Geometric Templating and Frustration of
Two-Dimensional Colloidal Crystals

A DISSERTATION PRESENTED
BY
Jessica H. Sun
TO
THE HARVARD JOHN A. PAULSON SCHOOL OF ENGINEERING AND APPLIED SCIENCES

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DocToRr oF PHILOSOPHY
IN THE SUBJECT OF
ENGINEERING SCIENCES

HaARVARD UNIVERSITY
CAMBRIDGE, MASSACHUSETTS
DECEMBER 2023



©2023 — JEssica H. Sun
ALL RIGHTS RESERVED.



Thesis advisor: Professor Vinothan N. Manoharan Jessica H. Sun

Geometric Templating and Frustration of Two-Dimensional

Colloidal Crystals

ABSTRACT

In this thesis, I explore how template geometry can assist or frustrate depletion-mediated self-assembly
of two-dimensional (2D) colloidal crystals. To understand geometric frustration, it is useful to seed
the position and orientation of colloidal crystal nuclei. However, existing experimental methods dis-
rupt crystallization dynamics or do not work on highly curved substrates. Using focused ion beam
(FIB) nanofabrication, I deposit seeds that control the position and orientation of 2D colloidal crys-
tals. I show that different nucleation pathways can occur at the seed, while the growth behavior is
unaffected by the seed. I use this technique to study geometric frustration on curved surfaces by
seeding crystal growth on a thin glass fiber.

Although FIB nanofabrication enables seeding of colloidal crystals on curved templates, FIB is
an inherently low throughput process. Therefore, I use simulations to systematically probe how
various geometric parameters affect the growth of seeded crystals. I use a greedy algorithm to study
how crystals of hard disks grow from a seed placed on a cone. The simulations show that tilt grain
boundaries emerge when the crystals wrap around the cone. I find that initially ordered crystals
transition into disordered packings near the tip of the cone. Surprisingly, the defect density depends
on the circumference only. This finite-size effect appears at small circumferences for both cones
and cylinders. In addition, crystals seeded close to the cone tip can temporarily escape the finite-
size effect. These findings reveal that cones can frustrate crystal growth, but the frustration can be

alleviated by judicious choice of seed placement.
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In the absence of a seed, the fiber itself can act as a template. I show experimentally that col-
loidal crystals growing on conical fibers are geometrically frustrated by the conical closure condi-
tion. Whereas crystals on a cylinder can form perfect commensurate bands, crystals on a high-angle
cone form a tilt-boundary seam with a predictable grain-boundary angle. At intermediate, near-
cylindrical cone angles, crystals can still form perfect commensurate bands, but the widths of these
crystalline bands are limited by the emergence of dislocations. The gradient in circumference for
conical fibers imposes curvature-induced elastic stress on crystals, and therefore, crystals that reach
the critical width incorporate dislocations to release that stress. These dislocations enable the crystal
to continue growing beyond the critical width.

Spherical templates and bidisperse suspensions can also geometrically frustrate crystals. Using
molecular dynamics simulations, I show that crystallization within a droplet is a competition be-
tween heterogeneous nucleation at the interface and homogeneous nucleation in the bulk. I show
that crystallization of larger particles is favorable at the droplet interface for short-ranged interac-
tions, resulting in a core-shell structure composed of a shell of larger particles and a core of smaller
particles. By increasing the interaction range, I can drive crystallization of the larger particles to oc-
cur at the interior of the droplet, resulting in an inverted core-shell structure. In a bidisperse system
assembling by depletion interactions, the surface presentation of the droplet can be inverted by sim-
ply changing the size of depletants without modifying the particles themselves.

My work demonstrates how geometric parameters can affect the grain orientation, defect struc-
ture, and crystal morphology of self-assembled colloidal crystals. In addition, focused ion beam
methods can directly template particles for experiments requiring high spatial control. These results
enable future fundamental studies in geometric frustration and applied studies in crystal and defect

engineering at the colloidal scale.
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I.2

1.3

1.4

Listing of figures

Schematic of the pair interaction between a large colloidal particle (grey) of diameter

[ and a small depletant particle (blue) of diameter [J, both treated as hard spheres. [l
The depletant particle is sterically excluded from the vicinity of the colloidal particle.

0 Resulting pair potential of a colloidal particle and a depletant particle. (] Because

the centers of the depletant particles cannot move within [=2 of the colloidal parti-

cle surface, the small particles are locally depleted near the surface of the colloidal par-
ticle. The locally depleted zone, or the excluded volume, is shown in light blue. . . 3
The depletion interaction is driven by minimization of volume excluded to the deple-
tants. U The excluded volume is reduced when the overlap volume AUy juded increases,
which increases the volume available to the depletant particles and thus the configu-
rational entropy of the system. Consequently, the effective interaction between the
colloidal particles is attractive. [ Illustration of the Asakura-Oosawa (AO) potential,
which describes the depletion interaction between two spheres. . . . . . . .. .. 4
Hlustration of the overlap volume (Ugyerlap, represented by the outlined region) for the
same spherical particle interacting with different substrate geometries. Depletants not
drawn for clarity. 00 Interaction with a convex surface. ] Interaction with a flat sur-
face. Ol Interaction with aconcavesurface. . . . . . . . . . ... ... ...... 5
Confocal microscopy images of colloidal polystyrene particles (710 nm in diameter)

at 0.1% volume fraction in an aqueous solution of 0.2 mg/mL sodium carboxymethyl
cellulose (NaCMC) and 0.5 mM NaCl. The particles adsorb from the bulk onto a glass
coverslip and self-assemble into crystals. [ Shortly after sample preparation, particles
form small nuclei driven by the depletion interaction. [l Stable crystallites form when
particles attach to the nuclei. O] Growth and coarsening of crystallites into larger crys-
tals. Highly anisotropic crystals are typically a result of multiple crystallites joining to-
gether. [l Further coarsening into larger crystals. Scale bar s pm. . . . . . . . .. 7
Classical nucleation of a 2D circular crystal. [J] Schematic of the tradeoft between in-
terfacial energy cost (red) and bulk energy gain (green) for a growing circular crystal.

0 Schematic of the Gibbs free energy change of a growing circular crystal. The nu-
cleation energy barrier is represented by AL and the critical radiusis . . . . . . 8
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1.6

1.7

1.8

2.3

Confocal microscopy images of colloidal polystyrene particles (710 nm in diameter)

at 0.2% volume fraction undergoing non-classical crystallization induced by 33.8 mM
sodium dodecyl sulfate (SDS) in water. The particles adsorb from the bulk onto a glass
coverslip and self-assemble into crystals. [ Shortly after sample preparation, particles
interact to form small clusters. [l Particles continue to condense into small, amorphous
clusters. [ Larger amorphous clusters or metastable crystalline clusters form. [ Sta-

ble crystals grow and coarsen to form larger crystals. Scale bar s um. . . . . . . .. 9
Ilustrations of colloidal epitaxy on flat 2D templates. [ 3D view of a face-centered
cubic (FCC) crystal with the (100) plane highlighted in red and the (111) plane high-
lighted in blue. [l Top view of particles settling into a close-packed template, which
results in growth of the (111) plane. 0] Top view of particles settling into a square tem-
plate, which results in growth of the (100) plane. . . . . . .. .. ... ... ... 10
Diagrams showing how colloidal crystallization can be frustrated by the substrate ge-
ometry. Ll Colloidal crystals on a sphere escape the elastic stresses by growing anisotrop-
ically. O Cylinders have no Gaussian curvature, but frustration can occur when a crys-
tal grows around the cylinder and meets itself, as shown by the kinked grain bound-

ary illustrated here. 0 A crystal growing on a cone can produce a tilt grain boundary
withitself. . . . . . . .. I1

Depletion-mediated colloidal crystallization at a nanofabricated seed. 1! Schematic

of particles of diameter ([J) 710 nm (red) interacting with three conformal shallow rings
(cyan) in an environment containing depletants of estimated size (J) 9o nm (grey). 0l
SEM image of carbon rings deposited onto a carbon-coated glass slide by focused ion
beam (FIB) patterning. Scale bar 2 pm. 0 Confocal microscopy image of 710 nm col-
loidal polystyrene particles (red) self-assembling at the carbon seed (cyan rings). Scale
barapm. . ... 16
Nanofabricated seeds determine the position and orientation of 2D colloidal crystals.

00 Confocal microscopy image of colloidal particles (red) crystallized at the seed (cyan)
after 1 h of growth at particle volume fraction () 0.375% and polymer depletant con-
centration (g) 0.19 mg/mL. Scale bar 5 pm. ] Orientation map of the experimen-

tal data, color coded by the bond orientation and local orientation of particles. The
resulting crystal orientation [ is 0.16°, taken as the average of the local orientations.

00 Histogram and kernel density estimate (solid line) of crystal orientation of 18 con-
trol crystals without seeds shows nearly uniform distribution. U] Histogram and ker-

nel density estimate (solid line) of crystal orientation of 18 seeded crystals shows an
approximately normal distribution. . . . ... ... o L0000 20
Nucleation pathway at seed for samples under various conditions. Samples at high par-
ticle volume fraction U and polymer concentration g tend to nucleate by direct seed-
ing, while samples at lower particle volume fraction and polymer concentration tend

to nucleate by indirectseeding. . . . . .. ... L oL oL 21
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2.5

2.6

2.7

2.8

Confocal microscopy time-series showing particle-seed interactions during nucleation
and growth, at fixed U of 0.25% and varying [y. Scale bar 2 pm. 0! Nucleus forms di-
rectly at the seed by particle pinning at a Uy of 0.20 mg/mL. Ul Nucleus forms indi-
rectly at the seed by tethering pre-existing clusters at a [y of 0.19 mg/mL. Two clus-

ters are tethered by the seed at the 3.12 min mark, and they coalesce by oriented attach-
ment at the 4.77 min mark. 00 Pinned crystal (continuation of ) grows by oriented
attachment of incoming cluster while preserving seed orientation. . . . . . . . .. 22
Confocal images showing phase behavior at different experimental conditions. Seed-

ing does not affect growth kinetics, as evidenced by the similar crystal sizes among pinned
and unpinned crystals. Images taken after 1 h of growth at varying [ and Up, with par-
ticles in red and seeds in cyan. Scale bar 5§ um. Ol Particle volume fraction of 0.2.5%:

U of 0.18 mg/mL, 0.19 mg/mL, 0.20 mg/mL from left to right. I Particle volume
fraction of 0.375%: g of 0.18 mg/mL, 0.19 mg/mL, 0.20 mg/mL from left to right. 23
Seeds can control grain orientation on a highly curved surface. I SEM image of a cylin-
drical 5 pum glass fiber with three seeds spaced approximately 35 um apart. The seed
orientations are 0 with respect to the circumferential axis. Scale bar 10 um. 0 Con-
focal microscopy U-projection image of the same fiber. Each seed resulted in a crystal
aligned with the seed orientation. . . . . . . ... ... ... o 0L 25
Flow cell arrays enable batch testing of FIB patterned substrates. [l Rendering of model
of custom 3D printed aligner. ] Photograph of flow-cell tape made of double sided
Kapton tape with rectangular holes (yellow), Mylar liner with inlet and outlet holes
(clear), and parchment paper release liner (white). 0! Photograph showing how the
flow-cell tape, with liner removed, is positioned on top of FIB-seeded glass slides. Each
region of interest is outlined with vacuum grease. ] Photograph of the final sample
chamber, which consists of 16 flow cells. [l Photograph of the sample chamber in which
two chambers in the bottom right are filled with solution. The resin plugs at these cham-
bers can easily be lifted off to drain the flowecells. . . . . . .. ... ... ... .. 27
Preparation of seeded glass fiber sample. [l Photographs showing samples prepared

for FIB/SEM. We mount the pulled glass capillaries to a coverslip using copper tape

and coat the sample with 10 nm of carbon. The base of the cones must be grounded
with silver paint. U Diagram and photographs of a platform that facilitates the pro-

cess of detaching and embedding the glass tips. The platform (wrapped in aluminum
foil) is made of a 1 mm-thick glass slide, four layers of lab tape (VWR) and one layer

of copper tape (Ted Pella). Once the NOA-85 is cured by UV exposure, the aluminum
foil can be peeled back to release the embedded needle tips. [l Photographs showing

the embedded sample. The tips are detached using end cutters (Tekton PMN64001)

and placed into a vacuum grease sample chamber. The sample chamber edges are sealed
with epoxy (Devcon s Minute Epoxy). . . . . .. ... ... ... ... ..... 29
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3.2

3.3

AFM characterization of a seed made by a combination of deposition UUI milling. Note
that seeds shown in the main text are made by deposition only. U] Upper height of seed
is approximately 250 nm, which is less than the nominal height of 300 nm set by the
deposition and milling parameters. Ul Line scan reveals height differences across the

seed. ... e 31

Geometric parameters in the simulation. [ Diagram of a triangular crystal seed. The
angle [ describes the orientation of the lattice vector relative to the red cone circum-
ference curve [. ] Rendering showing results of a Bennett-type simulation* fora 2D
packing of disks. We initialize the crystal seed (marked in black) on a 3D cone of an-

gle . The color of each particle indicates its coordination number [;. 00 Rendering
showing a mapping of the 3D cone in [J to a 2D unrolled sector of angle 0 = 20 sin(0=2),
where the seed is at a sector radius [J from the apex. In this example, = 30 ,0 =

20 ,0 = 120y and 0 = 54:4[y. A seam consisting of particles with coordination
number [I; < 6 runsin the axial direction. . . . . . . .. .. ... ... .. ... 37
Variation of particle packings with seed orientation [ on cones with sector angle [I. [
Rendering of simulation results at unrolled cone angle I = S show that particles

in the vicinity of the seed placed at I = 114:590, (I = 100y) are ordered. As the
crystal approaches the vertex, the packing becomes disordered. 0l Plot of the defect
density [ as a function of radial distance I from the tip, where [J is the number frac-

tion of particles with [J ¢ < 0:9inagiven bin averaged over 100 trials at each

seed orientation [J. The defect density curves are similar for all Jat 0 =5 . Note that

the defect density rises from the seed toward the tip and then drops to zero at [J

28:50y because the particles are squeezed outof thetip. . . . .. ... ... ... 41
Variation of particle packings with unrolled sector angle [ at fixed seed orientation [.

0 Renderings of simulation results show a long region of [1; < 6 particles at =

S , while the disordered regions are concentrated closer to the tipat 0 = 10 and

0 = 15 . Theseed crystals are at I = 100, withJ = 40 . I Plot of the defect
density [ as a function of [, averaged over 100 trials. The distribution is broad for J =

S and becomes narrower for increasing sector angles. [l For each [, U is mapped to

Oby O = 0. Dcollapses asa functionof 0. . . . .. ... ... ... .. .. 42
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