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Opal Crystals
Patterning Hierarchy in Direct and Inverse Opal Crystals

  Lidiya   Mishchenko  ,     Benjamin   Hatton  ,     Mathias   Kolle  ,     and   Joanna   Aizenberg   *   
 Biological strategies for bottom-up synthesis of inorganic crystalline and amorphous 
materials within topographic templates have recently become an attractive approach 
for fabricating complex synthetic structures. Inspired by these strategies, herein 
the synthesis of multi-layered, hierarchical inverse colloidal crystal fi lms formed 
directly on topographically patterned substrates via evaporative deposition, or 
“co-assembly”, of polymeric spheres with a silicate sol–gel precursor solution and 
subsequent removal of the colloidal template, is described. The response of this 
growing composite colloid–silica system to artifi cially imposed 3D spatial constraints 
of various geometries is systematically studied, and compared with that of direct 
colloidal crystal assembly on the same template. Substrates designed with arrays of 
rectangular, triangular, and hexagonal prisms and cylinders are shown to control 
crystallographic domain nucleation and orientation of the direct and inverse opals. 
With this bottom-up topographical approach, it is demonstrated that the system can 
be manipulated to either form large patterned single crystals, or crystals with a fi ne-
tuned extent of disorder, and to nucleate distinct colloidal domains of a defi ned size, 
location, and orientation in a wide range of length-scales. The resulting ordered, 
quasi-ordered, and disordered colloidal crystal fi lms show distinct optical properties. 
Therefore, this method provides a means of controlling bottom-up synthesis of 
complex, hierarchical direct and inverse opal structures designed for altering optical 
properties and increased functionality. 
  1. Introduction 

 Biological systems provide numerous examples of complex, 

micropatterned, inorganic single-crystalline or amorphous 

materials that grow within organic templates. [  1  ]  Inspired by 

this strategy, the materials community has explored topo-

graphical templating as a synthetic technique for controlling 
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bottom-up growth of crystalline materials, their defect 

distribution and patterning, with the growth of single crystal-

line calcite structures around 2D and 3D patterned surfaces 

being the most prominent example. [  2  ]  Topographical tem-

plating has also been coupled with other bottom-up material 

fabrication techniques, providing a cost-effective route for the 

self-assembly of hierarchical structures. [  3  ]  Most notably, sur-

face topography has been used to study and control the ori-

entation and defect formation in colloidal crystal assembly. [  4  ]  

 Colloidal crystals are useful not only as model systems 

for studying atomically-scaled phenomena (defect forma-

tion in metals, [  5  ]  phase transitions, [  6  ]  etc.) at a larger scale, 

but also for bottom-up fabrication of complex materials for 

applications in optics, [  7  ]  sensors, [  8  ]  and data storage. [  9  ]  These 

applications require the use of large-area (centimeter-scale), 

crack-free colloidal crystal fi lms. However, growing large-

scale colloidal crystals (so-called, direct opals) from suspen-

sion using various established techniques of self-assembly has 

posed a signifi cant challenge, resulting in fi lms with cracks, 
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domain boundaries, and other defects; [  10  ]  thus limiting their 

technological potential. In an attempt to gain more control 

over the assembly process, the fi rst topographical templating 

technique, “colloidal epitaxy”, was demonstrated by sedi-

menting colloidal spheres onto a pattern of holes matching 

the crystal lattice spacing. [  11  ]  In more recent, meniscus-driven 

(fl ow/evaporation) systems, raised pillar structures were 

found to manipulate the crystal stacking of deposited col-

loidal fi lms. [  12  ]  2D and 3D colloidal crystals were also grown 

into channels to control crystal size, shape, and packing. [  13  ]  

 Colloidal crystals can be used as sacrifi cial templates 

for synthesizing porous inverse opal structures that have a 

unique range of advantageous properties. The interconnected 

highly-porous construction of inverse opals is useful in a wide 

range of fi elds, including photonics, [  14  ]  tissue engineering, [  15  ]  

sensing, [  16  ]  and catalysis. [  17  ]  The synthesis of inverse opal 

materials typically involves the infi ltration of a matrix mate-

rial around a colloidal template  after  its self-assembly [  14d  ,  18  ]  

and the subsequent removal of this template. This method 

has been applied for various inverse opal materials (e.g., 

SiO 2 , TiO 2 , and Al 2 O 3 ), using solution sol–gel precursors such 

as metal alkoxides, [  19  ]  the infi ltration of nanoparticles, [  20  ]  or 

deposition from a vapor phase. [  21  ]  Unfortunately, these con-

ventionally fabricated inverse opals inherit all the defects of 

their original colloidal crystal templates. They also develop 

additional defects due to under- or over-infi ltration of the 

liquid precursor into the template and the high capillary 

forces associated with this infi ltration, causing either struc-

tural collapse and cracking, or overlayer formation. [  18b  ]  For 

the formation of inverse opal fi lms by infi ltration, it is gen-

erally diffi cult to achieve structural uniformity over length 

scales beyond  ∼ 50  μ m. Moreover, complex inverse opal struc-

tures, in which controlled hierarchy and 3D defect distribu-

tion are used to manipulate light propagation, [  22  ]  have been 

only realized using top-down patterning techniques. Since 

conventional inverse opals have to be made by infi ltrating 

a direct opal template with a matrix material, this approach 

cannot be applied for bottom-up topographical templating 

of inverse opals and the analysis of their resulting changes in 

properties. 

 Recently we have demonstrated that multilayered, nano-

composite colloidal crystal fi lms can be generated via evapo-

rative deposition by a “co-assembly” of polymeric colloidal 

spheres with a silicate sol–gel precursor solution. [  23  ]  Removal 

of the colloidal template (i.e., thermal decomposition) pro-

duces inverse opal fi lms with minimal cracking and large, 

centimeter-scale domains. In contrast to direct opals (colloids 

only), the simultaneous formation and association of the col-

loidal crystal and the polymerizing sol–gel network during 

co-assembly allows for the relaxation of tensile stresses 

encountered during the drying process necessary for crystal-

lization. The ability to create large-scale, high-quality inverse 

colloidal crystal fi lms greatly expands the real-world applica-

tions of these materials. We have also shown that the colloidal 

co-assembly method may provide a means for direct synthesis 

of inverse opals on topographically patterned substrates. [  23  ]  

 In order to extend the co-assembly method to create com-

plex, hierarchical inverse opal structures with increased func-

tionality, it is necessary to systematically study the response 
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of this system to artifi cially-imposed 3D topographical con-

straints, and to compare the resulting crystal quality to that 

of a direct opal grown on the same templates. However, the 

mechanisms of domain nucleation and the choice of crystal-

lographic orientation in the growing crystals have yet to be 

fully understood in either system. A comprehensive under-

standing of the crystal growth orientation and the direction of 

crack propagation is still under debate even in better studied 

direct opals, with experiments suggesting that the domain 

orientation may depend on the crystal growth rate [  24  ]  or the 

shape of the meniscus. [  25  ]  Co-assembled opal composite struc-

tures are more of a mystery. Our previous work [  23  ]  has shown 

that these crystals have a preferred  < 110 >  orientation with 

respect to the growth direction. We also observed that the co-

assembled silica–colloid system possesses a self-correcting 

property that allows the crystal to regain its preferred  < 110 >  

orientation even if a random nucleation source (i.e., dust par-

ticle) on the substrate forces the crystal to temporarily nucleate 

a differently-oriented crystal domain. Thus, comparing crystal 

growth of direct and co-assembled opals around deliberately 

imposed spatial constraints might lend some insight into 

domain nucleation and orientation in both colloidal systems. 

 Herein, colloidal crystals with and without a silica pre-

cursor—forming inverse and direct opals, respectively—

were evaporatively assembled onto fl at substrates and onto 

surfaces patterned with an array of features of various 

geometries (i.e., rectangular, triangular and hexagonal prisms 

and cylinders). These artifi cially imposed structures were 

rationally designed as 3D spatial constraints to control crys-

tallographic domain nucleation and orientation. With this 

bottom-up topographical approach, we were able to nucleate 

distinct colloidal domains of a defi ned size, location and ori-

entation in a wide range of length-scales, tune the degree of 

disorder in the crystal, and manipulate the optical properties 

of these fi lms.   

 2. Results  

 2.1. Nucleation of Altered Domains 

 Polymeric colloids 450 nm in diameter were initially evapora-

tively deposited onto unpatterned silicon substrates from an 

aqueous solution to create direct opals ( Figure    1  a) and from 

a solution containing a silica precursor (hydrolyzed tetraethyl 

orthosilicate) for inverse opal fabrication (Figure  1 b). Figure  1 a 

shows a schematic of evaporative assembly of direct opals 

and typical images of actual fi lms. The analysis of the SEM 

images and Fast Fourier Transforms (FFT) clearly reveal the 

formation of multiple domains that are differently oriented 

with respect to one another (Figure  1 a inset and cropped 

FFT), with no well-defi ned growth orientation. (Note: All fi g-

ures show fi lms with growth direction pointing down towards 

the bottom of the page.) Figure  1 b shows a schematic of co-

assembly and SEM images of actual fi lms after the colloidal 

template has been thermally removed. [  23  ]  The resulting fi lms 

are highly ordered and have a preferred  < 110 >  domain ori-

entation with respect to the growth direction (see insets and 

FFT in Figure  1 B).  
1905www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  1 .     Comparison of direct (left) and inverse (right) opal assembly of 450 nm colloids on fl at and patterned substrates. Note: All fi gures show 
fi lms with growth direction pointing down towards the bottom of the page. a) Schematic (left) and scanning electron microscopy (SEM) images 
(right) of direct opal fi lms assembled onto unpatterned substrates. Note the formation of domains of various crystallographic directions and 
cracking (see SEM images and FFT). Arrows indicate the  < 110 >  direction of domains. b) Schematic (left) and SEM images (right, after template 
removal) of inverse opals synthesized via co-assembly (incorporating a sol–gel silica precursor). The fi lms have uniform domain orientation and 
no cracking over large areas (inset SEM images and FFT). The preferred growth direction ( < 110 > ) is shown as a schematic in the inset (FFT and 
black hexagon emphasize the corresponding crystallographic orientation). c,d) SEM images of direct colloidal crystals (c) and inverse opal fi lms 
(d) assembled on a substrate bearing an array of 1.5  μ m-high  ×  40  μ m-long  ×  4  μ m-wide blades. Black boxes, white circles, and dashed white lines 
added for clarity. Schematic of the assembly process is shown in the inset on the left. c) Direct opals show no response to the wall orientation and 
form a disordered fi lm (see FFT) similar to that shown in (a). d) Inverse opals form crystals grown in two orientations ( < 110 >  and  < 100 > ) in response 
to a change in the blade wall orientation. The FFT shows the two crystallographic orientations (black and white hexagons).  
 As an initial test of how these two systems respond to 

imposed spatial constraints, direct and inverse opal fi lms were 

grown into an all-silicon structure of patterned rectangular 

prisms (“blades”), 1.5  μ m-high  ×  40  μ m-long  ×  4  μ m-wide in 

size, oriented along the fi lm growth direction (Figure  1 c,d, 

also see Supporting Information (SI) Figure S1A). The dep-

osition of a direct opal on the blade substrate (Figure  1 c) 

resulted in a multi-domain, cracked colloidal crystal very 

similar to that grown on a fl at surface. Even at the sharp 90 °  

corners at the end of the blades, direct colloidal growth was 

often unaffected, with the crystal accommodating the sharp 

change in the nucleating surface via a disordered interface. 

The FFT image (Figure  1 c inset) confi rms that the crystal is 

disordered at this location (see smeared peaks). 

 In contrast, the co-assembled opal system (Figure  1 d) 

consistently responded to the 90 °  shift by nucleating a dif-

ferent domain in the  < 100 >  orientation with respect to the 

growth direction in between the blade interfaces. This can 

also be seen in the FFT inset (Figure  1 d), where the black 

hexagon highlights peaks corresponding to the predominant 

 < 110 >  direction (as in the unpatterned case) and the white 
1906 www.small-journal.com © 2012 Wiley-VCH V
hexagon highlights peaks corresponding to the  < 100 >  direc-

tion of the newly-formed domains that formed between the 

ends of the blades. 

 The morphology of the colloidal fi lm when it fi rst begins 

to grow around blade structures (see SI, Figure S1B) indi-

cates that the meniscus is pinned and distorted at the blade 

features during growth and that the colloids close-pack at the 

walls of the blades (see SI, Figure S1C). Similar close-packing 

behavior has been recently observed with direct 2D col-

loidal monolayers via the use of surface relief boundaries [  26  ]  

and has been attributed to meniscus pinning and consequent 

convective fl ow to the region. [  27  ]  Another group noted that 

3D direct opals pack into rectangular microchannels with 

the [1-1 0] crystalline direction oriented parallel to the walls 

of the channels, [  13c  ]  yet failed to provide an explanation. We 

expect that in a defect-free FCC crystal, this observed close-

packing of colloids along an imposed wall should nucleate a 

domain with a direction determined by the orientation of the 

wall ( Figure    2  a), thus allowing the geometry of the spatial 

constraint to fully control domain orientation. For example, 

if the nucleating surface is parallel to the growth direction of 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 12, 1904–1911
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     Figure  2 .     Schematic illustrating the nucleation behavior for defect-free colloidal crystals grown in response to differently oriented imposed 
constraints. a) A vertical wall constraint (left) would nucleate a  < 110 > -oriented domain and horizontal wall (right) would nucleate a  < 100 > -oriented 
domain with respect to the growth direction. b) A schematic shows that equilateral triangles or hexagons fi t perfectly into a hexagonal colloidal 
crystal, and their orientation should determine the resulting crystal direction. While the orientation of hexagons shown on the right would 
correspond to the intrinsic  < 110 >  direction of inverse opals grown on the fl at surface, the orientation of the triangles shown on the left is expected 
to rotate the crystallographic orientation of the inverse opal fi lm by 90 °  to form a  < 100 > -oriented crystal. An optical image of patterned equilateral 
triangles expected to nucleate  < 100 >  crystal domains is shown on the bottom right.  
the crystal, it should result in the domain growth in the  < 110 >  

orientation (with respect to the growth direction). If the sur-

face is perpendicular to the growth, the domain should be in 

the  < 100 >  orientation. This shift in orientation from  < 110 >  

to  < 100 >  is precisely what was observed for the assembly of 

the inverse opal around the 90 °  corners of the blade pattern 

(Figure  1 d).    

 2.2. Nucleation of Large Single Crystals with Defi ned 
Orientation 

 The formation of large single crystals with controlled crystal-

lographic orientation presents a signifi cant challenge for the 

crystal growth community. Even more elusive is the ability 

to form hierarchically patterned single crystals. We antici-

pated that the nucleation behavior of inverse opal fi lms that 

follow the orientation of the imposed walls can be extended 

to a larger scale, expanding the application possibilities of 

this method. In particular, in order to make geometrically-

complex, hierarchical inverse opal structures with uniform 

crystallographic orientation, one needs a spatial constraint 

geometry that forces the nucleation of crystallographic 

domains to be consistent with the default hexagonal symmetry 

of colloidal crystals. One such geometry is an equilateral 

triangle whose in-plane rotation should determine the crys-

tallographic orientation of the resulting crystal (Figure  2 b). 

(Note that a hexagonal shape is also consistent with the sym-

metry of the crystal.) 

 To characterize the quality of the topographically tem-

plated colloidal crystals, they were imaged with an optical 

microscope by shining white light at a high angle of incidence 

onto the samples and capturing the scattered light with a micro-

scope camera ( Figure    3  a). Using this approach we were able 

to probe the spectral variations in light scattering of domains 

shifted/rotated with respect to each other in the  xy  plane (not 

just capturing the rotations of domains with respect to the 

 z -direction seen at normal incidence). The revealed structural 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 12, 1904–1911
details are quite striking when one compares a fi lm imaged 

under direct (0 ° ) incidence versus one imaged at higher angle 

of light incidence (Figure  3 b, also see SI Figure S2).  

 In order to test our previous hypothesis, direct and inverse 

opals were assembled around patterned equilateral, 2  μ m-

high SU8 triangles with 15  μ m-long sides oriented for  < 100 >  

growth, as shown in Figure  2 b, left. As expected from the 

previous “blade” deposition example, the assembly of direct 

opals into such a confi guration resulted in random defects 

and domains, as seen in the multi-colored titled optical image 

(Figure  3 c). The inverse opal, however, remarkably refl ected 

a single color on a large scale optical image, indicating that 

all the domains in the crystal have a uniform orientation 

(Figure  3 d). SEM images of a typical area for both fi lms 

(Figure  3 e,f) verify these conclusions. The various domains of 

the direct opal are indicated and outlined on the SEM. An 

FFT image confi rms the disordered crystallographic state 

of the fi lm (Figure  3 e). The inverse opal, on the other hand, 

appears to have a completely uniform crystallographic orien-

tation, as confi rmed by its FFT. The SEM image clearly shows 

that the resulting crystal is oriented in the  < 100 >  crystallo-

graphic direction, as controlled by the imposed orientation 

of the triangular walls. Interestingly, this orientation is 90 °  

rotated from the preferential growth direction that inverse 

opals adopt on fl at substrates (the  < 110 >  direction). 

 Thus, we have shown that spatial constraints can be 

designed to form patterned single crystals of inverse opals 

on a large scale and precisely control their crystallographic 

orientation, even if rotated away from the preferred growth 

direction of the crystal.   

 2.3. Nucleation of Altered Domains with Defi ned Location 
and Orientation 

 To further test the effect of crystallographically-compatible 

spatial constraints, an inverse opal was assembled into an 

array of 2  μ m-high SU8 hexagons with 20  μ m sides. While 
1907www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  3 .     a) Schematic of the tilted optics setup. b) Characteristic refl ected images of an inverse opal assembled around SU8 pillars taken with 
0 °  (normal) incidence and with 70 °  tilted incidence. c,d) Tilted optical images of direct (c) and inverse (d) opals assembled around equilateral 
triangles. e,f) Enlarged SEM images of typical areas of a direct (e) and inverse (f) colloidal crystal surrounding a triangular feature. (Note: Organic 
SU8 features thermally decompose along with the sacrifi cial colloidal template in inverse opal synthesis.) The direct opal is not uniform, as shown 
by the FFT (inset), and is full of shifted domains outlined by dashed black lines (domain orientation is indicated by black hexagons). The inverse 
opal is remarkably uniform as shown by the FFT (inset). The growth direction is  < 100 >  (inset).  
the hexagon geometry fi ts into the symmetry of the assem-

bled opals, we intentionally designed the hexagons to have 

rounded, truncated corners, to disrupt the overall uniformity 

of the crystal orientation. The orientation of the walls of 

the hexagons was chosen to induce the  < 110 >  orientation 

of the colloidal crystal with respect to the growth direction 
8 www.small-journal.com © 2012 Wiley-VCH V

     Figure  4 .     Nucleation of altered domains within largely uniform inverse 
around hexagonal prisms with truncated corners. The schematic (inset)
crystal direction. The darker colors in the optical images indicate the al
hexagon (white arrows in inset). b) A typical SEM image shows that the p
 < 110 > . Domains shifted in orientation from this main direction (small bla
(indicated by black arrows). Boundaries of the altered domains are outlin
( Figure    4  a inset). Indeed, the resulting opal shows a mostly 

uniform domain orientation, as seen by the predominance of 

one color in the optical images in Figure  4 a. The SEM image 

of a typical region (Figure  4 b) confi rms that the major growth 

direction is  < 110 >  (large hexagons indicate domain orien-

tation), again verifying that spatial constraint geometries 
erlag GmbH & Co. KGaA, Weinheim
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consistent with the hexagonal symmetry of colloidal crystals 

can be used to nucleate uniform inverse opal domains (as pre-

dicted in Figure  2 b). However, though the tilted optics image 

of this fi lm (Figure  4 a) is dominated by one lighter color cor-

responding to the  < 110 >  orientation, there are regions in the 

image that are darker in color, indicating a different orien-

tation. Due to the cropped corner design of the hexagons 

(Figure  4 a,b, arrows), localized domains oriented away from 

the  < 110 >  direction have nucleated at these corners (small 

hexagons in Figure  4 b). These differently oriented domains 

(outlined in Figure  4 b) are fi nite in size because the crystal 

eventually corrects itself back to the dominant growth direc-

tion of  < 110 > , as dictated by the hexagon orientation.  

 This study confi rms that properly designed spatial con-

straints not only enable the manipulation of inverse opal 

domain orientation on a large scale, but can induce the local-

ized nucleation of fi nite domains of an altered orientation 

within a largely uniform fi lm.   

 2.4. Control of Order, Disorder, and Quasi-Order in Assembled 
Opal Films 

 The demonstrated ability to induce local nucleation of 

altered domains at rounded corners of topographical features 

can be extended one step further to manipulate the order, 

polycrystallinity and size of crystalline domains. Because col-

loids close-pack around the walls of topographical patterns, 

a circular spatial constraint geometry is expected to produce 

nucleation of all possible domain orientations (i.e., disorder) 

in both direct and inverse opal systems, since it cannot be 

accommodated by the intrinsic hexagonal symmetry of the 

crystal. To test this hypothesis, surfaces bearing arrays of dif-

ferently spaced 2  μ m-high SU8 cylinders (4  μ m in diameter) 

were used as templates for colloidal assembly. Closely spaced 

cylinders ( Figure    5  a,b, top row) led to the most disordered 

crystals. Direct assembly around these features (Figure  5 a, 

top) resulted in disordered colloidal fi lms that no longer main-

tained hexagonal symmetry even at short range, as also seen 

in the rings of the FFT (inset). Inverse opal assembly into the 

same pattern (Figure  5 b, top) led to quasi-ordered fi lms with 

a heavily distorted hexagonal lattice (see noisy, limited peaks 

of the FFT). With the cylindrical features spaced slightly 

further apart (second row of Figure  5 a,b), polycrystalline 
© 2012 Wiley-VCH Verlag Gm

     Figure  5 .     SEM images of direct and inverse opals assembled around cyli
and polycrystallinity (see FFT insets) and domain size in direct (a) and inv
leading to complex composite inverse opal structures (c).  
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hexagonal domains of limited size began to appear in both 

direct and inverse opal systems (see FFT insets). Thus, the 

shape and spacing of imposed spatial constraints can be used 

to control the order and size of crystalline domains.     

 3. Discussion 

 In the present work we have demonstrated that topographi-

cally patterned templates with rationally designed 3D spatial 

constraints can be used to precisely control the crystallo-

graphic orientation, size, and crystal quality of inverse and 

direct opal domains. The case studies in this work illustrate 

the different levels of control that topographic patterning can 

impose on direct and inverse opals. Assembly into the rectan-

gular blade pattern introduced the concept that inverse opal 

domain orientation can be locally controlled by spatial con-

straint geometry due to the colloidal close-packing around 

imposed nucleating walls and the increased interaction 

between adjoining colloids in this composite growth method. 

This nucleation control was also found to be scalable to pro-

duce large-area single crystalline fi lms that assemble around 

features compatible with the hexagonal geometry intrinsic 

to colloidal systems, such as triangular or hexagonal prisms. 

Moreover, the former system provided the means to tune the 

crystallographic orientation of the single crystalline domains 

that follow the in-plane rotation of the imposed triangular 

features, thus forcing the crystals to grow in directions dif-

ferent from their intrinsic  < 110 >  crystallographic orientation 

observed on unpatterned substrates. We also showed it is pos-

sible to induce the localized nucleation of fi nite domains of 

an altered orientation within a largely uniformly oriented 

inverse opal fi lm via assembly into an array of hexagonal 

prisms with truncated, and therefore differently-oriented 

edges. This effect was fi nally taken to the extreme, when a 

pattern of cylindrical features was used to manipulate dis-

order, quasi-order, polycrystallinity, and size of the ordered 

domains in inverse and direct opals by frustrating their hex-

agonal packing. 

 It appears that because co-assembly results in the 

increased interaction between adjoining colloids and fewer 

isolated defects in the crystal, this composite system gener-

ally allows for improved quality and control of the crystalline 

fi lms as compared with direct opals. This type of topographic 
1909www.small-journal.combH & Co. KGaA, Weinheim
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co-assembly [  23  ]  of inverse opals and the resulting all-silica 3D 

porous hierarchical structures (Figure  5 c) would have been 

impossible with conventional production methods. The com-

bination of these case studies lends insight into the types of 

parameters (shape, size, spacing of features) that need to be 

considered when topographical templates are used to manip-

ulate and engineer the nucleation of direct and inverse opal 

fi lms for the synthesis of complex, functional structures. In 

particular, we show that the optical properties of these com-

plex structures are fi nely coupled to their crystallinity and 

defect distribution. 

 Control of crystal quality and order in colloidal structures 

is important in photonic systems, and has recently gained 

attention in the literature. Quasi-ordered (short-range order) 

and disordered photonic crystals are seen in numerous nat-

ural systems. [  28  ]  The coloration in many species of birds is 

due to coherent scattering from layers of collagen fi bers in 

avian skin [  29  ]  and nanostructured keratin in feather barbs. [  30  ]  

The irregular lamellar structure in  Morpho  butterfl y scales 

gives its wings a highly refl ective and uniform blue color in a 

wide angular range [  31  ]  and a disordered network of cuticular 

fi laments in the scales of the  Cyphochilus  spp. beetle gives 

it the appearance of brilliant whiteness. [  32  ]  Quasi-ordered 

photonic structures are also responsible for the colors seen on 

dragonfl ies [  33  ]  and the weevil  Eupholus magnifi cus  beetle. [  34  ]  

Modeling of disordered and quasi-ordered structures has high-

lighted their possible applications in creating 2D [  35  ]  and 3D [  36  ]  

photonic bandgap materials. Synthetic biomimetic approaches 

have also been adopted in order to simulate optical proper-

ties seen in natural systems. An amorphous 2D structure, 

fabricated with a top-down approach, was used to demon-

strate control of lasing, [  37  ]  while quasi-ordered and disordered 

3D colloidal systems have been utilized to create angle-

independent color arrays. [  38  ]  Our topographical manipulation 

of the orientation, location, and crystalline order of photonic 

opal domains is closely related to these studies, and could 

provide an alternative,  bottom-up route  to the synthesis of a 

broad range of colloidal photonic systems with fi nely-tuned 

optical properties. Images from our tilted light source optical 

probe technique are an initial confi rmation that we are indeed 

directing changes in the optical properties of these fi lms.   

 4. Conclusion 

 We have described a bio-inspired bottom-up synthesis of 

multi-layered, colloidal crystal fi lms formed directly on 

topographically patterned substrates via evaporative depo-

sition of polymeric spheres with and without a silicate sol–

gel precursor solution (to create inverse and direct opals, 

respectively). We demonstrated that colloidal self-assembly 

can be systematically studied and manipulated with ration-

ally designed micrometer-scale topographical substrates to 

either form large patterned single crystals, or crystals with 

a fi ne-tuned extent of disorder, and to nucleate distinct col-

loidal domains of a defi ned size, location, and orientation in 

a wide range of length-scales. We believe that this method 

will increase the functionality of colloidal crystal materials, 

extending their applications as elements in optical circuits, 
10 www.small-journal.com © 2012 Wiley-VCH V
as tissue scaffolds, and as catalytic substrates. This work also 

explores the fundamental aspects of controlling colloidal 

crystal domain nucleation and growth, providing an impor-

tant step forward in understanding the crystal growth and 

defect formation in colloidal systems.   

 5. Experimental Section 

 A fl at or patterned silicon substrate ( ∼ 1 cm  ×  4 cm), cleaned briefl y 
under oxygen plasma (Diener Electric GmbH Femto-A plasma 
cleaner), was vertically suspended in a vial containing a 20 mL 
volume of 0.1% (by volume) colloidal solution in water. 450 nm 
diameter poly(methyl methacrylate) (PMMA) colloids in the sus-
pension were synthesized via emulsion polymerization, using an 
ammonium persulfate initiator, and cleaned via centrifugation. For 
silica–colloid composite assembly, the solutions also contained 
145  μ L of added hydrolyzed tetraethyl orthosilicate (TEOS) solu-
tion. The TEOS solution consisted of a 1:1:1.5 ratio by weight of 
TEOS (98% Aldrich), 0.10  M  HCl, and ethanol (100%), respectively, 
stirred at room temperature for 1 h prior to use. The colloidal or 
colloid/TEOS suspension was allowed to evaporate slowly over a 
period of 1–3 days in a 65  ° C oven on a pneumatic vibration-free 
table, to allow the deposition of a thin fi lm onto the vertical sub-
strate. For inverse opal synthesis, composite fi lms were calcined in 
air at 500  ° C for 5 h, with a 4 h ramp time (Thermo Scientifi c). 

 Patterned surfaces were prepared in two ways. The blade sur-
face (see SI, Figure S1A) was fabricated using the Bosch process, 
as described elsewhere. [  39  ]  The circular, hexagonal, and triangular 
features were patterned on a silicon wafer with SU8 using mask 
photolithography (Suss MJB4 Mask Aligner). The chrome masks 
were produced with the Heidelberg Mask Writer at the Center for 
Nanoscale Systems at Harvard University. 

 Optical images were taken using a custom upright optical 
Olympus microscope with the 20 ×  or 50 ×  objective. The samples 
were imaged in refl ection with a fi ber optic white light source (Cole 
Parmer 41723 series) tilted to have an incidence angle of  ∼ 70 °  
with respect to the sample normal (Figure  3 a). Films were also 
imaged by SEM (Zeiss Ultra or JEOL JSM 639OLV) at 5 kV after Pt/
Pd-sputter coating. FFT (Fast Fourier Transform) image analysis was 
preformed via ImageJ.    

 Supporting Information  

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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