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Nonequilibrium Interlayer Transport in Pulsed Laser Deposition
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We use time-resolved surface x-ray diffraction measurements with microsecond range resolution to
study the growth kinetics of pulsed laser deposited SrTiO5. Time-dependent surface coverages corre-
sponding to single laser shots were determined directly from crystal truncation rod intensity transients.
Analysis of surface coverage evolution shows that extremely fast nonequilibrium interlayer transport,
which occurs concurrently with the arrival of the laser plume, dominates the deposition process. A much
smaller fraction of material, which is governed by the dwell time between successive laser shots, is
transferred by slow, thermally driven interlayer transport processes.
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Experimental simplicity and a high degree of control
over deposition parameters make pulsed laser deposition
(PLD) the method of choice for synthesis of a variety of
complex and artificially structured materials [1,2]. The
surface smoothness associated with PLD is particularly
important in epitaxial engineering of perovskite-type metal
oxide superlattices [3].

Film growth in PLD occurs from an energetic plume of
material that is ejected from a solid target by pulsed laser
ablation. The plume consists of a complex mixture of
neutral and ionized atoms, molecules, and small clusters
with kinetic energies ranging from thermal to a few hun-
dred eV [1,4]. The pulsed mode of deposition and the
transient enhancement of surface mobility are key charac-
teristics that differentiate PLD from thermal equilibrium
deposition techniques such as molecular beam epitaxy
(MBE) [5,6]. Simulations and modeling suggest that sim-
ple modulation (or chopping) of the continuous incident
flux in MBE can have profound effects on two-dimensional
(2D) film growth [5]. The presence of both energy-
enhancement and pulsed deposition in PLD provides an
even richer environment for exploration. Calculations for
pulsed deposition predict new scaling relationships and the
emergence of new growth regimes with the potential to
tailor surface morphology and the properties of films using
PLD [6].

Although, investigations of PLD have varied laser pulse
rates [7], and qualitative assessments have been made of
the effects of energy enhancement on the surface morphol-
ogy [8,9], the evolution of the very high, instantaneous flux
densities, and the nonequilibrium inter- and intralayer
migration and aggregation processes on the growing sur-
face [10] during thermalization have not been studied.

Diffraction techniques are particularly well suited for
epitaxial growth-kinetics studies because they provide
surface-specific, real-time information on the formation
of crystalline structure [11]. Both reflection high-energy
electron diffraction (RHEED) [12-14] and surface x-ray
diffraction (SXRD) [15-17] have been used in studies of
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SrTiO; PLD. In contrast to the much harder to quantify
step-edge densities used in RHEED [11,18], x-ray diffrac-
tion allows the use of the kinematic approximation to
perform quantitative intensity analysis [19,20] in terms of
layer coverages. In this Letter we report the use of time-
resolved SXRD measurements with microsecond range
resolution. We show by direct analysis of SXRD intensity
transients for individual laser shots that nonequilibrium
intra- and interlayer transport (during the thermalization
of the laser plume on the growing surface) is the dominant
growth process, and further that it occurs on a time scale at
least 3 orders of magnitude faster than the thermal equi-
librium transport processes that follow.

The measurements were performed on the UNICAT
undulator beam line at the advanced photon source using
a monochromatic 10 keV x-ray beam and an in situ PLD
chamber described in a previous publication [15]. The
diffracted intensity was measured at the specular (00 1)
anti-Bragg reflection using an avalanche photodiode de-
tector. The as-received samples were etched in a buffered
HF solution with a pH~5 for 60 s and annealed at
temperatures in a range from 950 to 1050 °C. The annealed
substrates were imaged by atomic force microscopy
(AFM) and samples with well-developed terraces were
selected for the growth experiments. Following a preanneal
step in 2 mTorr of oxygen background at 850 °C, the
specular rod intensity stabilized around 8 X 103 cps at
the growth temperature of 650 °C.

The (00 %) SXRD transients in Fig. 1 illustrate the
response of the growing surface starting before the arrival
of the laser plume through the dwell time between succes-
sive laser pulses during which no deposition occurs. The
discontinuous drop and jump in Fig. 1 correspond to the
arrival of the laser plume at the growing surface and
indicate that SrTiO5 unit cell formation (crystallization)
occurs faster than our fastest sampling time of 6 us
(binned to 25 us). Therefore, this time scale represents
an upper bound for the time scale for the energetic plume
species to thermalize and aggregate into crystal lattice
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FIG. 1 (color). (00 %) SXRD transients for 10 s dwell time E (@)
measured with 6 ws sampling time and binned to 25 us. The [ ©
drop (upper half) corresponds to the second laser shot after the Z
growth oscillation maximum, and the jump (lower half) corre-
sponds to the second shot after the growth oscillation minimum. 1800 2000 2200 2400 2600
The data are averaged over 10 shots. The horizontal dashed lines TIME (s)

designate the intensity before the laser shot and the vertical green
line designates when the laser was fired. The thick lines are
guides to the eye. Note that the statistical fluctuations in the data
decrease with time because a logarithmic sampling time scale
was used for data collection after the laser shot.

sites. This is comparable to the plume arrival time that lasts
for 2-10 ws [4,21]. Because of limited time resolution,
previous RHEED [12-14] and SXRD [15-17] studies
observed only the slow component of the intensity tran-
sients after thermalization of the laser plume and thus
constructed an incomplete picture of SrTiO; growth
kinetics.

To investigate the fast (nonequilibrium) and the slow
(thermal) steps in SrTiO; PLD, we have made a detailed
study of SXRD transients for dwell times that varied by a
factor of 250. The measurements in Fig. 2 show that the
intensity oscillations of SXRD transients follow the famil-
iar parabolic shape of RHEED oscillations. Under optimal
growth conditions, these oscillations persist indefinitely
[15]. Although the transients for 0.2 s and 50 s dwell
time appear self-similar, closer examination reveals that
the intensity jumps and the shape of the SXRD transients
exhibit a distinct dependence on the layer coverage and the
dwell time.

Rather than fitting the data to transport models [22], we
instead analyze the intensity transients using an approach
that allows direct determination of surface coverages from
the diffracted intensities, without assumptions about the
physics of the underlying growth process. This approach
and its validity are driven by roughness analyses using
AFM images of the substrates before growth and the films

FIG. 2 (color). (00 3) SXRD growth oscillations; (a) 0.2 s
dwell time, (b) 50 s dwell time. The measured SXRD intensity
transients are shown by the overlapping blue circles and the red
lines represent the calculated intensity. Layer coverages are
shown in black. The green lines and circles represent markings
explained in the text.

after growth. Analysis of a large number of AFM images of
films of different thicknesses grown under a wide range of
conditions shows that the roughness, even after more than
100 layer deposition, is limited to only two layers.
Examples of such AFM images are shown in Fig. 3. This
simple but powerful result implies that the growth interface
width can be no more than two layers at any time during
growth, and consequently a ‘“‘two-layer” coverage model
can be used to analyze our SXRD measurements.
Accordingly, we have performed a quantitative analysis
of the SXRD measurements of PLD growth in Fig. 2 using
the following two-layer form of the kinematic intensity:
I1(t) = I,[(1 — 20,,() + 26,.,(t)* [18,22], where I,
scales the incident intensity and 6,,(r) and 6, (¢) represent
the fractional coverages of the growing layer (layer n) and
islands on the growing layer (layer n + 1), respectively, for
each measurement time, ¢. Note that with the constraint of
0,(t) + 0,,+,(z) = deposition per pulse and a single I, the
coverages 6,(¢) and 6, ,(r) are the solution of the above
equation for I(z) at each measuring point. In Fig. 2 the
overlapping blue circles represent the measured SXRD
intensity transients, the red line represents the calculated
intensity, and the black solid lines show the corresponding
layer coverages. The steps in the intensity and the coverage
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FIG. 3 (color). Example of smooth (top row) and slightly
rough (bottom row) growth. AFM images, and surface height
histograms before (red line) and after (blue line) growth of more
than one-hundred unit cell thick SrTiO; films at 2 s (top) and
50 s (bottom) dwell time. The histogram data were obtained
from single terraces as shown by the yellow squares in the AFM
images.

data correspond to individual laser shots. Complete filling
at oscillation maximum would correspond to the hypotheti-
cal plot in Fig. 4(a), which requires infinitely fast interlayer
transport and the absence of islands on top of the growing
surface (i.e., #,+1 = 0). In contrast, the vertical green lines
in Fig. 2 show that at real intensity maxima layer coverage
is only ~0.85 and that 6, is already more than 0.1 for
both long and short dwell times. As a result, we see that
growth occurs on two layers over two oscillations and that
layers have ~50%—-60% island coverage at their comple-
tion. As layer coverages in Figs. 2(a) and 2(b) illustrate,
layer filling continues after the maximum and the majority
of layer growth (~70%) for a particular layer occurs
between successive maxima, but neither nucleation nor
completion of the layers coincide with intensity maxima.

While overlapping layer growth identified by the layer
coverage in Fig. 2 is not a new concept, the ability to make
a direct determination of when island nucleation commen-
ces on top of the growing layer and when hole filling is
complete within the growing layer is new. We emphasize
that the growth mode within any particular layer is essen-
tially layer-by-layer (LBL) growth in the sense that growth
commences with island nucleation, continues with island
growth until the islands coalesce, and then proceeds with
hole filling until the layer is complete.

We comment that these results are consistent with com-
putational expectations regarding nucleation and interis-
land distance distribution associated with the very high

instantaneous fluxes of PLD [6]. They are in accord with
the absence of a step-edge barrier [15] in SrTiO5 as well, in
the sense that nucleation of new islands does not occur
until coalescence is reached [23]. At coalescence, island
merging rapidly transforms the surface into a single inter-
connected layer with holes, on which new island nuclea-
tion becomes inevitable above the percolation threshold
6, > ~0.6 coverage [23]. The significance of 6, is that at
this coverage the islands reach the size necessary for the
nucleation of new islands on the growing layer [24]. Our
observations are consistent with theoretical studies of is-
land growth, coalescence, and percolation trends by Amar
et al. which show that the percolation threshold occurs in
the range from 6, = 0.593 to 0.785 [24].

The most important and completely new type of infor-
mation obtained from the transient intensity analysis is
contained in the time-dependence of the individual cover-
age profiles in Figs. 2 and 4(b). The initial change in the
coverages shows the fraction of the deposited pulse form-
ing instantaneously on each layer, and the time evolution of
the coverages shows the amount transferred from the island
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FIG. 4 (color). (a) A model plot for one period of perfect LBL
growth using 10 shots per layer. The intensity is given by the red
and the coverage by the black line. (b) Magnified plot of layer
coverages for the circled laser shots in Fig. 2(b). (c) The fraction
of material transferred by the slow interlayer transport step at
0.2 s dwell time (red diamonds) and 50 s dwell time (blue
circles). The solid lines are Gaussian fits to the experimental
data. The vertical lines illustrate the coverage for ordinary site
percolation [0, = 0.593, green, Ref. [24]], and island coales-
cence on a square lattice [¢,, = 0.785, red, Ref. [24] ].
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(top) layer [blue line in Fig. 4(b)] to the growing (bottom)
layer [black line in Fig. 4(b)] during the dwell time. The
enlarged view of coverage evolution in Fig. 4(b) shows
qualitatively that most of the deposited pulse reaches the
bottom layer during the instantaneous, nonequilibrium
phase of the surface evolution (i.e., during the thermaliza-
tion process) and that only a relatively small amount is
transferred by thermal equilibrium processes. Since we
showed in Fig. 1 that the time scale for the instantaneous,
energy-enhanced interlayer transfer is on the order of mi-
croseconds or less, and quite distinct from the much slower
thermal equilibrium component, we have direct evidence
that nonequilibrium processes dominate PLD growth.

The thermal component of the interlayer transport (per
deposition pulse) is plotted in Fig. 4(c) for all coverages for
which it is significant for both short and long dwell times.
This figure shows that the maximum thermally transferred
fraction is only 20% for 50 s (i.e., 0.02/0.1) and even less,
5%, for 0.2 s dwell time. It also shows that thermal equi-
librium interlayer transfer is significant only for growing
layer coverages above ~0.6, where nucleation of the new
layer begins. This result is fundamentally important. It
shows directly that PLD growth takes place primarily by
extremely fast, nonequilibrium processes. Moreover, the 4
times smaller thermal equilibrium fraction for the 0.2 s
dwell time shows that the sluggish thermal transport com-
ponent, which has been attributed to various processes
including surface diffusion, crystallization, or surface re-
arrangement [12-17], can be minimized by the use of
shorter dwell times. The overlapping LBL growth mode
enables more effective layer completion using fast laser-
driven nonequilibrium transport instead of slow thermal
interlayer transport that requires relatively long dwell
times during which thermal ripening processes dominate
and cause degradation of surface morphology [15-17].

In summary, we have made time-resolved SXRD mea-
surements on the microsecond scale, and two-layer film
growth analyses of homoepitaxial PLD growth of SrTiO;
that provide new insight into the growth processes associ-
ated with PLD. Specifically, we have shown that PLD film
growth is dominated by fast, nonequilibrium processes that
occur during thermalization of the laser plume on the
growing surface. In addition, we have shown that much
slower, thermally driven processes that occur during the
dwell time play a relatively minor role in interlayer trans-
port and can be further reduced by the use of shorter dwell
times.
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