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We use real-time diffuse surface x-ray diffraction to probe the evolution of island size distributions
and its effects on surface smoothing in pulsed laser deposition (PLD) of SrTiOs. We show that the
island size evolution obeys dynamic scaling and two distinct regimes of island growth kinetics. Our
data show that PLD film growth can persist without roughening despite thermally driven Ostwald
ripening, the main mechanism for surface smoothing, being shut down. The absence of roughening
is concomitant with decreasing island density, contradicting the prevailing view that increasing
island density is the key to surface smoothing in PLD. We also report a previously unobserved
crossover from diffusion-limited to attachment-limited island growth that reveals the influence of
non-equilibrium atomic level surface transport processes on the growth modes in PLD. We show by
direct measurements that attachment-limited island growth is the dominant process in PLD that
creates step flow-like behavior or quasi step flow as PLD “self-organizes” local step flow on a length
scale consistent with the substrate temperature and PLD parameters.

PACS numbers: 61.05.C-, 68.47.Gh, 81.15.Fg

Interface sharpness is a critical thin film variable that
regulates the interplay between the lattice, charge, or-
bital, and spin degrees of freedom in exploring novel con-
densed matter physics phenomena using complex oxide
heterostructures [1]. Recent advances in PLD have en-
abled the growth of a wide range of complex oxide su-
perlattices with atomically sharp interfaces. However,
the fundamental mechanism leading to atomically sharp
interface formation in PLD also referred to as “surface
smoothing” remains highly controversial [2-4].

The ideal mode for growing atomically sharp inter-
faces is step flow that produces a perfect replica of
the initial surface [5]. Step flow involves the simplest
form of atomic surface transport—horizontal (intralayer)
transport, also known as surface diffusion—of the growth
species. However, if the diffusion length becomes smaller
than the terrace width, step flow breaks down [6] by
random nucleation leading to island growth on terraces
that changes the growth mode to layer-by-layer (LBL)
growth. Achieving atomically sharp interfaces in LBL
growth requires an additional surface transport mecha-
nism for promoting vertical (interlayer) transport of the
growth species [7-9]. The ability to uncouple surface
transport processes from substrate heating and enhanc-
ing interlayer transport independently makes PLD dis-
tinctly different from thermal deposition (TD) processes
such as molecular beam epitaxy (MBE) [10]. These non-
thermal processes dramatically expand the film growth
parameter space compared to TD [2, 10] making PLD
an important method for exploring energy enhanced film
growth physics [11, 12].

Central to understanding the mechanism of surface
smoothing for either PLD or TD is the concept of critical
island size for LBL growth [13]. Smooth LBL growth re-

quires that the critical island size remains larger than the
average island spacing; otherwise multilayer growth and
eventually three-dimensional (3D) surface roughening set
in. The prevailing view is that the beneficial effects of
PLD derive primarily from the very high supersatura-
tion, that according to classical nucleation theory, pro-
duces very high island densities [11] and reduced island
spacing. Because island coalescence leads to exceeding
the critical island size, it also marks the onset of second
layer nucleation. It is postulated that the superthermal
kinetic energy in PLD is channeled into non-thermal sur-
face mobility necessary to achieve full coverage by fill-
ing the remaining holes past coalescence [14-17]. For
instance, modeling surface transport for deposition of Pt
showed that hyperthermal kinetic energy atoms enhance
both intra- and inter-layer transport [12]. Because ki-
netic energy effects are difficult to probe directly, island
density measurements are typically used in searching for
defining features that differentiate PLD from TD meth-
ods [10, 11]. Accordingly, there have been a number of
both experimental and theoretical reports comparing the
island densities between PLD and TD [10, 11, 18].

The understanding of PLD film growth mechanisms
has been greatly advanced by recent results obtained by
surface x-ray diffraction (SXRD) [3, 4, 9, 14, 15]. How-
ever, these experiments still do not capture the complete
PLD growth mechanism. The specular intensity that is
measured in most experiments describes only the distri-
bution of atoms in layers along increasing thickness (sur-
face normal), but provides no information about how the
atoms are distributed in each particular layer. Here we
discuss the missing component of the PLD growth kinet-
ics concerning the distribution of atoms in the horizontal
direction that is contained in the evolution of island size
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FIG. 1. 3D line plot of the SXRD intensities as a function
of ¢ for single laser shots of Sr'TiO3 growth at 650 °C and 10
s dwell time that corresponds to the time between successive
laser shots. The growth intensity oscillations for the growth
of the first 3 MLs are shown on the back (vertical) plane, and
the out of phase diffuse scattering oscillations are shown on
the front (horizontal) plane. A ML corresponds to a unit cell
consisting of one SrO/TiO2 bilayer. The inset shows corre-
sponding island densities extracted from the diffuse scattering
data as N(t) ~ (Aq)? for the first 3 unit cell growth.

distributions (ISDs). We performed real-time measure-
ments of the diffuse scattering from which we extract a
length scale describing the ISD for individual laser shots
during PLD growth of SrTiO3. The data reveal that
island size evolution obeys dynamic scaling with two dis-
tinct kinetic regimes and that PLD “self-organizes” lo-
cal step-flow on a length scale governed by the temper-
ature and the PLD growth conditions. We demonstrate
that quasi step flow becomes dominant as the correlation
length increases (island density decreases) with ordinary
step flow being its asymptotic limit [5].

The scattered SXRD intensity signal in general con-
sists of the following three components I(q) = I.on(q =
0) + L4irr(q # 0) + Ipar where Ion(g = 0) represents the
specular component, Iy;rr(g # 0) is the diffuse scattering
and Ip.x is a small background component that is negli-
gible in these experiments. The details of the experimen-
tal measurements are provided in Supplemental Material
(SM) [19, 20]. The 3D line plot in Fig. 1 shows that the
diffuse scattering in the bottom plane and the specular
intensity in the back plane oscillate § out of phase. The
position of the diffuse side lobes and the intensity distri-
bution in the diffuse scattering peak are the SXRD rep-
resentation of the ISD function f(r,t) o< Igirr(q # 0,1)
for each laser shot. By restricting the analysis to diffrac-
tion profiles obtained only near half layer § ~ 0.5 cov-
erages, the island separation function has a negligible
contribution from incomplete multiple levels. In agree-
ment with simultaneous two layer growth described in
previous reports [9, 15] the surface morphology is domi-
nated by isolated islands, and it is sufficient to show that
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FIG. 2. Demonstration of the scaling of ISD after background

subtraction and normalization of both the horizontal and the

vertical axes. a) Scaling for diffusion-limited n = 1 island

growth measured at 10, 100, 300, 500 s after deposition of

0 = 0.5 and annealing at 700 °C. The data are shown in Fig.

S2a. b) Scaling for attachment-limited n = % island growth

determined for the diffuse scattering maxima after growing 1,
2, 5, and 8 MLs of SrTiO3 at a fixed substrate temperature
of 700 °C and 10 s dwell time. The data are shown in Fig.
Slc.

the functional form remains unchanged under different
growth conditions. The confirmation of dynamic scaling
indicative of a conserved ISD is illustrated in Fig. 2. It
implies that island size evolution is characterized by a
single length scale [23], which can be extracted directly
from the experimental data as the separation Ag between
the maximum of the diffuse peak and the position of the
specular peak. Agq is in turn related to the correlation
length ¢ = i—’; that is governed by the distributions of
both the island spacings and the island sizes.

The key feature of the diffuse scattering data in Fig. 1
is that Aq decreases with successive laser shots. Consid-
ering that ¢ provides a measure of the island spacing, a
decreasing Aq corresponds to increasing island size and
a concomitant decrease in island density. From the re-
lationship between Ag and ¢, the island density (N(¢))
is given by N(t) ~ (Ag)?. In the absence of coalescence
of mobile islands the island density in the pre coales-
cence stage can be assumed to be roughly equal to the
nucleation density. In the virgin surface submonolayer
regime the increase in ¢ with successive laser shots is
straightforward to understand in terms of (1) increasing
coverage, (2) island coarsening by ripening, and (3) the
reduction of the number of islands by coalescence past
half coverage. If this cycle were to repeat itself for each
new layer, and the next layer were to start growing at
the same nucleation density, Ag would recover its ini-
tial value. However, the continuously decreasing initial
Agq values indicate that the new layers do not renucleate
by the same mechanism as the first layer. Rather, the
observation of decreasing Agq for subsequent growth in-



dicates that island nucleation in each new layer occurs
with larger length scale than the previous layer. Thus,
the measurements reveal a nucleation behavior that is not
consistent with supersaturated nucleation density domi-
nated film growth models.

To be specific, the decreasing island density for single
laser shots in the growth of the first 3 MLs is illustrated
in the inset of Fig. 1. The correlation length is smallest
(corresponding to the highest island density) in the first
layer with the growth of each successive layer occurring
at decreasing island density. Moreover we note that in no
case was Agq observed to increase with increasing depo-
sition pulses, ruling out the island breakup mechanism
proposed for increasing the island density [3]. Instead,
as underscored by additional data presented in SM [19],
the diffuse scattering measurements demonstrate that de-
creasing island densities are a universal feature of PLD
that occurs over a wide range of dwell times and temper-
atures.

Turning now to island growth kinetics, theoretical
treatments show that the mechanism of the attachment-
detachment process dictates the functional form of the
ISD [24, 25]. The temporal power law dependence £(t)
t™ is used for describing the evolution of the mean island
size (as measured by the critical length scale £(¢)). The
value of the exponent n determines the island growth
mechanism that is governed by atomistic barriers and
surface transport processes in island nucleation, growth
and ripening [26-28]. We show in Fig. 3 plots of the cor-
relation length versus time derived from the x-ray inten-
sity maps, where the series of points given by the different
symbols represent the correlation length ¢ = Z—’; at the
diffuse scattering maxima increasing in ML increments.

These plots reveal that island growth in PLD does
not obey simple kinetics described by a single value of
n. Rather, two distinctly different slopes in which the
short (first) segments denoted by dashed lines are shown
to extend with a slope close to n = % to the third ML
(at most), thus indicating island coarsening controlled by
diffusion limited kinetics. The major (longer) segments
describe the kinetics for the bulk of the island growth
and evolution process. For all films the major segment
has a value n equal or greater than n = %, suggesting
attachment-detachment limited kinetics. The crossover
from diffusion-limited to attachment-detachment kinet-
ics [28] that occurs over a limited island size range at
each temperature, is attributed to island edges becom-
ing energetically more stable with increasing size that
decreases curvature.

Having identified two kinetic regimes we show in
Fig. S2a measurements probing specifically the diffusion-
limited regime by using a single laser shot to deposit a
layer coverage 6 =~ 0.5 on a virgin surface, followed by ex-
tended annealing at a fixed substrate temperature. These
conditions preclude second layer nucleation, thus render-
ing interlayer transport non existent. The post deposi-
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FIG. 3. Evolution of island growth during PLD represented
by a log-log plot of £(t) vs t/tq, where tq represents a time in-
terval that for growth corresponds to the dwell time between
two successive laser shots, and for annealing to the measure-
ment time steps. The different colors represent different dwell
times, and the different shape blue symbols designate differ-
ent substrate temperatures for data in Fig. S1. The black
circles represent the thermal coarsening data in Fig. S2a,
corresponding to infinite effective dwell time. The value of n
on dashed and solid lines corresponds to the exponent of the
power law fit.

tion evolution of the ISD represents a textbook exam-
ple of Ostwald ripening of 2D islands. The correlation
lengths were determined by measuring the diffuse scat-
tering at 10 s intervals. The evolution of £(¢) plotted in
Fig. 3 by the black circles after a short transition section
has a slope n = 0.35. This value is in agreement with
the n = % expectation that ripening dominated by intra-
layer transport is controlled by diffusion-limited kinetics.
On the basis of having the same slope as in the single
shot 6 ~ 0.5 annealing experiment, we can conclude that
coarsening in the first few layers during the minor/short
stage of simultaneous two-layer growth is also driven by
surface diffusion. We note that this value is in agreement
with a report [4] that used measurements of the diffuse
scattering to conclude (based only on first ML data) that
surface smoothing in PLD occurs by thermal ripening.
However, no analysis of the kinetics in subsequent layers
was performed in that study, so the change in the island
growth regime was not observed [4].

The absence of thermal ripening between two succes-
sive laser shots is a new observation that provides im-
portant clues for understanding the role of atomic sur-
face transport processes in the mechanism of PLD film
growth. To pursue this aspect, an experiment was per-



formed in which growth was stopped at the diffuse scat-
tering maximum after 2% MLs and the diffracted inten-
sity was measured continuously at 10 s intervals. Note
also that this thickness was chosen deliberately to en-
sure that the kinetics is measured just past the % to %
crossover point. An analysis of the data plotted in Fig. 4
shows that £(t) given by red triangles remains unchanged
even 300 s after the deposition was stopped indicating
negligible ripening and no change in the ISD at 640 °C.
These data are to be compared with measurements on a
second film that was grown under exactly the same condi-
tions, but without interruption of growth. The blue dots
show that the two data sets overlap for the first ~ 2%
MLs, but past this thickness, ¢(¢) continues to increase
with a slope of n = 0.53, if growth is continued. The
most significant implication of frozen £(¢) is that it rules
out Ostwald ripening, which is the primary mechanism
for surface smoothening in TD. On the atomic level this
implies that the barrier for detachment from step edges
is so high that it prevents thermally driven transfer of
atoms from smaller to larger islands. With detachment
frozen, negligible thermal ripening implies that surface
smoothing must be driven solely by attachment-limited
non-equilibrium island growth that occurs only in the
presence of continued deposition pulses. Although, the
driving forces are different, the outcome is equivalent to
step flow on the scale of the island sizes.

The complete data covering a wide range of growth
conditions in Fig. S1 that were used for deriving the
island size evolution plots in Fig. 3 also illustrate a re-
markable feature of PLD; that is, simultaneous two layer
growth persists indefinitely in a quasi step flow mode with
increasing island sizes, and without observable surface
roughening. Accordingly, island growth from the laser
pulse must be faster than the time scale of the fastest
diffuse scattering measurements, which at 1 s dwell time
still show attachment-limited kinetics. Moreover, since
ripening does not occur during dwell time, the crystal-
lization time represents the best estimate for the duration
of island growth in PLD. We reported this previously to
be faster than a few us [15].

Theoretical simulations show that the increase in n

from % for purely diffusion-limited kinetics, to % for

attachment-limited kinetics [28], is driven by funda2men—
tal changes in atomic surface transport processes. The
expanded discussion of the connection to atomic surface
transport processes presented in the SM [19] shows that
the ratio % fully captures the unique features of PLD
growth for a crossover from diffusion-limited (£ << 1) to
attachment-limited (£ >> 1) growth, where (D) is the
surface diffusivity, and (k) is the attachment rate. The
half coverage annealing results in Figs 3 show that ther-
mally driven attachment-detachment must be present in
1

the diffusion-limited n = 3 regime. Consequently, this

cannot be the mechanism of PLD growth past 2ML, it
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FIG. 4. Tllustration of the negligible change of the correlation
length (red triangles) for a SrTiOs film that was annealed at a
substrate temperature of 640 °C after growth was stopped at
the third diffuse scattering maximum (~ 21 ML) compared
to the increasing correlation length in continuous film growth
(blue dots). The complete data are shown in Fig. S2b.

is just thermally driven, ordinary Ostwald ripening. The
frozen detachment past ~ 2% in Fig. 4 implies that the
island growth occurs by direct incorporation of growth
species from the PLD plume. In addition, for attach-
ment to change the ratio to % >> 1, and become rate
limiting, the growth species must possess ballistic mo-
bilities [16, 17] capable of inducing very fast intra- and
inter-layer transport [9, 15]. This ballistic component is
of course always present in PLD island growth. Here we
show that when detachment is frozen the effects of bal-
listic mobility can be observed directly. In the absence of
Ehrlich-Schwoebel and other island edge barriers [29], it
can be assumed that the attachment rate (k) is constant
in both the diffusion-limited and the attachment-limited
regimes, leading to the conclusion that the crossover oc-
curs when surface mobilities (D) change from thermal
diffusion (that is much slower than attachment) to bal-
listic mobility in the PLD plume [15-17] that is much
faster than attachment. This evolves spontaneously at a
given temperature as the increasing size reduces island
curvature causing the islands to energetically stabilize
against detachment.

In summary, we address the mechanisms of island
growth leading to surface smoothing in PLD through
real-time measurements of the diffuse scattering. We
demonstrate that island size evolution during PLD of
SrTiO3 obeys dynamic scaling, which allows identifica-
tion of two distinct regimes of island growth kinetics. The
decreasing island density, and a crossover from diffusion-
limited to attachment-limited kinetics, rule out increas-
ing nucleation density as a factor in surface smoothing.
The crossover identifies a fundamental change in surface
transport mechanisms, and reveals the influence of non-
equilibrium and non-thermal atomic level surface trans-



port processes on the growth modes in PLD. Our mea-
surements show that in this regime, PLD film growth per-
sists without surface roughening, despite Ostwald ripen-
ing, the main thermally driven smothening mechanism
being shut down. In this quasi step flow regime PLD self-
organizes local step flow on a length scale consistent with
the temperature and PLD conditions. It is an intriguing
question whether the crossover in island growth kinetics
that was discussed theoretically [18], but not previously
observed experimentally, is unique to PLD mechanisms.
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