T,Po,) = a(Po,)exd —E,/kgT]. At Po,=0.3 mTorr,
47d COSPine SIMT Pinc(€s— 1) P we find E,=30 kcal/mol or 1.3 eV, and(P,=0.3 mTor)

(2 =1x10 s™'. At Po,=5 mTorr, we findE,=32 kcal/mol

— — \/ -1
whered is the averaged thickness of the deposited layer. A" 14 €V, anda(Po,=5 mT9rD_2X1O S The_ two
a result, 5 is monitored through the measurement of Arrhenius plots can be combined roughly into a single ex-
[,(2Q). Since the photon energy of 1.96 eV is large com-Pression:

pared to the energy separatith2—-1.4 eV between the oc- _ 1.1 B
cupied oxygen-vacancy-induced state and the bottom of thg(T’POZ) 4x10° Torr™*s'Po, exf —1.35 eVkgT]. (3)

conduction bandge}; is associated with oxygen vacancies in We now discuss our experimental findings. The oxygen

the as-grown STO monolayer. _ _ stoichiometry effect in bulk STO has been extensively
In_our measurement, we deposit 1 ML of SrEiO gy gied212152:The oxygen deficiency in STO leads to dou-

(d=0.39 nm in height on the SrTiQ(001) substrate and |y jonized oxygen vacancies in the TiCayers presumably

follow the change and recovery dfeg. To deduce the ki- 55 \yel| as free electrons. This results in optical absorption in
netics parameters of the oxidation, we studied the depen-

dence of the recovery rate fdie;; on oxygen pressure and
substrate temperature. In Figgalland Xb), we displaydey
before and after the deposition of a STO monolayer at oxy-
gen pressures of 5 and 0.3 mTorr, respectively. The initial
change inde is roughly 0.4, so thabej/es=7%. Compar-
ing Fig. XAb) with Fig. 1(a), we note that the recovery of
Sey, for example, at 550 °C slows down dramatically when
the oxygen pressure is reduced from 5 to 0.3 mTorr. The 8
oxygen pressure dependence confirms that the kinetic pro- Y ] N T D
cess responsible for the change de; has to do with the 1 1.1 12 13 1.4

interaction or reaction of ambient molecular oxygen with the 1000 (K"

deposited STO m_onOIayer' At_ a fixed oxygen pressure, thEIG. 2. Arrhenius plots of decay rategT,P ) in oxygen pressures of 5
decay rate fordeg increases with the substrate temperature grorr (solid circles and 0.3 mTorr(open circles respectively. The dash

indicating that the process is also thermally activated. lines are fits to Arrhenius function(T,Po,) = a(Po,)ex —E,/kgT].
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the visible range. In our present study this effect is observetb the desorption rate. As a result, we obtain a quasi-steady-
at the monolayer leveduring growth Immediately after the state density for N; as N;=~[SI',(N,o—N,)/Ngvged
deposition, the as-grown STO monolayer has a very highk expEges/kgT) from Eq. (4). Solving Eq.(5), we arrive at
degree of oxygen deficiency compared to the stoichiometritN,=N,¢ ex;{—a(Poz,T)t]. The exponent a(Poz,T)

substrate. The high degree of oxygen deficiency is evidenced (ST yINg) (Vr/ vaed €XH — (Er—Eqed/KsT] is an Arrhenius

by the large initial magnitude oéj= de;~0.4 for the as- function of temperature and has a nearly linear dependence
grown STO monolayer. It corresponds to an optical penetragn the oxygen pressure. Sinéej =N, , the recovery of the
tion depth ofl4=0.5X10"* cm atA=633 nm. This means optical signal is expected to evolve also as exp
that theeffectivevolume density of oxygen vacancies in the [—a(POZ'T)t]- This is what we observed experimentally.
as-grown STO monolayer is initially over 2000 times higherthis model suggests that the experimentally measured en-

than that in the substrate under the growth condition. ergy barrier is the difference between that for a precursor

We use a simple kinetic model to dgscribe the oxidationgisie oxygen atom to react with a nearby oxygen vacancy
of an as-grown STO monolayer on SrE(@01). The model ;14 the barrier for desorptiok, = Er— Ege=1.35 eV.

reproduces the observed temperature and the oxygen pres- The main conclusion from our study is that depending

)
sure dependence of the decay ratedefj. We assume that 4 the substrate temperature and oxygen pressure, even
deq of the STO monolayer is proportional to the surface|ong after the oxide film is recrystallized, the oxygen stoichi-
density of oxygen vacancie, so that the recovery of the ometry and the resultant properties of the film may be far

optical signal describes the decay . Since the decay fom restored to those of a stoichiometric STO crystal.
rate depends on the substrate temperature, oxygen vacancies
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