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Time-resolved study of SITIO 5 homoepitaxial pulsed-laser deposition
using surface x-ray diffraction
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Homoepitaxy of SrTiQ by pulsed-laser deposition has been studied usingitu 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 d0tBe})

specular and thé0 1 3) off-specular truncation rod positions. Abrupt intensity changes in both the
specular and off-specular rods after laser pulses indicated prompt crystallization intq &yéts

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 Physic§DOI: 10.1063/1.1477279

Pulsed-laser depositiofPLD) is a method used widely tion. The vacuum in the chamber was maintained by a tur-
for thin-film deposition of complex and nonequilibrium bomolecular pump at a typical background pressure of
materialst In PLD, an intense laser pulse is used to vaporizesx 10~ 8 Torr. Sample heating was accomplished by a pyro-
a solid target and create a plume of dense plasma. The plunigic boron nitride encapsulated graphite filament heater. The
has a sharp spatial profile, exists for a few microseconds, anshkmple temperature was derived from a measurement of the
consists of rapidly expanding ionic and neutral species. Thed 0 2) Bragg angle using a Ge analyzer and the thermal
fact that film deposition occurs from a brief, high intensity expansion data for SrTiQ The background oxygen pressure
pulse of vaporized solid differentiates PLD from thermalduring PLD ranged from ¥ 10 ° Torr to 15 mTorr.
equilibrium growth techniques such as molecular-beam epi-  The samples weré01) SrTiO; (10X 10 mn?, 0.5 mm
taxy and chemical vapor deposition. thick, and typical miscut below 0.2°), TiOterminated

Although a great deal is known about the time structurégpiready wafers purchased from Escete. Atomic force mi-
of ablation plumes used in PLD film growttthe details of croscopy (AFM) imaging prior to film growth showed a
the aggregation, crystallization, and surface kinetics involvegyaan and well developed step and terrace structure with step

in the epitaxial growth process are less well understood. Résgjghts of 3.9 A which correspond to the height of one unit
flection high-energy electron diffractiofRHEED) has been .o\ pilayen of SrTiO,. The samples were attached without

useq for time-resol_v_ed monitqring PLD of ComP'eX oxiﬂ%s additional cleaning to a molybdenum sample platen using
and interval deposition techniques have been investigated Qiver paint. PLD was performed in a substrate temperature
control the growth modé.So far, quantitative analysis of range from 310°C to 780°C, using a Kf€48 nm pulsed
RHEED-oscillation transients have been made under th%xcimer laseCompex 301 I_’ambda Physikand a single-
simplifyiqg assumption of a single-exponential proceSs. .. crystal SrTiQ target. An enérgy density of 3 J/érand typi-

In this letter, we describe the use of surface x-ray OIIf'cal repetition rates ranging from 0.03 to 1 Hz were used.

fraction (SXRD) for real-time monitoring of oxide thin-film :
growth and testing of two time-scale growth models. The us The experiments were performed on the UNICAT undu-

of SXRD ensures that simple kinematic single—scatterinjator be?m"”e atthe Advanced Phot_on source using a mono-

analysis can be us&fito provide direct physical insight be- chromatlc 10 _keV xray beam. Contmuo_us measurements of

yond that afforded by RHEED measurements. the diffracted intensity were performed simultaneously at the
PLD was performed in a film growth chamber specially (0 03 and(0 1 3 anti-Bragg reflections using scintillation

designed for SXRD and based on the so-called22diffrac- detectors. Before deposition the substrates were character-

tion geometry. Details of the capabilities and operation of 1Z€d at room temperature by measuring both (@ 2) and

this apparatus have been provided elsewRened only the the (0 1 3) rod intensities. Typical count rates for surfaces
salient features of the experimental setup are discussed heMith well developed initial terrace structure as determined by
The direction of the ablation laser beam was synchronized\FM imaging were on the order of 2(cps (specular and
with the chamber rotation to maintain a fixed PLD configu-2X 10" cps (off specula). Because of the well known ten-

ration as the sample orientation is changed for x-ray diffracdency of the SrTi@surface to undergo continuous structural
and compositional changes during vacuum annealing, the

a o samples were heated in oxygen at a pressure of 5
Electronic mail: eresg@ornl.gov 5 9.10 nd h diti h di .
bPresent address: Department of Physics, University of Rhode Island, King™ 10_ Torr.™™ Under these conditions, the rod intensities
ston, RI 02881. remained stable at elevated temperature.
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IiIG 1. IIIustratlon of typical growth intensity oscillations at both, {0e0
3)and(0 1 2) rods in SXRD of SrTiQ homoepitaxy by PLD. These oscil-
lations were obtained at 650 °C using a laser power density of 3 Herh
Hz repetition rate and oxygen pressure of 12.4 mTorr. The growth oscilla-
tion period corresponds to unit cells of 3.9 A. Each dot represents deposition
from one laser shot. The line is only a guide for the eye. The high-resolutiol
scan illustrates the fine structure associated with one growth cycle and co
sists of single-laser pulses. The inset shows an AFM image of a $ALO
film that is 150 unit cells thick. The terrace structure is intact, but the
appearance of 10—20 nm single-unit cell high islands on the terraces i
clearly visible.
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IG. 2. High-resolution time resolved x-ray reflectivity for a single-
oscillation period at the speculé@op trace and off-speculatbottom trace
rods at four different substrate temperatures. The evolution of the deposited
layer was monitored for 10 s at low—and 30 s at high—temperatures. The
ines represent guides for the eye.

The periodic intensity oscillations observed at (A 3)  dwell time) show specular rod intensity transients similar to
specular rod in Fig. 1 are representative of the long timeéhose at the lower temperatures. However, the off-specular
behavior of SrTiQ PLD. Since these RHEED-like oscilla- intensity transients depart noticeably from the specular rod
tions result from the destructive interference betwraays transients at 650 °C and they depart markedly at 780 °C. The
reflected from newly deposited islands and the smooth terresponse of the off-specular intensities at elevated tempera-
race, the intensity would recover to its initial value if the tures suggests the presence of in-plane lattice distortions or
growing layer were filled completely before island nucle- defect structures that anneal on time scales-&D s.
ation began. The damping of growth oscillations with in- We have used a simple rate equation model described by
creasing film thickness in the initial 2025 oscillations in Cohenet al!! to initiate quantitative analysis of SXRD mea-
Fig. 1 is attributed to a gradual buildup of surface roughnessurements. The rate equation model describes film growth in
due to incomplete interlayer mass transport. The loss of corterms of layer coverages. Therefore, it is only applicable for
trast in the oscillations that occurs without appreciablemodeling the specular rod intensities. Application of a modi-
damping between 50 and 150 oscillations is attributed tdied version of Cohen’s model described by van der Yegt
small variations in deposition uniformity over the severalreveals that SITiQ PLD behaves like a nearly perfect two-
millimeter projection of the x-ray beam on the sample, whichlevel system. The modified model includes multiple levels of
causes oscillations to get out of phase. film growth and coverage dependent interlayer mass trans-

An expanded view of intensity oscillations is shown in port characterized by the parameterand 8.1? For instance,
the inset of Fig. 1 where the data points correspond to 10Fig. 3@ shows a model calculation for 40 growth oscilla-
ms time slices. We note that the rod intensity drops abruptlyions, and illustrates that the general features of Sy ROD
after each laser pulse and reaches a minimum when the sun Fig. 1 can be simulated by a model in which the growing
face is half covered, corresponding to nearly complete delayer is about 75% complete before significant nucleation
structive interference. As the deposition contingafser the  occurs on top of the growing layer. This level of nucleation
minimum), the intensity rises abruptly after each laser pulseresults in 10% island coverage on the growing layer at the
as island coverage increases. In addition to the prompttime of its completion and increases roughly 1% with each
(<100 ms) intensity changes resulting from the coverage inadditional ten layers. Such behavior is characteristic of sys-
crements, rather sluggish intensity transients with time scaletems with a weak interlayer diffusion barrier.
of seconds are observed. As will be discussed next in con- Figure 3b) shows that the simulated response of the
nection with a multiple layer deposition/evolution model, unmodified Cohen model for individual deposition pulses is
these longer time-scale transients are the signature of intein qualitative agreement with the specular rod intensity tran-
layer transfer. sients measured in Figs. 1 and 2. The curvature of the simu-

Figure 2 shows speculaf0 0 3) and off-specular lated pulses is inversely related to the rate of interlayer mass
(0 1 ) truncation rod transients measured during PLD oftransport. Interlayer mass transport slows down past half
SrTiO; at temperatures ranging from 310°C to 780 °C. Forcoverage because there are fewer holes available in the
temperatures below 600 °C, the specular and off-specular irgrowing layer. This effect is best seen near full coverage. For
tensities are observed to be remarkably simigpart from  example, see the sixth through the eighth pulse in Fig). 3
differences in absolute magnitudeThis indicates that in- The lack of a temperature dependence in the specular rod
plane and surface-normal atomic registration are essentiallytensity transients is remarkable considering the large tem-
concurrent on the 100 ms time scale of the measurementperature range, suggesting essentially unimpeded interlayer

The measurements made at 650°C and 78QWith 30 s  diffusion.
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FIG. 3. (@) lllustration of growth intensity oscillations using the rate equa-
tion model(described in Ref. 12 with «=3.8 andB=0.97 for oscillations
0-15,a=2.5 andB=0.999 for oscillations> 15 and a 0.5% variation in the
deposition rate.(b) Time-dependent specular reflectivity following laser
shots according to a two-level model described by Coéteal. (see Ref.
11). There are eight laser shots per a Sri@onolayer. Att=0 (after the
laser pulsg the plume from each pulse is distributed in proportion to the

fractional coverage of the two layers. The dashed line illustrates the effect of1

increasing the interlayer transport rate byx10

Information about the incorporation of atoms with in-

Eres et al. 3381

tion, leading to random structure formation and roughening
of the surfacé? Since the growing surface during PLD con-
sists of incomplete layers, it is likely to be susceptible to
oxygen loss at elevated substrate temperatures, leading to
transient surface rearrangements. We anticipate that these
surface rearrangements would be temporarily quenched by
reactive oxygen species during succeeding deposition pulses.
In summary, we have described SXRD real-time moni-
toring of homoepitaxial PLD growth of SrTiQ Time-slice
measurements with 100 ms resolution suggest SyTiqit
cell formation concurrent with the arrival of the ablation
plume, followed by interlayer transfer with a time scale of
seconds andat temperatures above 600) {@-plane struc-
tural rearrangements that occur on time scales of tens of
seconds. The observation of persistent growth oscillations for
PLD between 550°C-650°C is consistent with essentially
unimpeded interlayer mass transport during film growth, a
characteristic behavior necessary to sustain a two level sys-
tem. We have further shown that SXRD can be used in com-
bination with simple kinematic modeling for direct testing of
film growth models and obtaining new physical information
on nonequilibrium growth processes.
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