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Extensive multi-layer single-crystalline (100) fcc domains covering nearly 40% of a colloidal 

crystalline film partially oriented relative to the direction of deposition are realized by 

vibration-assisted convective deposition.  

 

Abstract 

 

The realization of structural diversity in colloidal crystals obtained by self-

assembly techniques remains constrained by thermodynamic considerations and 

current limits on our ability to alter structure over large scales using imposed fields 

and confinement.  In this work, a convective-based procedure to fabricate multi-layer 

colloidal crystal films with extensive square-like symmetry is enabled by periodic 

substrate motion imposed during the continuous assembly. The formation of film-

spanning domains of (100) fcc symmetry as a result of added vibration is robust 

across a range of micron-scale monosized spherical colloidal suspensions (e.g., 

polystyrene, silica) as well as substrate surface chemistries (e.g., hydrophobic, 

hydrophilic). The generation of extensive single crystalline (100) fcc domains as large 

as 15 mm2 and covering nearly 40 % of the colloidal crystalline film is possible by 

simply tuning coating conditions and multi-layer film thickness. Preferential 

orientation of the square-packed domains with respect to the direction of deposition is 

attributed to domain generation based upon a shear-related mechanism.  

Visualization during assembly gives clues toward the mechanism of this flow-driven 

self-assembly method. 
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Introduction 

Interest in colloidal crystallization has long been the focus of fundamental studies 

wherein thermodynamic and kinetic analogies are commonly drawn to atomic systems
[1]

.  In 

contrast to equilibrium molecular particle assembly
[2]

 dominated by intermolecular and 

interparticle forces,
[3,4]

 nonequilibrium colloidal self-assembly
[5]

 can be efficiently tailored 

through modulation of gravitational
[6]

, shear
[7–9]

, as well as electromagnetic
[10,11]

 fields.  

Among non-equilibrium techniques, convective assembly of colloidal particles
[12–15]

 enables 

realization of colloidal crystal films with fine control over film thickness (i.e., mono- to multi-

layer) and extensive order (i.e., colloidal crystallinity) spanning scales of square millimeters 

or larger by exploiting evaporation-driven flow in a thin film.  

Unique photonic
[16–18]

, magnetic
[19,20]

, and structural
[21]

 applications are reliant, 

however, upon realization of colloidal assemblies with non-hexagonal packing symmetries  

oriented parallel to the underlying substrate for achievement or enhancement of specific 

physical properties. Yet the larger free energy of these structures relative to hexagonally 

symmetric and face centered cubic close-packed structures, hcp and fcc, respectively, makes 

them challenging to realize without imposition of external fields or epitaxial fabrication 

utilizing complex boundary templating. Although non-close packed colloidal phases (e.g, bcc) 

have been observed in addition to hexagonally close packed (hcp) phases for specific particle 

volume fractions and charge screening in concentrated suspensions of charge stabilized 

particles
[22]

, extraction of these assemblies from solution tends to eliminate bcc packing 

favoring close-packed symmetries. Primarily colloidal crystals with hexagonally symmetric 

packing in all constituent layers parallel to the substrate upon which they are asembled
[6–8,12–

15]
 result. Since hcp and face-centered cubic (fcc) structures differ negligibly (0.005 

RT/mole)
[23]

 in their corresponding free energies, the resulting colloidal crystals tend to be 
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comprised of coexisting hcp and fcc phases. Here, we refer to this mixture of hexagonal 

symmetries as “random hexagonally close packed” or rhcp arrangements. 

The cubic particle symmetry desired for various applications is the same as that which 

is presented by the (100) facet of an fcc crystal. The spontaneous formation of square-packed 

colloidal domains by particle self-assembly, the (100) facets of fcc crystals, has been reported 

at boundaries marking the transition between adjacent hexagonally-packed domains of 

different multi-layer thickness
[12,13,24,25]

. Yet, the localization of such faceting to transition 

regions precludes its scalability to areas greater than several particle diameters. Only particle 

assembly performed under highly controlled growth conditions on pre-patterned substrates 

reproducibly yields structures with (100) fcc oriented colloidal-crystal planes. These 

substrate-patterning approaches
[26–33]

, referred to  as colloidal epitaxy,
[26]

 have exploited 

template morphologies including arrays of square gratings
[26–29]

, pillars
[30,31]

 and square or 

rectangular inverse pyramidal V-shaped grooves
[32]

. Because these templating procedures 

require precise control of the pitch and the diameter of fabricated template features with 

respect to the colloidal-particle size
[28]

, the achievable extent of the epitaxially grown (100) 

fcc domains over the predominant (111) fcc oriented packing being generated in the 

neighboring, unpatterned regions
[31]

 is severely limited.  

 In this work, we report the discovery of extensive and tunable square-packing (i.e., 

(100) fcc facets oriented parallel to the underlying substrate) in self-assembled colloidal 

structures realized simply by the introduction of external oscillatory motion of the substrate 

during convective assembly of multilayer colloidal crystals. This substrate motion alters flow-

patterns of the colloidal particles confined within the liquid film during convective assembly.  

Besides forming large (100) fcc crystalline domains with relatively few defects, the process 

also results in colloidal crystals having negligible variation in thickness while simultaneously 

yielding controlled proportions of both hexagonal and square-packed arrangements.  
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Results & Discussion 

Figure 1 shows a direct comparison between representative multi-layered polystyrene 

colloidal crystals prepared on glass substrates by blade-based convective deposition methods 

with (Figure 1e-h) and without (Figure 1a-d) lateral oscillation of the substrate. White light 

irradiation (Figure 1a,e) of each colloidal crystal reveals iridescent reflections indicative of 

polycrystallinity, but with marked differences in the corresponding extent of the single 

crystalline sub-domains. Specifically, vibration-mediated assembly appears to dramatically 

increase the size of the constituent single crystal domains to extensive mm and even cm scales 

(Figure 1e).  Laser diffraction through these glass-supported samples, carried out using a 532 

nm wavelength laser with a 15 mm
2
 spot size, confirms the millimeter-scale of the single 

crystalline domains (i.e., containing more than 10
7
 particles with similar packing arrangement 

and orientation) achieved through vibration-mediated convectie assembly (Figure 1f,g). In 

contrast, Figure 1b shows the characteristic ringed diffraction pattern from polycrystalline 

colloidal crystals assembled by conventional (i.e., vibration-free) convective deposition, 

deriving from lattice mismatch of smaller grains of near exclusive hexagonal symmetry
[6–8,12–

15]
 as shown in more detail in the scanning elctron microsocpy (SEM) images in Figure 1c,d. 
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Figure 1. Comparison of colloidal-crystals assembled by conventional (a-d) and 
vibration-mediated (e-h) convective deposition Images (a,e) show white light irradiation of 

representative colloidal crystals comprised of 1.5 µm polystyrene particles on glass substrates, 

revealing differences in polycrystallinity.  Laser diffraction of these samples using a 15 mm
2
 

beam show a polycrystalline region (b) and large individual rhcp (f) and fcc 100 domains (g).  

The corresponding SEM images of the rhcp colloidal crystal surface (c,d), indicate the 

micron-scale lattice-mismatched domains of rhcp symmetry.  The localized transition (‘t‘ in 

(c)) are the only regions of square/cubic symmetry in the case of conventionally assembled 

colloidal crystals, as compared to the mm-scale domains of both hexagonal (f) and 

square/cubic symmetries (g,h) under vibration-mediated assembly. SEM insets show 

magnified views of the respective rhcp and square/cubic symmetries.    

 

Laser diffraction from samples assembled by vibration-mediated methods reveals a 

surpising co-existence of domains with two distinct crystalline symmetries. In addition to 

crystalline domains of hexagonal symmetry (diffraction with 60
o
 angular spacing, Figure 1f), 

commonly observed in colloidal crystals assembled by conventional methods (Figure 1c,d), 
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domains yielding diffraction patterns with angular spacing of 90
o
 (Figure 1g) are also 

observed. Taken together with the large laser spot size, the latter indicates the existence of 

extensive crystalline domains of square/cubic symmetry (e.g., fcc (100) or square-packed 

domains) as shown in the SEM image in Figure 1h, the formation of which has not previously 

been reported without reliance on external fields, complex and multi-step epitaxial growth, or 

as highly localized artefacts of  only a few particle diameters arising at points of transition 

between hexagonally symmetric grains of different multi-layer thickness (e.g., region ‘t‘, 

Figure 1c).   

 

Figure 2. Structural analysis of multi-layer cubic colloidal-crystals achieved by 
vibration-assisted convective assembly carried out by (a) SEM analysis of the top surface of 

the colloidal crystal (square packing of ‘(100) fcc’ domains shown in inset), (b) CLSM 

imaging of adjacent single crystalline domains at the crystal-substrate interface, and (c) 3D 

reconstruction of the colloidal crystalline structure at a representative grain boundary. 

Analysis is shown for representative assemblies of 0.93 µm polystyrene (PS) particles. 

 

The coexistence of domains of rhcp and square/cubic symmetry is further explored in 

Figure 2a, where a lower magnification SEM image of the top surface of a representative 

colloidal crystal obtained by vibration-assisted convective deposition of 0.93 µm polystyrene 

Page 6 of 24Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



     

7 

 

(PS) particles reveals domains with distinct variation in brightness corresponding to two 

distinct colloidal crystalline arrangements at the surface. Whereas darker regions possess a 

hexagonal arrangement of particles corresponding to the (111) plane of the close-packed 

structure (rhcp) (Supplementary figure S1 and S2), a square-arrangement of particles is 

observed at the surface of brighter regions, as shown in the inset to Figure 2a. Complemented 

by the laser diffraction analysis (Figure 1f,g), which indicates the persistence of such 

structures throughout the thickness of the colloidal crystal, and the contact between all 

adjacent particles, the square packing of particles at the surface of these domains is consistent 

with the structural symmetry associated with the (100) facet of an fcc crystal (Supplementary 

Figure S3,S4 and S5). 

Beyond the laser diffraction experiments, quantification of the bulk crystallinity was 

carried out by confocal laser scanning microscopy (CLSM) (Figure 2b), a technique enabling 

collection of optical slices through the thickness of the colloidal crystal and its subsequent 

3D-reconstruction (Figure 2c). Whereas the SEM image shown in Figure 2a was collected at 

the top surface of the colloidal crystal, Figure 2b shows a representative optical slice of 

adjacent single crystalline domains collected at a focal plane positioned at the interface 

between the colloidal crystal and the underlying substrate. The confocal image clearly shows 

the two distinct particle arrangements in the adjacent single crystalline domains consistent 

with the rhcp and (100) fcc symmetries observed at the surface. 

3D rendering of the corresponding series of confocal images spanning the thickness of 

the colloidal crystal is shown in Figure 2c, with analysis of particle positions confirming the 

hexagonal and (100) fcc crystal symmetries (see supplemental information). The transition 

between the adjacent (100) fcc and rhcp domains appears to occur along a sharp, well-defined 

grain boundary (Figure 2c) extending vertically through the thickness of the crystal (i.e., 

perpendicular to the underlying substrate and crystal surface). The vertical orientation of the 

grain boundary, consistent with almost all such measured boundaries in the colloidal crystals 
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prepared in this study by the vibration-assisted convective deposition approach, lies in clear 

contrast to epitaxial (100) fcc assemblies reported previously
[26–33]

. While most grain 

boundaries have this registry, others occur along incoherent directions with some disorder 

between phases.  In the case of epitaxial assemblies, the generation of square-packed regions 

progresses similar to a pyramidal structure from the substrate/crystal surface
[29]

 leading to 

sequential reduction in the effective area of the square-packed surface structure with 

increasing thickness of the colloidal crystal. 

The simultaneous generation of extensive domains of both square and hexagonally 

packed structures in multi-layer colloidal crystals assembled via vibration-assisted convective 

deposition stands in striking contrast to other reports on pure rhcp mono- and multi-layer 

colloidal crystalline structures from vibration-free
[12–15]

 deposition (e.g., Figure 1c,d) and pure 

hexagonally packed mono-layer colloidal crystals from vibration-assisted approaches
[34]

. This 

underscores the apparent sensitivity of the constituent particle symmetry to the vibrations 

imposed during convective deposition, and the potential additional role of colloidal crystal 

thickness in controlling the existence, persistence, and extent of the unique (100) fcc domains.  

For initial insight into the latter, we have systematically varied the multi-layer 

thickness of vibration-assisted, convectively deposited colloidal crystals, and have employed 

extensive CLSM and complementary particle identification and tracking algorithms to 

quantify properties such as particle-particle connectivity, crystal symmetry, and crystal 

orientation (see supplementary information for algorithmic details). Figure 3 depicts how the 

fraction of square-packed (100) fcc crystalline domains varies with the number of layers in 

multi-layer colloidal crystal assemblies. Here, the thickness of the colloidal crystal was tuned 

by controlling either the deposition speed (open symbols, Figure 3) or the evaporative solvent 

flux (i.e., by relative humidity; filled symbols, Figure 3). The number of layers corresponds to 

that found in rhcp domains.  Both methods of modulating the crystal thickness have been 

established by previous convective deposition studies
[12]

. 
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Figure 3. Sensitivity of fraction of (100) fcc domains to colloidal crystal thickness and 
substrate chemistry Variation of the number fraction of (100) fcc domains with number of 

layers for colloidal-crystal assemblies of 0.93 µm PS particles, on plain glass (□) where film 

thickness has been changed by tuning the vibration-assisted convective deposition rate from 2 

µm/s (monolayer colloidal crystal) to 6 µm/s (10-layer colloidal crystal) in the presence of a 

fixed relative humidity of 55 %. Complementary analysis is shown of colloidal crystals 

deposited on a polystyrene film (circles), for which the thickness of the multi-layered 

colloidal crystal has been tuned by variation in deposition speed, PS-1 (○), and variation in 

humidity, PS-2(●)  

 

The fraction of square packing in the crystal assembly increases with increasing 

crystal thickness after an apparent threshold thickness of approximately 3 layers is exceeded. 

At or below the threshold thickness, vibration-assisted colloidal crystal assemblies are 

dominated by hexagonally packed regions with small but measurable fractions of (100) fcc 

crystal domains. The small fraction of (100) fcc domains are attributed to highly localized 

regions marking transitions in the number of multi-layers in the colloidal crystal, a 

phenomenon described previously to result from confinement effects
[13]

  (e.g., Supplementary 

Figure S6).  
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As shown in Figure 3, as the threshold colloidal crystal thickness is exceeded, the 

mechanism responsible for the generation of (100) fcc structures due to vibration becomes 

increasingly dominant.  Colloidal crystals comprised of nearly 40% (100) fcc domains are 

achieved for samples as thick as just ten layers. The extensive (100) fcc domains appear to 

form independent of the aforementioned thickness-transition effects
[12,13,24,25]

. CLSM analysis 

at grain boundaries in the colloidal crystal (e.g., Figure 2c ) has confirmed that square-packed 

domains generally have identical numbers of particle layers as bordering hexagonally-packed 

regions such that the colloidal crystals have a remarkably uniform overall thickness with 

variations between domains differing only by the concomitant lattice parameter differences 

between (100) and (111) planes.  

Perhaps as noteworthy as the facile formation and extent of the (100) fcc domains is 

the apparent robustness of the process to a wide range of system conditions and material 

properties. Figure 3 shows remarkably good agreement for the threshold number of colloidal 

layers (i.e., ca. 3) and the measured fraction of (100) fcc domains with increasing thickness 

for crystals for which the thickness was tuned by different means (i.e., deposition rate, 

evaporative flux). Furthermore, the monotonically increasing fraction of (100) fcc regions 

appears insensitive to variations in chemical composition of the substrate. Similar results were 

obtained for assemblies of PS particles on glass as well as glass-supported 2 µm polystyrene 

films. Finally, large (100) fcc domains were similarly obtained for particles ranging in size 

from ca. 500 nm to 1.5 µm and spanning function to include charged- or sterically-stabilized 

particles (Supplementary Figure S7).  

Ultimately, the realization of flow-induced (100) fcc domains by vibration-assisted 

convective deposition may eliminate the need for accurate substrate patterning and highly-

controlled crystal growth that is critical for achieving colloidal crystals of similar crystalline 

symmetry by alternative state-of-the-art colloidal epitaxy approaches
[26–33]

. The robustness of 

the process coupled with the intrinsic scalability of convective deposition holds exciting 
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potential for realization of large area (100) fcc crystals. The ease with which the colloidal 

crystal films can be delaminated from the substrate upon which they were deposited for the 

purpose of generating free standing structures also circumvents one of the key limitations of 

epitaxial grown structures for which such delamination is more difficult. Yet, scalability 

hinges, at least in part, upon the ability to tune properties such as the size and orientation of 

the (100) fcc domains, a prospect demanding fundamental insight into the underlying 

mechanisms of their formation (e.g., nucleation, growth), and their sensitivities to system 

parameters and flow conditions intrinsic to vibration-assisted convective deposition.  

We have carried out CLSM and subsequent image analysis (see supplemental 

information) in order to fully quantify the size and distribution of the (100) fcc crystalline 

domains and surrounding rhcp domains as well as to assess whether the domains are 

preferentially oriented. Whereas, laser diffraction experiments (Figure 1f,g) suggest that some 

crystalline domains are as large as several millimeters, CLSM at a resolution enabling 

accurate determination of single particle locations is limited to analysis only of sequential 

regions containing ca. 4500 particles. Owing to inaccuracies associated with the correlation of 

particle locations across neighboring frames, we have carried out CLSM-based calculations of 

domain size and domain orientation by treating each confocal frame as a separate entity.  
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Figure 4a-d shows four representative confocal scans with various specified fractions 

of (100) fcc crystalline domains, that have been further parsed according to their relative size 

based upon the number, n, of particles contained within each. Figure 4e shows a rendered 

image obtained by combining several consecutive confocal frames along the direction of 

deposition. In addition to underscoring the extent of the (100) fcc crystalline domains, Figure 

4e also reveals an orientation of the large (100) fcc crystalline domain analyzed therein of 

α=30
o
 relative to the direction of deposition. For reference, the orientation of domains of 

various sizes is also specified in Figure 4a-e. 

 

Figure 4. Quantitative CLSM-based analysis of (100) fcc fraction, domain size, 
orientation Panels (a-d) depict the result of image analysis including identification of crystal 

symmetry (e.g., rhcp - green, (100) fcc – light red to dark red as a function of domain size), 

number fraction of (100) fcc (% specified), domain size (based on number, n, of constituent 

particles: small, n < 1500 particles; medium, 1500 ≤ n ≤ 3000; large, n  >3000), and domain 

orientation, α, relative to the direction of deposition (e) Panoramic view of a representative 

extensive (100) fcc domain obtained by combining multiple sequential confocal images of the 

colloidal crystal along the direction of deposition. 

 

The result of more extensive analysis beyond the snapshots shown in Figure 4 of the 

size, distribution, and orientation of (100) fcc domains within vibration-assembled colloidal 
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crystals of various multi-layer thickness, N, is shown in Figure 5. To help facilitate analysis, 

the (100) fcc domains were categorized into bins of relative sizes ranging from (1) those 

having less than 1500 particles on the surface, or roughly one third of the image size, to (3) 

crystals covering the majority of the image and clearly spanning beyond it. The probabilities 

of (100) fcc domains of various sizes are shown in the left column. While small domains 

(n<1500 particles) exist in the thinnest (N = 3 multi-layers) to the thickest (N=9 multi-layers) 

colloidal crystals, the distribution of fcc (100) domain size shifts dramatically from small to 

large with increasing colloidal crystal thickness.  For relatively thin colloidal crystals having 

N = 3 layers, square-packed structures exist entirely as small domains. These domains arise at 

regions of transition between grains for changes in thickness as has been reported 

previously
[24]

. As the overall colloidal crystal thickness increases to N ≥ 5, the fraction of such 

small domains becomes insignificant, with the majority associated with the edges of larger 

domains (i.e., identified as small domains in Figure 4b,c). This is accompanied by a shift 

toward larger square-packed domains that extend across multiple CLSM images. 
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Figure 5. Probability of (100) fcc domain size, orientation Probability of domain size in 

terms of number of particles, n, (left column) and corresponding domain orientation, α, (right 

column) for multi-layer colloidal crystals comprised of specified numbers of layers, N. Line 

style is used to denote domain size according to number, n, of particles included: (1) solid 

(small, n < 1500 particles), (2) dashed (medium, 1500 ≤ n ≤ 3000), and (3) dotted (large, 

n>3000). 

 

The orientation, α, of the (100) fcc domains in relation to the direction of deposition is 

likewise sensitive to the number of particle layers comprising the colloidal crystal.  The 

smallest domains found for colloidal crystals comprised of N = 3 particle layers have no clear 

orientation, only weakly favoring 20º < α < 30º.  Small and medium-sized (100) fcc domains 

found in samples assembled into N = 5 layers also have no clear orientation, however, they 

are more strongly aligned at an angle α = 25º relative to the assembly direction.  For colloidal 

crystal of N ≥ 7 particle layers, a clear preferential alignment of the (100) fcc along 25º ≤ α ≤ 
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30º is observed, with the smaller and medium-sized domains drawing alignment through 

association with larger domains not visualized in their entirety.  The reduction in the standard 

deviation associated with domain orientation as the domains become larger corresponds to the 

overall tendency of the domains to be aligned at ~ 30
o
 in the colloidal crystal assembly 

obtained through vibration-assisted convective deposition. In samples that are predominantly 

rhcp, there is no correlation in the crystal lattice with regard to the deposition direction, nor 

has it been reported previously in non-epitaxial convective deposition.  Regions of rhcp 

neighboring fcc domains have preferred orientation, perhaps as a result of lateral templating 

from the fcc regions. 

This observation of aligned fcc (100) domains supports the development of a 

hypothesis where the underlying mechanism is related to the meniscus and suspension flow 

characteristics regulated by the addition of vibration to the convective deposition process. It is 

apparent that the mechanism for colloidal assembly in vibration-assisted convective 

deposition differs significantly from conventional (i.e., vibration-free) convective assembly. 

Conventional convective assembly procedures for multilayer synthesis having a static 

meniscus which remains unaltered in shape throughout the process wherein particles assemble 

predominantly by convective steering
[35,36]

 .  Previous studies have suggested the optimal 

growth front is a (311) fcc plane
[35]

 oriented at an angle of 100
o
 based on the assumption that 

the free surface has hexagonal symmetry.   
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Figure 6. Schematic of vibration-assisted convective assembly and image analysis of in 
situ structure during assembly. (a) Schematic of the experimental setup for the vibration-

assisted convective assembly procedure wherein the deposition blade is advanced at a velocity, 

vw, while the substrate undergoes oscillatory in-plane vibrations, A0sin(ωt), leading to 

periodic (b) elongation and (c) compression of the liquid meniscus during each cycle of the 

vibration. (d) Simultaneous formation of square and hexagonally packed regions through a 

nucleation-growth mechanism demonstrated by a color-rendered in-situ confocal image. The 

image obtained using 0.93 µm PS particles and at 40 Hz and amplitude of ~10 µm, comprises 

of both hexagonal (green) and square (red) packed nucleates being generated in the 

suspension (blue), suggesting a nucleation-growth mechanism during convective assembly. 

 

This mechanism, however, cannot be extended for the vibration-assisted process.  The 

addition of external periodic vibration creates a back-and-forth movement of the meniscus, 

resulting in a dynamic meniscus shape, as depicted in Figure 6b,c. One possible mechanism 

for the distinct formation of (100) fcc crystalline domains in this process could be that the 
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resulting shearing of charge-stabilized particle suspensions assists colloidal assembly into 

structures other than rhcp symmetries.  This has been investigated in many other non-

equilibrium experimental studies of simple sheared colloidal systems
[37–40]

 as well as order 

induced by flow in Couette devices
[41]

 as well as planar geometries
[42]

 and Poiseuille flow
[43]

. 

When a metastable particle aggregate in a suspension undergoes oscillatory shear, the 

resulting structure depends on the direction of shear forces as well as the relative magnitudes 

of shear and inter-particle forces
[44–46]

. At low particle concentration and high shear rates, 

shear can result in coordinated string-like movement of particles
[42]

.  In all of these systems, 

the flow streamlines are unidirectional and constrained within the solid boundaries, and 

results predominantly in particle-clusters with hexagonal symmetry parallel to the boundaries 

of the system. However in the case of the vibration-assisted procedure outlined in this work, 

the dynamic meniscus shape arising from its periodic sinusoidal translation generates multi-

directional flow streamlines within the thin film region, which has the potential to affect the 

relative lattice positions of individual particles in the clusters. This results in the simultaneous 

generation of clusters with both hexagonal and square symmetry, which act as nucleates for 

the addition of incoming particles and can be observed in Figure 6d.    

Alternatively, another explanation of the generation of colloidal crystals with a 

combination of hexagonal and square-packing arrangement of the constituent particles having 

alignment with respect to the direction of deposition can consider the preferential growth of 

randomly oriented colloidal nucleates.  As the suspension is concentrated as it approaches the 

thin film region, it crosses the liquid-crystal coexistence concentration, either that found in 

equilibrium systems or at a concentration where crystallization is assisted by the imposed 

shear from vibration.  These fcc nucleates, having random orientation, grow in directions 

relative to the deposition direction.  Those having their (100) plane aligned with the substrate 

grow without disrupting their lattice arrangement at a comparable or faster rate than nucleates 

having other orientations. This can be observed in Figure 5 and 6d in which the large (100) 
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fcc domains have a preferential orientation of 30
o
 with respect to the deposition direction. 

Moreover, although numerous square-packed (red) nucleates can be observed in Figure 6d, 

we speculate that those domains which can grow need to possess a preferential orientation 

with respect to the incoming particles. 

In select experiments performed on the CLSM enabling in situ scanning during 

assembly, evidence of this mechanism is suggested by coexistence of rhcp and fcc (100) 

substrate-aligned nucleates in the region just upstream of the final arrested polycrystalline 

colloidal assembly (Figure 6d).  While only heuristics can be derived through this experiment, 

the evidence motivates further studies into nucleation and preferential growth that may favor 

coupling of crystalline microstructure and convection direction toward assembly of a 

polycrystalline thin film leading to large flow- and substrate-aligned fcc crystalline domains.  

Perhaps only studies allowing experimental particle tracking during vibration-assisted 

convective assembly or multiscale time-resolved simulations that track both the particle phase 

and the dynamic motion of the interface can give further insight into the mechanism of 

assembly. 

 

Experimental Section  

Vibration assisted convective deposition was employed to assemble particles from 

aqueous solutions into multi-layer colloidal crystal films. The experimental setup described 

previously
[34]

 employs a glass microscope slide as a coating blade, fixed at an angle of 45
o
 and 

~1 mm above an underlying substrate. The bottom edge of the blade was made hydrophobic 

through attachment of Parafilm so as to confine small volumes (200 µl) of colloidal solutions 

in the angle between the blade and substrate. Continuous convective deposition of colloidal 

crystalline films was achieved by particle convection to and pinning at the contact line of the 

meniscus with the substrate during translation of the latter. In addition to linear translation of 

the substrate, characteristic of conventional convective deposition processes
[13]

, colloidal 
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crystalline depositions in this work were carried out with the addition of controlled in-plane 

vibrations imposed in the same direction as that of the meniscus withdrawal. This was 

achieved through combination of a linear mechanical driver (kdScientific) and a mechanical 

driver (PASCO SF-9324) coupled with a waveform sinusoidal signal generator (Agilent 

33220A). 

Colloidal crystalline films were prepared in an enclosed chamber under controlled 

temperature (nominally 24 
o
C) and humidity conditions (nominally 20%, but systematically 

varied from 4% to 90%). Nominal depositions were prepared from a 10% w/w suspension of 

0.93 µm or 1.5 µm polystyrene (PS; Thermo-scientific) or silica particles (Fiber Optic Center 

Inc.) in water on 45 mm x 50 mm microscope cover-glass (Fisherbrand) or glass-supported PS 

substrates. The latter was prepared by convective deposition of 0.30 µm PS particles (10 % 

w/w) into ca. 2 µm films (14 µm/s at a humidity of 20%) followed by melting at 240 
o
C for 45 

min.  In all cases, glass substrates were pre-treated with piranha solution and subsequently 

rinsed with distilled water and dried prior to deposition. Colloidal crystalline film thickness, N, 

was tuned by controlling the rate of linear translation of the substrate, �� (2–10 µm/s), and 

relative humidity (i.e., evaporative solvent flux, je) according to the equation (1) proposed by 

Dimitrov and Nagayama
[12]

 

� = 	
��

0.605

�
�

���(1 − �)
																					(1) 

where �� is  a constant,	� is the suspension concentration and � is the diameter of particles in 

the suspension.. Nominal waveform generation, �����(��), was carried out at a frequency of 

� = 40 Hz and amplitude of ca. �� = 1200 µm.  

Colloidal crystalline films were analyzed using white light irradiation and scanning-

electron microscopy (SEM) on a Hitachi 4300 instrument to assess particle packing at the top-

most layer of the film, and by laser scattering (λ = 532 nm, 15 mm
2
 spot size) by the films 

supported on glass substrates for insight into the bulk crystallinity and crystal symmetry. The 
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colloidal crystal samples were also analyzed using laser scanning confocal microscopy 

(CLCM, Visitech) after wetting samples with 8 mM Rhodamine-B dye in DMSO. CLSM 

scans were taken at sequential axial positions along the direction of coating as well as through 

the thickness of the colloidal crystal film. Confocal images were processed using IDL to 

identify the individual particle locations
[47,48]

 in the crystal assembly, and, subsequently, the 

number of particle layers comprising the colloidal crystalline film, the local crystal symmetry 

(e.g., hexagonally close packed, hcp; face centered cubic, fcc; mixtures thereof defined here 

as random hexagonally close packed, rhcp), the size of single-crystalline domains, the number 

fraction of the sample bearing a specified crystal symmetry, and the crystal domain 

orientation (α) relative to the coating direction. 

 

Conclusion 

The self-arrangement of colloidal particles into non-hexagonal arrangement under the 

influence of flow fields has been suggested as a viable alternative to epitaxial approaches to 

engineer the packing structure in colloidal crystals. This approach adds vibration to the 

convective deposition process, inducing variations in solvent flow characteristics and 

meniscus properties, thereby resulting in spontaneous arrangement of particles in an oriented 

fcc (100) pattern parallel to the substrate and at a preferential angle 25º ≤ α ≤ 30º relative to 

the mean flow direction. This spontaneous ordering has been achieved in the absence of 

thickness variations, with an increasing trend for the phenomena observed with an increase in 

the number of layers of the colloidal crystal assembly. The possibility that variations of flow 

characteristics can organize the particles into various packing arrangements opens up new 

avenues to obtain tailored crystal structures tuned to the desired optical and structural 

requirements.   
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Extensive multi-layer single-crystalline (100) fcc domains covering nearly 40% of a colloidal 

crystalline film partially oriented relative to the direction of deposition are realized by 

vibration-assisted convective deposition.  

 

 

 

Page 24 of 24Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t


