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Time-resolved study of SrTiO 3 homoepitaxial pulsed-laser deposition
using surface x-ray diffraction
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Homoepitaxy of SrTiO3 by pulsed-laser deposition has been studied usingin situ time-resolved
surface x-ray diffraction in the temperature range of 310 °C to 780 °C. Using a two-detector
configuration, surface x-ray diffraction intensities were monitored simultaneously at the~0 0 1

2!
specular and the~0 1 1

2! off-specular truncation rod positions. Abrupt intensity changes in both the
specular and off-specular rods after laser pulses indicated prompt crystallization into SrTiO3 layers
followed by slower intra- and interlayer surface rearrangements on time scales of seconds. Specular
rod intensity oscillations indicated layer-by-layer growth, while off-specular rod intensity
measurements suggested the presence of transient in-plane lattice distortions for depositions above
600 °C. © 2002 American Institute of Physics.@DOI: 10.1063/1.1477279#
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Pulsed-laser deposition~PLD! is a method used widely
for thin-film deposition of complex and nonequilibrium
materials.1 In PLD, an intense laser pulse is used to vapor
a solid target and create a plume of dense plasma. The p
has a sharp spatial profile, exists for a few microseconds,
consists of rapidly expanding ionic and neutral species.
fact that film deposition occurs from a brief, high intens
pulse of vaporized solid differentiates PLD from therm
equilibrium growth techniques such as molecular-beam
taxy and chemical vapor deposition.

Although a great deal is known about the time struct
of ablation plumes used in PLD film growth,1 the details of
the aggregation, crystallization, and surface kinetics invol
in the epitaxial growth process are less well understood.
flection high-energy electron diffraction~RHEED! has been
used for time-resolved monitoring PLD of complex oxides2,3

and interval deposition techniques have been investigate
control the growth mode.4 So far, quantitative analysis o
RHEED-oscillation transients have been made under
simplifying assumption of a single-exponential process.3,4

In this letter, we describe the use of surface x-ray d
fraction ~SXRD! for real-time monitoring of oxide thin-film
growth and testing of two time-scale growth models. The
of SXRD ensures that simple kinematic single-scatter
analysis can be used5,6 to provide direct physical insight be
yond that afforded by RHEED measurements.

PLD was performed in a film growth chamber specia
designed for SXRD and based on the so-called 212 diffrac-
tion geometry.7 Details of the capabilities and operation
this apparatus have been provided elsewhere,8 and only the
salient features of the experimental setup are discussed
The direction of the ablation laser beam was synchroni
with the chamber rotation to maintain a fixed PLD config
ration as the sample orientation is changed for x-ray diffr
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tion. The vacuum in the chamber was maintained by a
bomolecular pump at a typical background pressure
631028 Torr. Sample heating was accomplished by a py
lytic boron nitride encapsulated graphite filament heater. T
sample temperature was derived from a measurement o
~0 0 2! Bragg angle using a Ge analyzer and the therm
expansion data for SrTiO3 . The background oxygen pressu
during PLD ranged from 131025 Torr to 15 mTorr.

The samples were~001! SrTiO3 (10310 mm2, 0.5 mm
thick, and typical miscut below 0.2°), TiO2 terminated
epiready wafers purchased from Escete. Atomic force
croscopy ~AFM! imaging prior to film growth showed a
clean and well developed step and terrace structure with
heights of 3.9 Å which correspond to the height of one u
cell ~bilayer! of SrTiO3 . The samples were attached witho
additional cleaning to a molybdenum sample platen us
silver paint. PLD was performed in a substrate temperat
range from 310 °C to 780 °C, using a KrF~248 nm! pulsed
excimer laser~Compex 301, Lambda Physik!, and a single-
crystal SrTiO3 target. An energy density of 3 J/cm2 and typi-
cal repetition rates ranging from 0.03 to 1 Hz were used

The experiments were performed on the UNICAT und
lator beamline at the Advanced Photon Source using a mo
chromatic 10 keV x-ray beam. Continuous measurement
the diffracted intensity were performed simultaneously at
~0 0 1

2! and ~0 1 1
2! anti-Bragg reflections using scintillatio

detectors. Before deposition the substrates were chara
ized at room temperature by measuring both the~0 0 1

2! and
the ~0 1 1

2! rod intensities. Typical count rates for surfac
with well developed initial terrace structure as determined
AFM imaging were on the order of 105 cps ~specular! and
23104 cps ~off specular!. Because of the well known ten
dency of the SrTiO3 surface to undergo continuous structur
and compositional changes during vacuum annealing,
samples were heated in oxygen at a pressure o
31025 Torr.9,10 Under these conditions, the rod intensiti
remained stable at elevated temperature.

g-
9 © 2002 American Institute of Physics
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The periodic intensity oscillations observed at the~0 0 1
2!

specular rod in Fig. 1 are representative of the long ti
behavior of SrTiO3 PLD. Since these RHEED-like oscilla
tions result from the destructive interference betweenx rays
reflected from newly deposited islands and the smooth
race, the intensity would recover to its initial value if th
growing layer were filled completely before island nuc
ation began. The damping of growth oscillations with i
creasing film thickness in the initial 20–25 oscillations
Fig. 1 is attributed to a gradual buildup of surface roughn
due to incomplete interlayer mass transport. The loss of c
trast in the oscillations that occurs without apprecia
damping between 50 and 150 oscillations is attributed
small variations in deposition uniformity over the seve
millimeter projection of the x-ray beam on the sample, wh
causes oscillations to get out of phase.

An expanded view of intensity oscillations is shown
the inset of Fig. 1 where the data points correspond to
ms time slices. We note that the rod intensity drops abru
after each laser pulse and reaches a minimum when the
face is half covered, corresponding to nearly complete
structive interference. As the deposition continues~after the
minimum!, the intensity rises abruptly after each laser pu
as island coverage increases. In addition to the prom
(,100 ms) intensity changes resulting from the coverage
crements, rather sluggish intensity transients with time sc
of seconds are observed. As will be discussed next in c
nection with a multiple layer deposition/evolution mode
these longer time-scale transients are the signature of in
layer transfer.

Figure 2 shows specular~0 0 1
2! and off-specular

~0 1 1
2! truncation rod transients measured during PLD

SrTiO3 at temperatures ranging from 310 °C to 780 °C. F
temperatures below 600 °C, the specular and off-specula
tensities are observed to be remarkably similar~apart from
differences in absolute magnitude!. This indicates that in-
plane and surface-normal atomic registration are essent
concurrent on the 100 ms time scale of the measureme
The measurements made at 650 °C and 780 °C~with 30 s

FIG. 1. Illustration of typical growth intensity oscillations at both, the~0 0
1
2! and~0 1

1
2! rods in SXRD of SrTiO3 homoepitaxy by PLD. These oscil

lations were obtained at 650 °C using a laser power density of 3 J/cm2 at 1
Hz repetition rate and oxygen pressure of 12.4 mTorr. The growth osc
tion period corresponds to unit cells of 3.9 Å. Each dot represents depos
from one laser shot. The line is only a guide for the eye. The high-resolu
scan illustrates the fine structure associated with one growth cycle and
sists of single-laser pulses. The inset shows an AFM image of a SrTiO3 PLD
film that is 150 unit cells thick. The terrace structure is intact, but
appearance of 10–20 nm single-unit cell high islands on the terrace
clearly visible.
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dwell time! show specular rod intensity transients similar
those at the lower temperatures. However, the off-spec
intensity transients depart noticeably from the specular
transients at 650 °C and they depart markedly at 780 °C.
response of the off-specular intensities at elevated temp
tures suggests the presence of in-plane lattice distortion
defect structures that anneal on time scales of;10 s.

We have used a simple rate equation model describe
Cohenet al.11 to initiate quantitative analysis of SXRD mea
surements. The rate equation model describes film growt
terms of layer coverages. Therefore, it is only applicable
modeling the specular rod intensities. Application of a mo
fied version of Cohen’s model described by van der Veg12

reveals that SrTiO3 PLD behaves like a nearly perfect two
level system. The modified model includes multiple levels
film growth and coverage dependent interlayer mass tra
port characterized by the parametersa andb.12 For instance,
Fig. 3~a! shows a model calculation for 40 growth oscill
tions, and illustrates that the general features of SrTiO3 PLD
in Fig. 1 can be simulated by a model in which the growi
layer is about 75% complete before significant nucleat
occurs on top of the growing layer. This level of nucleati
results in 10% island coverage on the growing layer at
time of its completion and increases roughly 1% with ea
additional ten layers. Such behavior is characteristic of s
tems with a weak interlayer diffusion barrier.

Figure 3~b! shows that the simulated response of t
unmodified Cohen model for individual deposition pulses
in qualitative agreement with the specular rod intensity tr
sients measured in Figs. 1 and 2. The curvature of the si
lated pulses is inversely related to the rate of interlayer m
transport. Interlayer mass transport slows down past
coverage because there are fewer holes available in
growing layer. This effect is best seen near full coverage.
example, see the sixth through the eighth pulse in Fig. 3~b!.
The lack of a temperature dependence in the specular
intensity transients is remarkable considering the large t
perature range, suggesting essentially unimpeded interl
diffusion.

-
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n
n-

is

FIG. 2. High-resolution time resolved x-ray reflectivity for a singl
oscillation period at the specular~top trace! and off-specular~bottom trace!
rods at four different substrate temperatures. The evolution of the depo
layer was monitored for 10 s at low—and 30 s at high—temperatures.
lines represent guides for the eye.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Information about the incorporation of atoms with i
plane registry with the crystalline lattice and subsequent e
lution of structural features of the growing surface is o
tained from measurements of the off-specular rod intensit
~0 1 1

2!, which has an in-plane momentum transf
component.5,6 Therefore, the changes in the off-specular r
intensity transients with the substrate temperature sugges
presence of structural displacements limiting in-plane re
try within the growing layer at elevated substrate tempe
tures. The onset of the temperature dependence coinc
roughly with the temperature (500 °C) above which subst
tial oxygen loss has been measured by medium-energy
scattering during SrTiO3 surface annealing in an ultrahig
vaccum.9 SrTiO3 surfaces are known to accommodate t
loss of oxygen by formation of oxygen-vacancy induc
superstructures10,13 and the resulting surface reconstructio
typically show reduced long-range order and are qu
unstable.13 They can be easily quenched by oxygen adso

FIG. 3. ~a! Illustration of growth intensity oscillations using the rate equ
tion model~described in Ref. 12!, with a53.8 andb50.97 for oscillations
0–15,a52.5 andb50.999 for oscillations.15 and a 0.5% variation in the
deposition rate.~b! Time-dependent specular reflectivity following las
shots according to a two-level model described by Cohenet al. ~see Ref.
11!. There are eight laser shots per a SrTiO3 monolayer. Att50 ~after the
laser pulse!, the plume from each pulse is distributed in proportion to t
fractional coverage of the two layers. The dashed line illustrates the effe
increasing the interlayer transport rate by 103.
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tion, leading to random structure formation and roughen
of the surface.13 Since the growing surface during PLD con
sists of incomplete layers, it is likely to be susceptible
oxygen loss at elevated substrate temperatures, leadin
transient surface rearrangements. We anticipate that t
surface rearrangements would be temporarily quenched
reactive oxygen species during succeeding deposition pu

In summary, we have described SXRD real-time mo
toring of homoepitaxial PLD growth of SrTiO3 . Time-slice
measurements with 100 ms resolution suggest SrTiO3 unit
cell formation concurrent with the arrival of the ablatio
plume, followed by interlayer transfer with a time scale
seconds and~at temperatures above 600 °C! in-plane struc-
tural rearrangements that occur on time scales of tens
seconds. The observation of persistent growth oscillations
PLD between 550 °C– 650 °C is consistent with essentia
unimpeded interlayer mass transport during film growth
characteristic behavior necessary to sustain a two level
tem. We have further shown that SXRD can be used in co
bination with simple kinematic modeling for direct testing
film growth models and obtaining new physical informatio
on nonequilibrium growth processes.
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