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ABSTRACT: Through strain-induced morphological instability, protruding patterns of roughly commensurate
nanostructures are self-assembled on the surface of spherical core/shell systems. A three-dimensional (3D) phase field
model is established for a closed substrate. We investigate both numerically and analytically the kinetics of the
morphological evolution, from grooves to separated islands, which are sensitive to substrate curvature, misfit strain, and
modulus ratio between the core and shell. The faster growth rate of surface undulation is associated with the core/shell
system of a harder substrate, larger radius, or misfit strain. On the basis of a Ag core/SiO, shell system, the self-assemblies
of SiO, nanoislands were explored experimentally. The numerical and experimental studies herein could guide the
fabrication of ordered quantum structures via surface instability on closed and curved substrates.

KEYWORDS: closed and curved substrates, surface instability, ordered quantum structures, misfit strain

urface instability of thin films not only plays a critical role
S in the evolution of surface morphologies observed in

natural and biological systems' ™ but also underpins a
promising micro/nanofabrication technique for mechanical self-
assembly of surface patterns.*”® Many previous studies of surface
instability were based on spontaneous wrinkles in stiff film/
compliant substrate systems. These have demonstrated the
feasibility and tunability of two-dimensional (2D) patterns of
thin films on planar substrates, including stripes,” herring-
bones, and zigzag labyrinths, by varying the anisotropy of
membrane force."””"* Studies on curved and closed substrates
were inspired by the observation of the triangular/Fibonacci
patterns of spherules on the Ag core/SiO, shell microstructures
upon cooling."*~'° Intensive theoretical models and experiments
were then carried out to investigate the spontaneous
organization of 3D wrinkling morphologies such as buckyball-
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like, labyrinth-like, and ridged patterns in spheroidal sys-

1,11,17,18
tems’ "

with controllable geometrical/material parameters.

Nevertheless, an intriguing mystery remains unresolved. In the
pioneering study of the instability of the curved surface of Ag
core/SiO, shell microstructures, the mechanism of wrinkling/
buckling failed to explain the protruding features of spher-
ules."*'® The buckling theory can deduce only dent-like
morphologies, but not the more interesting protruding ones.
Since the pioneering work has been widely cited, its unreasonable
explanation misled a large amount of scholars working in this
field. Due to the big impact from the misinterpretation, a sound
clarification of the mechanism behind spherule patterns on
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spherical substrates is urgent. In fact, in those Ag core/SiO, shell
microsystems the ratio of surface energy to strain energy is
comparable with the typical roughness wavelength,'' and at the
high annealing temperature of 1270 K the surface diffusion of
SiO, becomes noticeable.'*"? However, the classic buckling
analysis11 can incorporate neither surface energy nor mass
diffusion. Here we propose a mechanism where the formation of
such protruding morphologies may be controlled by the
competition between strain energy and surface energy as well
as surface diffusion. The elucidation of the mechanism of
diffusion-controlled surface instability may not only help to
explain the spontaneous islands on spherical core/shell micro-
structures but also enrich the pathways of mechanical self-
assembly.

The morphological instability based on diffusion in strained
thin films was elucidated by Asaro Tiller, Grinfeld, and Srolovitz
(referred to as ATG instability).”~>* The growth of thin films on
lattice-mismatched substrates, such as InGaAs/GaAs and
Si;_,Ge,/Si,””** usually follows the ATG instability mode.
This can lead to the evolution of various surface morphologies,
such as crack-like grooves, ripples, and islands. Unlike those on
planar substrates, anticorrelated islands,"”*° and periodic
shells,”*® which were observed to evolve on cylindrical nanowire
surfaces, this implies the controllability of morphologies by size
and curvature.

Inspired by these experimental results, extensive studies have
theoretically explored the stability and kinetics of the surface
morphology. The critical parameters and initial modes of
instability in various planar film/substrate””*® or cylindri-
cal'”??" systems were deduced through linear perturbation
analysis. The competition between two stress—relaxation
mechanisms during the epitaxial growth of thin films—misfit
dislocation and undulation of free surface—was also inves-
tigated.”**" To explore the nonlinear surface evolution,
significant research efforts have been devoted to various
numerical methods. On the basis of the Galerkin finite element
methods, Yang et al. predicted the formation of ordered quantum
structures in strained epitaxial films®>** and core/shell nano-
wires.”* Free from singularities, the phase field model by the
Ginzburg—Landau approach is a promising numerical technique.
The simultaneous growth and coarsening of quantum islands was
obtained in two- and three-dimensional (3D) phase field
simulations.>>>® Furthermore, the method was used to
quantitatively explore the controllability of self-assembled
patterns on planar and curved substrates by tunin% geometrical
size and elastic and misfit-strain anisotropies.***

Despite these advances, the study of ATG instability of closed
and curved thin films/substrate systems is rare. Among the
limited literature, the microstructural stability and evolution of
one particle in contact with its melt subjected to mass
rearrangement and a growing spherical precipitate—matrix
interface has been analytically and numerically explored.”” ™"’
Although Colin deduced the growth rate of fluctuation in the
case of two stressed spherical shells,” the elastic heterogeneity
was not considered. The mechanism of stressed-driven instability
via surface diffusion in spherical core/shell systems remains
unclear. Indeed, surface instability modes of closed core/shell
systems (such as spherical) could enrich the family of surface
diffusion-driven assembly of spontaneous patterns on curved
microstructures and complement those induced by buckling. In
this study, the linear perturbation analysis considering elastic
heterogeneity is analytically performed and linked to the surface
instability at the very initial stage. In addition, using 3D phase
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field modeling, we numerically explore the nonlinear evolution of
surface instability on the spherical core/shell microstructures in
the presence of misfit strain. The geometrical/material properties
and misfit strain affecting the kinetics of morphological evolution
are discussed, which qualitatively echoes those predicted by
linear analysis. Finally, we experimentally explore the controlled
self-assemblies on spherical Ag core/SiO, shell microstructures
to verify the pattern features of islands.

RESULTS AND DISCUSSION

A model of a spherical core/shell composite (Figure 1) is
established using spherical coordinates to investigate the surface

Figure 1. Schematic of a spherical core/shell structure: the radius of
the core is denoted by R, and the shell has a thickness h. I" and II
respectively denote the initial morphology and that after surface
instability.

instability of a thin film enclosing a closed and curved substrate
under stress. The core and shell with isotropic elasticity have
different shear moduli, y. and p, (8 = u./p,), while the Poisson
ratio v is taken to be the same for simplicity. An isotropic intrinsic
strain £* = H(r — R)diag(e*, €*, €*) is introduced in the core,
and the interface between core and shell is assumed to be
coherent without involving misfit dislocations. Basically, the
intrinsic strain can mimic the misfit of thermal expansion or the
lattice mismatch in epitaxial crystalline growth during the
annealing process.””

Linear Stability Analysis. To study the combined effect of
substrate radius R, modulus ratio f, and eigenstrain £* on the
kinetics of morphological evolution, we extend Colin’s work"”
for our case of spherical core/shell microstructure, where f does
not equal 1 (refer to the Supporting Information). The growth
rate (see eq S3) can be reduced to that in Colin’s work** with the
special case of f# = 1. The critical radius, below which the
fluctuation may not develop, is determined from the expression
(1+h/R)*=21(1 — v)aR/[2(7 + 5U)R*]. It is apparent that the
critical radius is sensitive to the modulus ratio and eigenstrain,
matching those in previous works.””*'~* The typical parame-
ters, &% =0.02,y = 1.5 m™%, ;= 30 GPa,and v = 0.3,"" are taken;
they correspond to the Ag core/SiO, shell system in the parallel
experiment below, and their variations with temperature are
neglected.”*

On the basis of eq S3, relating the growth rate to fluctuation
amplitude, the positive growth rate leads to development of a
fluctuating morphology, whereas a stable surface results from the
negative value. We plot the dimensionless growth rate w as a
function of degree I for increasing normalized sizes R/h in Figure
2a. It is observed that with an increasing value of R/h, not only
the number of the mode degree [ for a positive growth rate but
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Figure 2. Dimensionless growth rate, characterizing the evolution of fluctuation amplitude in the system with €% = 0.02, 7 = 1.5 m™2, p1, = 30 GPa,
and v = 0.3, plotted as a function of various fluctuation mode degree I characterizing the evolving morphology at various values of (a) normalized

size R/h, (b) intrinsic strain €%, and (c) modulus ratio .
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Figure 3. (a) Evolution of strain energy of the spherical core/shell particle (R = 501, h = 41, § = 1/3) as a function of dimensionless time. The inset
shows the surface morphologies at different evolution times. (b) Coverage parameter £ as a function of simulation time for three cases: R/h =

12.5; R/h = 6.67; R/h = 5.0 (intrinsic strain €¥ = 0.02, modulus ratio f§ =

1/3, constant volume of the shell).

also the value of the growth rate increases. Thus, the amplitude of
a perturbed surface grows faster in the system with a larger R/h
value. Furthermore, the most possible instability mode I; is
defined to correspond to the fastest growth rate among all
perturbation modes, and it refers to the typical wavenumber of
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the rough surface after instability. As shown in Figure 2a, the
value of ; decreases as the normalized size R/h is reduced,
implying a denser morphology in a larger structure just at the
initial stage of surface undulation. Similar trends were also
revealed in Colin’s work with f§ = 1.

DOI: 10.1021/acsnano.6b07108
ACS Nano 2017, 11, 2611-2617


http://dx.doi.org/10.1021/acsnano.6b07108

ACS Nano

In addition, the effects of eigenstrain and modulus ratio on the
growth rate are shown in Figure 2b and c, respectively. It can be
noticed that the surface roughness of a misfit-strained system
develops slower than the one with larger misfit strain, and the
growth rate of the fluctuated morphology decreases as the
modulus ratio of core to shell decreases. Retracting and
comparing the values of [ in Figure 2b and ¢, we can expect a
denser protruding pattern in the structure with either larger
modulus ratio or intrinsic strain. Therefore, the linear stability
analysis preliminarily underlines the controllability of self-
assembled morphologies on a spherical substrate.

Nonlinear Dynamics Simulation. Since the above-
mentioned analysis predicts only the surface evolution at the
very initial stage, we adopt a 3D phase field approach™ ™" to
study the nonlinear surface instability (see the Experimental
Details section for details). The development of the surface
undulation in a representative spherical core/shell structure with
misfit strain is shown in the inset of Figure 3a. As the simulation
time proceeds, the morphological pattern evolves from initial
fluctuation (described as eq S10) to a flat surface (t = 27), several
grooves (t = 507), ripples (t = 757), and islands (¢ = 1507). Even
though the coarsening of islands continues after ¢t = 1507, the
topology of the pattern after t = 3007 changes little and thus
suggests the system is fairly close to the equilibrium state due to
the extremely slow growth rate thereafter. It is noted that within
the context of the mesh roughness and initial random
fluctuations the close-to-equilibrium pattern of islands should
be regarded as quasi-periodic.

The strain energy of the system is plotted as a function of
dimensionless time in Figure 3a. It clearly shows that the
development of surface roughness is associated with elastic
energy relaxation, followed by a plateau where the islands
coarsen. Specifically, the first stage (t = 0—27) of stress relaxation
corresponds to the smoothening of initially random undulation.
Subsequently, as shown in Figure 3a, the relaxation of strain
energy has two fast stages: the formation of grooves until
exposure of the substrate (A - B — C) and the breaking of
ripples into a set of islands (C — D). The reduction of strain
energy implies that the formation of islands is thermodynami-
cally driven. Finally, there is a slower process (D — E)
corresponding to island refinement due to the achievement of
stress relaxation. Moreover, the small variation of strain energy
(D — E) verifies the kinetically unfavorable process of the further
coarsening and refinement of islands, since both the slow growth
rate and numerical imperfections make it difficult for the
evolution of an ideally periodic pattern with commensurate
islands within a limited simulation time. The quasi-equilibrium
pattern of islands on a spherical substrate is very likely to be the
result of stress relaxation due to surface instability, not due to
deformation as mechanical buckling.”"?

To quantitatively explore the kinetics of morphological
evolution, the coverage parameter £ characterizing the extent
of surface evolution is defined as the percentage of mass left
inside the otherwise smooth, nonevolving surface (dashed circle
in Figure 1), e.g,, £ = 1 at the beginning of surface instability. The
extent of evolution & as a function of time ¢ is plotted in Figure 3b
for increasing values of substrate curvature. It is seen that the
growth rate, denoted by the slope of the curves, decreases
exponentially with simulation time. This can be compared with
the morphological evolution in Figure 3a, which illustrates the
fast evolution occurring at the initial times and close to
equilibrium after t = 4007. Furthermore, the faster evolution is
evidently associated with a larger substrate radius, showing the
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curvature-dependent kinetics of undulation growth and a unique
feature of the closed and curved substrate. The results in Figure
2a bear a resemblance to the trends here, although they are valid
only at the very initial stage of surface instability. Therefore, the
self-assembly of small spherules on a spherical substrate is
feasible through tuning the evolution time and substrate
curvature, implying an alternative route to future fabrication of
ordered structures on spherical substrates.

Furthermore, the effects of normalized size R/h, eigenstrain
€*, and modulus ratio f# were explored. Unless otherwise noted,
the results below are for the shell having a thickness of 4 = 4] and
shear modulus i, = 30 GPa. Besides the coverage parameter &,
the dimensionless average height (normalized to [) of the island
peaks relative to the initial radius of the shell, R + A, is another
quantitative parameter to describe the extent of undulation. Due
to the mass conservation in a given system, the increase of
average height roughly corresponds to the decrease in the
number of islands. A morphological map at t = 1007 is
constructed with respect to the substrate radius and intrinsic
strain in Figure 4a, which shows the transition from stable surface

t=100t =100t =100t t=2007

(a)

0.380 .
125

2.05

5.0 8.75

R/

=

Figure 4. Diagrams for surface morphology at given times (a) =807
and (b) t= 100 7. The morphologies of the structure (R/h = 12.5) at ¢
= 2007 are shown on the right side of (a) and (b); the dimensionless
average heights of undulation are highlighted in red.

to the pattern of separated islands. For a given value of R/, the
surface undulation grows faster with the increase of €*, and when
e* is fixed, the grooves change to islands as the substrate
curvature is reduced. In addition, the distribution of islands on
the substrate is denser than that on the substrate with a smaller
radius. Moreover, the average heights not only illustrate the
undisturbed morphology when both R/h and &* are small,
implying the existence of a critical curvature corresponding to a
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stable surface, but also validate the amplitude of undulations
growing faster in larger particles, as revealed by the linear
analysis.

In the second morphological map in Figure 4b, the
spontaneous patterns at t = 807 are selected to further study
the competition of geometrical parameter R/h and modulus ratio
J between core and shell. From the cases with a certain value of
R/h, the transition from grooves to islands occurs earlier in the
systems with a harder substrate. On the basis of the diagram, it is
evident that the denser distribution of islands is favored when f
and R/h become larger. Meanwhile, the effect of larger modulus
ratio resulting in faster morphological evolution is consolidated
by the average height of the islands shown in Figure 4b.
Comparing with ¢t = 807 and ¢ = 1007 in Figure 4a and b,
respectively, the morphologies at ¢ = 2007 show a decreasing
number of islands, with an increase in the dimensionless average
height. The maps in Figure 4 provide a promising and
controllable way for self-assembling ordered structures on
spherical substrates by controlling the evolution time, geo-
metrical/material properties, and misfit strain.

In the 3D simulation above-mentioned, the difference of the
diffusivity in the surface, interface, and bulk is neglected in the
phase field model for simplicity, and the surface diffusion could
be much faster than the others, whose role will be explored in the
future. The intrinsic strain and elastic properties adopted in the
current study may be regarded as effective averaged parameters.
Through uncovering some of the essential factors affecting the
dynamics of diffusional surface evolution, the model could be
refined to incorporate more complicated geometries, temper-
ature-dependent and anisotropic elasticity, and eigenstrain
parameters, which possibly offers ways to design various surface
topologies on the closed/curves substrate. Parallel experimental
realizations are explored below to enrich our purposes.

Experiments. As discussed above, uniform islands are able to
be self-assembled on the closed and curved substrate (eg,
spherical substrate) through the mechanism of diffusional surface
instability, the kinetics of which is highly dependent on substrate
curvature, mismatch strain, and modulus ratio between the
substrate and shell. In this section, the morphologies with
protruding features are experimentally studied with emphasis on
the spherical Ag core/SiO, shell microstructures, which may
promise manipulation of 3D patterns on closed and curved
substrates.

Ag core/SiO, shell samples were synthesized by thermal
evaporation of a SiO and Ag,O mixture into sapphire substrates,
which was heated to 1270 K. Before cooling, we kept the system
at 1535 K for different durations in order to investigate the effect
of annealing time. The profiles of the Ag core/SiO, shell
microstructures, annealed for 1, 5, and 10 min, are respectively
shown in Figure Sa, b, and c. The chemical compositions of Ag,
Si, and O at the red dashed region in Figure Sc were characterized

Figure 5. Three representative surface patterns of the Ag core/SiO,
shell microstructures with an approximate radius of 2.5 pm: (a)
smooth surface; (b) uniform islands; (c) relatively sparse and bigger
islands. The annealing times are respectively (a) 1 min, (b) S min,
and (c) 10 min.
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by the energy-dispersive X-ray spectrometer (Figure SI,
Supporting Information). These three samples have approx-
imately the same diameter of S ym and with more time allowed
the morphological transition from smooth surface to uniform
islands and finally to relatively sparse and bigger islands.
Although the misfit strain in the film can drive surface undulation,
the mass diffusion of SiO, in Figure Sa is insignificant, and its
surface remains smooth due to the short annealing time.
However, given the longer annealing time in Figure Sb, the
uniform island-like spherules are likely the result of adequate
diffusion. When the core/shell microstructure is further
annealed, surface diffusion is responsible for island coarsening,
which is exemplified by Figure Sc. The experimental transition
from Figure 5a to c is consistent with the numerically simulated
morphologies illustrated in the inset of Figure 3a (A — D — E),
although it is very difficult to experimentally capture the fast
transition from state A to C in Figure 3a. This transition is similar
to the experimental observations in the diffusion-based growth of
the Si core/Ge shell nanowire, during which the extended time
for annealing makes smaller islands disappear while larger islands
continue to coarsen, resulting in the morphology with low island
density."” Additionally, it is evident that the average distance
between islands in Figure Sb (roughly 0.5 ym) is smaller than
that in Figure Sc (roughly 1.0 ym), which further confirms the
coarsening of islands as the annealing time increases. Therefore,
the formation of protruding features in Figure 5b and c is likely to
be diffusion-controlled.

Defects may induce nonuniformity in the core/shell structure.
The profile (Figure S2, Supporting Information) shows
nonuniform islands near the interface between the micro-
structure and sapphire substrate, while nearly uniform islands can
be seen in the region far from the interface. The local
nonuniformity may be induced by geometrical constraints. We
also find that a large cooling rate (500 K/min) could lead to
broken structures, shown in Figure 6d, which is possibly due to
the fast, large thermal mismatch stress occurring in the SiO, shell.

In addition, the size of formed Ag core/SiO, shells in the vapor
can be controlled by the base pressure, and the ratio of AgO,/
SiO, powders determines the thickness of the SiO, layer.* Thus,

Figure 6. SEM micrographs of the Ag core/SiO, shell micro-
structures annealed for 10 min, with approximate radii of (a) 2.5 pm,
(b) 4.0 pm, and (c) 7.5 pm. A broken sample with smooth Ag core
partially covered by a SiO, shell is shown in (d) under a cooling rate
of 500 K/min.
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we kept the mass ratio of Ag,0/SiO powders as 5:1, and the Ag
core/Si0O, shell microstructures with a radius of 1—10 ym were
obtained by varying the base pressure within the range of 3 X 10*
to 4 X 10* Pa. Then we annealed the system for 5 min before
cooling it. The thickness of the SiO, layer can be measured as 150
nm from some broken structures similar to that in Figure 6d, and
the thickness is approximately constant among the micro-
structures with various sizes due to the unchanged composition
of the Ag,0/SiO precursor. As shown in Figure 6, spontaneous
SiO, spherules are observed on spherical Ag substrates (where /3
~ 1/3, &* ~ 0.02), with approximate radii of 2.5 um for (a), 4.0
um for (b), and 7.5 um for (c). The observation of a denser array
of islands on larger microstructures is in qualitative agreement
with both numerical results in Figure 4 and analytical predictions
in Figure 2a. Interestingly, the smooth surface of the exposed Ag
core, shown in Figure 5d, verifies no deformation in the substrate.
The evidence excludes the mechanism of mechanical buckling,
which would result in the dent-like and ridged patterns for the
same microstructures.””' ' These agreements effectively strength-
en the diffusion-controlled mechanism behind the formation of
islands on spherical substrates.

CONCLUDING REMARKS

In summary, the nonlinear phase field simulations and linear
stability analysis are performed to explore the spontaneous
patterns induced by diffusional surface instability on spherical
core/shell systems. At a given evolution time, the transition of
morphologies, from flat surface, to grooves and ripples, and
eventually the assembly of islands with roughly uniform size,
could be controlled since the growth rate of undulation is highly
dependent on the substrate curvature, modulus ratio, and
intrinsic strain. With the increased eigenstrain, radius, and
stiffness of the substrate, the self-organization occurs faster. In
parallel experiments, the surface patterns of SiO, islands are also
successfully formed on a Ag substrate. Thus, the surface
instability via diffusion may dominate the self-assembly of islands
on spherical particles observed in a pioneering study,'* whose
mechanism remains obscure until the present study. The studies
here appear to be a theoretical attempt to explore the self-
assembled patterns on a closed and curved substrate by the ATG
instability mode, which may inspire various applications of
micro/nanofabrication. It is important to note that some kinds of
defects are possibly induced by stress in the interface of the core/
shell, including misfit dislocation and delamination, which
contributes a lot to the final morphologies.”*** The investigation
of the effects of such defects, along with the refinement of
material and system parameters, will be the subject of future
research.

On a curvature-dependent and closed substrate, the stress
generated in the film, upon mismatched strain between the film
and substrate, is possibly anisotropic and nonuniform. Also, the
surface instability may be constrained in local regions where the
boundary effect can further interact with the substrate curvature
effect. These enable more varieties of morphological patterns via
surface diffusion, which underpins self-assembly fabrication of
true 3D microstructures and devices. Thus, the study of self-
assembling morphological patterns via surface diffusion on a
closed and curved substrate significantly expands applications in
electronics, biomedical engineering, and optical technolo-

. 43,4647
gies.
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EXPERIMENTAL DETAILS

The detailed experimental setup and parameters can be found in the
previous work. *'® After evaporating the mixture of AgO,/SiO,
powders in a Al,O; crucible chamber, it was filled with a gas mixture
0f90% Ar + 10% H, to a pressure of 3 X 10* to 4 X 10* Pa. The size of the
formed Ag core/SiO, shells in the vapor can be controlled by the base
pressure, and the ratio of the AgO,/SiO, powders determines the
thickness of the SiO, layer. Ag core/SiO, shell microstructures were
collected on a sapphire substrate placed 1 cm over the powder mixture’s
surface. At the beginning, the power mixture was heated to ~1535 K and
the substrate was kept at ~1270 K. Liquid droplets were formed on the
way flying to the substrate and then evolved to a Ag core/SiO, shell
structure due to the poor miscibility between Ag and SiO,. The Ag core/
SiO, shell microstructures with a radius of 1—10 ym were observed on
the substrate. For a controlled study of surface roughness, three groups
of SiO, shell/Ag core microstructures were annealed at the same
temperature but for different durations. Then, we cooled the system at a
fast rate of ~350 K/min such that the evolved morphologies at the high
annealing temperature could be kept. The morphologies of the core/
shell structures were imaged through ex situ observation using a
scanning electron microscope (SEM; FEI, SERION). The elemental
compositions of the core and shell were verified from the energy-
dispersive X-ray spectrometer.
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