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Direct Measurements of Island
Growth and Step-Edge Barriers

in Colloidal Epitaxy

Rajesh Ganapathy,*t Mark R. Buckley, Sharon ]. Gerbode, Itai Cohen

Epitaxial growth, a bottom-up self-assembly process for creating surface nano- and
microstructures, has been extensively studied in the context of atoms. This process, however,

is also a promising route to self-assembly of nanometer- and micrometer-scale particles into
microstructures that have numerous technological applications. To determine whether atomic
epitaxial growth laws are applicable to the epitaxy of larger particles with attractive interactions,
we investigated the nucleation and growth dynamics of colloidal crystal films with single-particle
resolution. We show quantitatively that colloidal epitaxy obeys the same two-dimensional island
nucleation and growth laws that govern atomic epitaxy. However, we found that in colloidal
epitaxy, step-edge and corner barriers that are responsible for film morphology have a

diffusive origin. This diffusive mechanism suggests new routes toward controlling film

morphology during epitaxy.

of a crystalline film on a substrate (/),

plays a pivotal role in the fabrication of
solid-state and organic semiconductor devices,
the creation of strain relief nanostructured ar-
rays, and the design of coatings with novel
optical and mechanical properties (2). Under-
standing the microscopic details of the various
growth processes at work continues to be a
central focus of surface- and materials-science
research (/—6). More recently, this area of re-
search has also branched out to include the
self-assembly of nano- and microscale particles
into crystalline thin films for the purpose of
creating tailor-made metamaterials and photonic
band-gap structures (7—11). A variety of exper-
imental techniques have been developed to study
atomic homoepitaxy (7, 12), but these tools are

Epitaxy, which is the layer-by-layer growth
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not appropriate for investigating kinetic pathways
in epitaxy of nano- and microscale particles.
Without knowledge of these kinetic pathways,
kinetic Monte Carlo (KMC) simulations cannot

predict accurate growth laws. In fact, at present,
it is unclear whether the same kinetic barriers
that govern nucleation and growth in atomic
systems also govern nano- and microscale par-
ticle epitaxy.

We developed and integrated techniques in
colloid science to study the epitaxy of micro-
scale particles with an attractive short-range
depletion interaction (/3). Because colloidal
particles can be studied and manipulated at the
single-particle level, they are particularly well-
suited for investigating such phenomena. Our
experiments show that the two-dimensional
(2D) growth laws for atoms and colloids are
remarkably similar. In addition, we found that
for colloids, there exists an analog of the atom-
ic Ehrlich-Schwoebel barrier (ESB), the ener-
getic cost for moving a particle over a step
edge or around an island corner (14, 15). In
atoms, this barrier is thought to arise from
interparticle interactions that are comparable
to the atomic spacing. We show that in col-
loids, the barrier originates from the diffusive
nature of the particle dynamics. Nevertheless,
this effective barrier leads to similar nonuni-
formities in the 2D and 3D island morphol-

Fig. 1. Confocal micrographs of silica colloid monolayers. The particles are seen as dark circles in a
bright fluorescent background. (A) Triangular lattice with lattice spacing of 1.05 um. (B) Square

lattice with lattice spacing of 1.04 um.
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ogies. These results demonstrate that key
concepts derived from extensive studies on
atomic epitaxial growth are directly applica-
ble to film growth of larger-scale particles.
In addition, because colloids act as good mod-
el systems for studying statistical-mechanics
phenomena (9, 10, 16-18), concepts gleaned
from these colloidal deposition experiments
should offer insights into atomic and nano-
particle epitaxy.

Our systems consist of charge-stabilized
silica or polystyrene colloids with diameters
of 1.0 or 1.3 um, respectively, and sodium
polystyrene sulfonate or sodium carboxyl meth-
yl cellulose polymers with a radius of gyration
of about 50 nm. The polymers act as depletants
that induce an effective attraction between the
particles (/3) [supporting online material (SOM)
text]. Each colloidal epitaxy experiment consists
of sedimenting particles onto a substrate at a
fixed flux F, which was determined by mea-
suring the area fraction occupied by monomers
and islands with time, and with units of mono-
layers/s (12). To make contact with atomic epi-
taxy experiments, a single crystalline colloidal
monolayer, formed by binding particles to a
lithographically patterned template, was used
as the substrate (Fig. 1) (19). The sedimented
particles perform a 2D random walk on the
substrate by thermally activated hops and co-
alesce into crystalline islands (movie S1). We
found that the monomer surface diffusion con-
stant D is about 0.01 (lattice constants)?/s,
which is 100 times smaller than the diffusion
constant for a free particle in liquid (SOM
text). This decrease arises from depletion-
induced bonds with the underlying substrate,
creating an energetic barrier that must be over-
come for particles to hop from one interstitial

(3)t=70hrs  (4)t=96 hrs

Fig. 2. (A) Four images from an island nucleation and growth experiment
on a square template with D/F = 1300 + 100. (B) Island density measure-
ments at various D/F values for square and triangular lattices. Square
lattice data for D/F = 1300 + 100 (blue squares), D/IF = 116 + 8 (black
squares), D/F = 5.7 £ 0.6 (green squares). Triangular lattice data for D/F =
4200 + 233 (brown triangles), D/F = 130 + 10 (red triangles). (C) n. versus
DIF for atomic deposition experiments (inverted black triangles); for KMC
simulations (blue open squares) [from (12)]; rate equation with post-deposition

n (island density)

site to another. The ratio of D/F' determines the
size of the region explored by the particle be-
fore it meets another particle, island, or step
edge, and this ratio is a key parameter that
governs thin-film growth (7, 12).

To compare epitaxy of colloids and atoms,
a significant overlap in D/F values is essential.
The expression for D has an activated form
D = Doexp(—UlkgT), where Dy is the attempt
frequency, U is the activation barrier, kg is
Boltzmann’s constant, and 7 is temperature
(1, 12). In colloid experiments, U can be made
arbitrarily small by tuning the depletant con-
centration. Thus, even though D, is approx-
imately 10°® times as large as in atoms, by
careful control over the deposition flux, D/F
can be tuned from 107" to 10*. For atomic
deposition, 10" < D/F < 10° (12). This signif-
icant overlap in D/F values allows for quanti-
tative comparison of the mechanisms governing
film growth in these two systems.

Snapshots of nucleation and island growth
on a square lattice with D/F' = 1300 + 100 are
shown in Fig. 2A, 1 to 4. In our experiments,
dimers act as stable nucleation sites. There-
fore, we define an island as a cluster equal to
or greater than two particles. With time, we
observed nucleation of numerous disconnected
islands that grew and eventually coalesced to
form a single monolayer. The number of dis-
connected islands per unit area, n, versus area
fraction of islands, ©, for this D/F ratio is
shown by the solid blue squares in Fig. 2B.
Initially, the monomer density on the substrate
rises and leads to a linear increase in n (Fig.
2A, 1 and 2, and movie S2). With further in-
crease in the monomer density, # saturates at a
critical density 7. because arriving monomers
diffuse to nearby islands before encountering
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other monomers. At later times, existing islands
grow in size, leading to coalescence and a de-
crease in n. By varying the substrate symmetry
(movie S3), depletant concentration, and bulk
colloid volume fraction, we were able to tune D
and F independently. This allows for conduct-
ing epitaxy experiments at different D/F ratios
(Fig. 2B).

We compared the measured n. versus D/F
for our colloid experiments (Fig. 2C, solid
symbols) with those from atomic experiments
(inverted open triangles) (20), atomic KMC
simulations (open squares) (/2), rate equation
with post deposition mobility (brown line),
and the rate equation for stable islands (green
line) (20). We found quantitative agreement
between the colloid and atom data. At a high
DIF ratio, our data approach the n, o (D/F) 3
scaling predicted by classical nucleation theory
for systems where dimers form stable islands
(12, 20). At D/F = 50, n, reaches a maximum
and decreases for lower D/F ratios (green line),
because diffusion becomes slow and fewer islands
nucleate and grow during deposition (20, 21).
We found that the measured saturation value for
n. agrees with the atomic experiments and the
theoretical prediction for systems with stable
dimer islands. Finally, we found that the average
size of 2D islands increases with increasing D/F
(SOM text), and this behavior is consistent with
the trend observed in atomic epitaxy (/2). These
data indicate that scaling laws that are relevant
for atoms carry over to 2D film growth of
larger-scale particles with attractive interactions.

In addition to controlling island growth, con-
trolling island morphology is of central impor-
tance in the growth of high-quality crystalline
films (7, 22). In atoms, the fundamental param-
eters that determine island morphology in two
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mobility is represented by the brown line; rate equation for stable islands is
represented by the green line [from (20, 21)]. The colloid epitaxy exper-
iments with silica particles on the square lattice are shown by green solid
squares, whereas those on the triangular lattice are shown by red solid
triangles. n. is obtained from fitting a cubic polynomial to the n versus ©
data. An experiment with polystyrene particles on a square lattice is shown
by the orange solid diamond. The data correspond to systems where dimers
form stable island nuclei.
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and three dimensions are the island-corner and
the ESB step-edge kinetic barriers (1, 14, 15, 23),
respectively. Such barriers are thought to arise
from the interactions between the atoms and
their neighbors. Specifically, as an atom hops
from one interstitial site to another on the same
island, it must break bonds with its nearest
neighbors and form bonds at the new site.

Fig. 3. (A) Schematic of
an adatom diffusing near
an island step edge. (B)
Energy landscape for atoms
near a step edge. (C) Image
of islands growing on the
monolayer substrate. (D)
Image of islands nucleating
on top of islands shown in
(O) (red outline). The sepa-
ration between islands in
() is =8.0 lattice constants,
whereas the radius of the
islands in (D) is =~2.5 lattice
constants. Such features in
atomic systems are associ-
ated with a step-edge bar-
rier. (E) Polystyrene colloid
diffusing on a colloidal
monolayer with triangular
symmetry. The trajectory of
the colloid during a 180-s
interval is shown in red with
green dots. (F) Trajectory of
a polystyrene colloid diffus-
ing on a three-particle
island over 180 s. Island
rearrangements in our ex-
periments are rare. (G) In-
terstitial residence time
distribution for a colloidal
particle diffusing on a
monolayer (top) and for a
particle diffusing on a three-
particle island (bottom). (H)
Energy landscape for col-
loids near a step edge.
(I) Residence time ratios

A

Because the range of the interaction in atomic
systems extends beyond the size of an atom,
new bonds are able to form as the old ones are
broken. This minimizes the energetic cost for
going through the lower coordination number
state during the hop. The distances between
sites straddling a step edge or corner are longer
than those between other adjacent sites on the

% versus p. Ex- 75] |
periments are shown as black

squares. Error bars are on 6.0

the order of the symbol size h& 4.5-

and show SEM. Simulations

in the strong interaction T 3.0

limit (red circles) andweak ~ ~ 4 5 °
interaction limit (green circles) . a
are shown. (J) Experimental 0.0 5 :

mean interstitial residence
times on a 15-particle island.
Color bars indicate residence
time.

15-particle island
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island; therefore, the energetic barriers for hop-
ping over step edges and comers are substan-
tially larger (Fig. 3, A and B). Because depletion
interactions in our colloidal epitaxy experiments
are very short-ranged, extending to only 1/20 of
the particle diameter, these arguments do not
hold for our system. Nevertheless, in our ex-
periments on colloids, we did find evidence of
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such barriers. For example, we observed nucle-
ation on top of islands even when the separa-
tion between them was larger than the average
island size. Furthermore, our data are consistent
with a decrease in the fractal dimension of 2D
islands with D/F (SOM text). These phenome-
na in atomic epitaxy are associated with ESB
step-edge and island-corner barriers (Fig. 3, C
and D) (7).

To determine unambiguously whether a step-
edge barrier exists for colloidal particles with
short-ranged interactions, it is necessary to com-
pare hopping dynamics of particles moving
from one island interstitial site to another with
those of particles descending island step edges.
To quantify these dynamics, we used holographic
optical tweezers (Arryx) (24) to place individ-
ual colloids on islands consisting of different
numbers of particles (SOM text and movie
S4). We then turned the tweezers off and
tracked the colloids as they moved to different
island sites (movies S5 and S6). Particle
trajectories of 180-s duration are shown for a
large triangular island, where the diffusing
colloid explores only interior interstitial sites
(Fig. 3E), and a three-particle triangular is-
land, where all excursions are over step edges
(Fig. 3F). The trajectories show that island
step edges significantly confine the space ex-
plored by a diffusing monomer. By repeating
these experiments a total of 600 times, we
quantified the difference in residence times
between interstitial sites away from step edges
and those at a step edge. The peak values of
the interstitial residence time for a monomer at
a step edge is substantially larger than the
residence time for a monomer in the island
interior (Fig. 3B). This increase indicates that
despite the short-range nature of the particle
interactions, step-edge barriers also exist in
colloidal epitaxy.

The particle trajectories in Fig. 3, E and F,
show that once a bond is broken with the
underlying lattice, colloid monomers predom-
inantly diffuse along local 1D trajectories
corresponding to the valleys formed by the
underlying particles (Fig. 3H). Because par-
ticles on islands with triangular symmetry
must diffuse 2.8 times farther to descend a
step edge (SOM text), the diffusion time and
the probability of returning to the origin (25)
and reforming the original bond increases.
Thus, we expect that the mean residence time
will increase with the number of longer path-
ways p. To test this prediction, we conducted
100 independent experiments with a total of
1089 monomer moves on a 15-particle trian-
gular island, where different perimeter sites
have different p (movie S7). We combined
these data with measurements on the large
triangular island (Fig. 3E) and three-particle
island (Fig. 3F). We plotted the ratios of the
mean residence times for sites with p =0, 1,
2, or 3 to the mean residence time on an
interior site (Fig. 31) and the mean residence

times for all sites on the 15-particle island
(Fig. 3J). In accordance with the prediction,
we found that the mean residence time in-
creases with p.

Depending on the strength of the depletion
interaction, there are two limiting regimes. In
the weak-interaction limit, the bond breaking
time is small and the time taken to diffuse
between sites is the dominant contribution to
the mean residence time. For diffusion, the
mean-squared displacement increases linearly
with time. Therefore, the mean residence time
scales as the square of the path length. In the
strong interaction limit, the bond-breaking
time dominates. For a 1D random walker
between partially absorbing boundaries, the
number of returns to the origin grows linearly
with the path length (26). Because the particle
re-forms the bonds upon each return, the mean
residence time increases linearly with the path
length. To determine whether either limit is
appropriate for describing our experiment, we
modeled the process of moving from one in-
terstitial site to another as a 1D random walk
on three line segments that share a common
origin and are terminated by absorbing bound-
aries (27) (SOM text). We have numerically
implemented this model and calculated the
mean residence time ratios in both the dif-
fusive and strong-interaction limits. The ex-
perimentally observed mean residence time
ratios are consistent with the strong interaction
limit (Fig. 31).

Collectively, these results indicate that
epitaxy in colloidal systems is remarkably
similar to epitaxy in atoms. We have shown
that, as with atoms, the D/F ratio dictates the
2D growth laws. In addition, we have un-
covered a novel dynamic mechanism that
leads to step-edge and corner barriers even in
systems with short-range interactions. Imple-
menting techniques that use gravity or elec-
tromagnetic fields to bias the diffusion of
particles down step edges would lower the
step-edge barrier and lead to substantially
smoother films. Such techniques might also
be applicable for tuning barriers in nano-
particle and molecular systems. The powerful
array of tools that we have brought together to
investigate colloidal epitaxy may also be help-
ful in elucidating mechanisms that have prov-
en difficult to study in atoms, such as dynamic
stress relaxation mechanisms in strained layer
heteroepitaxy (6). Finally, given the rapid ad-
vances in synthesizing micro- and nanoscale
colloidal particles with directional interactions
(28) and anisotropic shapes (29), we expect
that future epitaxy experiments with such par-
ticles will lead to a valuable exchange of ideas
among the fields of microparticle, nanoparti-
cle, and atomic epitaxy.
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