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  1.     Introduction 

 Colloidal self-assembly is widely appreciated as an experi-

mentally simple, low-tech process to create well-defi ned 

nanostructures. [ 1–3 ]  Owing to their high order and periodicity 

at a length scale comparable to the wavelengths contained in 

the optical spectrum, colloidal crystals can interact strongly 

with visible light. The periodic modulation of the refractive 

index in opaline materials gives rise to a photonic bandgap, 

which results in high intensities of refl ected light in the 

wavelength range corresponding to the range of frequen-

cies within the bandgap. The position of the bandgap can be 

varied, for example, by changing the size of the colloidal par-

ticles used in the crystal’s creation or by altering composition 

or shape. [ 4–6 ]  Moreover, colloidal crystals can be used as sac-

rifi cial templates to fabricate inverse opals. Like their direct 

opal analogues, inverse opals possess interesting optical DOI: 10.1002/smll.201500865

 Colloidal particles can assemble into ordered crystals, creating periodically structured 
materials at the nanoscale without relying on expensive equipment. The combination 
of small size and high order leads to strong interaction with visible light, which 
induces macroscopic, iridescent structural coloration. To increase the complexity 
and functionality, it is important to control the organization of such materials in 
hierarchical structures with high degrees of order spanning multiple length scales. 
Here, a bottom-up assembly of polystyrene particles in the presence of a silica sol–gel 
precursor material (tetraethylorthosilicate, TEOS), which creates crack-free inverse 
opal fi lms with high positional order and uniform crystal alignment along the (110) 
crystal plane, is combined with top-down microfabrication techniques. Micrometer 
scale hierarchical superstructures having a highly regular internal nanostructure with 
precisely controlled crystal orientation and wall profi les are produced. The ability 
to combine structural order at the nano- and microscale enables the fabrication of 
materials with complex optical properties resulting from light–matter interactions 
at different length scales. As an example, a hierarchical diffraction grating, which 
combines Bragg refl ection arising from the nanoscale periodicity of the inverse 
opal crystal with grating diffraction resulting from a micrometer scale periodicity, is 
demonstrated. 
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properties and have been extensively used in photonic appli-

cations. [ 4–8 ]  The well-defi ned, interconnected porosity at the 

nanoscale further allows for applications in various fi elds, 

including wetting, [ 9–12 ]  (photo)catalysis, [ 13,14 ]  cell culturing, [ 15 ]  

photovoltaics, [ 16,17 ]  energy storage, [ 18–20 ]  and sensing. [ 5,9,21,22 ]  

Most of these applications simplistically utilize inverse opals 

as thin fi lms. 

 Precise spatial control of colloidal assemblies in hierar-

chical structures spanning multiple length scales can enable 

more advanced applications, for example, multiplexed and 

miniaturized sensing devices, [ 23 ]  pixelated arrays of structural 

color units, [ 24–26 ]  miniaturized photonic elements, [ 27 ]  or micro-

structured electrodes with high surface area. [ 19 ]  Furthermore, 

a hierarchical design may enable us to alter or to enhance the 

optical properties of such self-assembled structures by com-

bination of the photonic bandgap properties with refl ective, 

scattering or dispersive elements, with a potential to mimic 

complex structural colors found in nature. [ 28,29 ]  

 The assembly of hierarchical colloidal crystal structures 

can be controlled from the bottom up by prepatterning the 

substrate with a desired topography. [ 30–36 ]  If the topography 

is chosen to match the symmetry of the colloidal crystal, 

highly ordered, hierarchical structures result. [ 33,36,37 ]  If the 

imposed topography interferes with the overall lattice ori-

entation, the crystal growth is frustrated, leading to disorder 

and cracks. [ 36 ]  As a consequence, the quality of the crystal is 

signifi cantly reduced. 

 If the order in the colloidal assembly is to be maintained 

for any desired structural feature, the assembly process must 

be separated from the patterning. This can be achieved by 

using top-down, microfabrication techniques such as photo-

lithography, [ 25,38–40 ]  microcontact printing, imprinting and 

stamping, [ 26,41,42 ]  or inkjet printing. [ 43 ]  In these approaches, 

defects in the crystal structures can be created by curvature 

or patterning protocols, be inherited from the assembly pro-

cess or mechanical treatment and include polycrystallinity 

arising from different nucleation sites, cracks and over- or 

underfi lled pores when replicated into inverse structures. 

 Here, we use a coassembly method to crystallize polymer 

colloids in the presence of tetraethylorthosilicate (TEOS), 

which has been shown to result in well ordered inverse opal 

thin fi lms with open and interconnected pores and low den-

sity of cracks at square centimeter dimensions and beyond. [ 44 ]  

Most remarkably, the assembled structures show single 

crystal orientation throughout the substrate arising from a 

preferred growth along the (110) crystal plane. [ 36,44 ]  To pre-

serve the order, we apply photolithography and reactive ion 

beam etching in a post-assembly step to fabricate arbitrarily 

shaped hierarchical superstructures and patterns that possess 

an equally high degree of order and crystal orientation.  

  2.     Results and Discussion 

  Figure    1  A schematically shows the fabrication of the hierar-

chical inverse opal superstructure. We crystallize polystyrene 

colloidal particles by evaporative assembly in the presence 

of a silica sol–gel precursor (TEOS). After calcination at 
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 Figure 1.    Decoupling the crystal formation from patterning creates hierarchical structures with uncompromised order. A) Schematic illustration 
of superstructure fabrication. A highly ordered inverse opal (i) is infi ltrated with photoresist and exposed to UV light to create a pattern (ii). 
The inverse opal/photoresist hybrid structure is developed, removing the photoresist from the porous structure at the exposed substrate areas 
(iii). Anisotropic reactive ion beam etching is used to remove all unprotected parts of the opal (iv). After calcination to remove photoresist, the 
inverse opal superstructure is formed (v). B) Patterned inverse opal with a step size of one colloidal layer, demonstrating high vertical resolution. 
C) Side-view image of an inverse opal line pattern, showing vertical etching along the (111) plane of the crystal. D–F) Comparison of the order in 
hierarchical structures obtained by assembling a direct opal on a lithographically patterned substrate with topography (D), co-assembling colloids 
in the presence of TEOS on a similarly patterned substrate to create a hierarchical inverse opal (E), and by decoupling the crystal formation from the 
lithographic patterning step, following the procedures described in the current paper (F). The crystal order is completely preserved if the patterning 
step is applied after crystal formation.
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500 °C, we obtain a highly ordered, iridescent inverse opal 

thin fi lm with oriented crystallinity throughout the sub-

strate. [ 36,44 ]  We then infuse the porous matrix with a photo-

resist that has a refractive index closely matching that of 

the surrounding silica. The resulting infi ltration of the pores 

by the resist is indicated by the disappearance of the iri-

descence. [ 9,45 ]  The resist-fi lled inverse opal is UV-exposed 

through a mask with the desired structural pattern. Since 

the pores are all fi lled with the index-matched photoresist, 

scattering of UV-light is prevented, leading to high quality 

photolithographic patterns without blurring of features. We 

thus create a protective photoresist layer covering selected 

parts of the substrate. Anisotropic reactive ion beam etching 

is then used to mill into the substrate, removing the inverse 

opal structures at all unprotected areas. In a fi nal calcination 

step, photoresist residues are removed, yielding a pattern of 

highly ordered, inverse opal superstructures.  

 The etching depth can be precisely controlled via the 

etching time, allowing us to remove individual layers of the 

inverse opal (Figure  1 B). The minimum obtainable feature 

sizes are defi ned by the resolution of photolithography and 

the reactive ion beam etching step: for straight line patterns, 

we fi nd a selective vertical etching along the (111) cleavage 

plane of the substrate to produce a characteristic trapezoidal 

wall profi le (Figure  1 C), which we attribute to the minimal 

amount of mass that needs to be removed along that plane. 

This etching characteristic leads to 60° vertical incline at the 

edges, giving us a reproducible three-dimensional morphology 

of the patterned inverse opal. Simple geometric considerations 

(Supporting Information) allow us to determine the lateral 

resolution of the hierarchical inverse opal feature  x  as a func-

tion of the inverse opal layer thickness  h  and the lateral size of 

the photoresist pattern used as a mask  x (lithography):

 
( ) (lithography) 2/ 3x h x h( )= +

 
 

   

 Figure  1 D–F compares the degree of order in hierar-

chical colloidal assemblies prepared by self-assembling direct 

(Figure  1 D) and inverse opals (Figure  1 E) on substrates with 

a topography, and by top-down patterning of prefabricated 

inverse opals (Figure  1 F). As we have observed previously, 

the co-assembly of colloids with TEOS increases long-range 

order and eliminates crack formation (Figure  1 E) as com-

pared to a direct assembly of colloids (Figure  1 D). [ 36 ]  How-

ever, since the geometry of the topography does not match 

the crystal structure, the co-assembled crystal shown in 

Figure  1 E shows frustrated crystallization, creating disorder 

around the obstacle. In contrast, the high order and orienta-

tion of the crystal is completely retained when assembly and 

patterning are separated (Figure  1 F). 

 The preferential growth of the co-assembled colloidal 

crystal fi lm along the (110) plane generates inverse opal fi lms 

with high crystal alignment, [ 36,44 ]  which can be transferred 

into the hierarchical pattern by aligning the photolithog-

raphy mask at a controlled angle (e.g. parallel or perpen-

dicular to the growth direction of the inverse opal crystal) 

to create identical macroscopic patterns with various crys-

tallographic orientations of the constituent self-assembled 

photonic crystal.  Figure    2   shows slabs of inverse opals with 

crystal orientations along the (110) plane and (100) plane, 

respectively. The insets show the orientation of the inverse 

opal fi lm as grown on the substrate and the resulting orienta-

tion of the crystal within the pattern. The Fourier transforma-

tions, showing undisturbed hexagonal patterns, indicate high 

order and crystal alignments.  

 The process allows the creation of complex, arbitrarily 

shaped hierarchical structures with high accuracy and resolu-

tion while maintaining order and orientation of the inverse 

opal crystal, which we demonstrate by a micrometer scale 

reproduction of a world map ( Figure    3  A). The map, with its 

small 2015, 
DOI: 10.1002/smll.201500865

 Figure 2.    Control of crystal orientation within the superstructure. The 
inverse opal thin fi lms preferentially grow along the (110) direction (see 
insets). Any arbitrary orientation of the constituent photonic crystal within 
the fi nal hierarchical pattern can be achieved by simple rotation of the 
mask relative to the orientation of the substrate. A) When a pattern (black 
box) is aligned along the growth direction, hierarchical structures with 
a (110) orientation of the inverse opal crystal within the superstructure 
form; B) Aligning the pattern perpendicular to the growth direction yields 
hierarchical structures with a (100) orientation. High order and uniform 
orientation are evident from the FFT images shown as insets.

 Figure 3.    Fabrication of single crystalline, complex patterns with 
hierarchical features spanning multiple length scales. A) SEM image 
of a micrometer scale inverse opal pattern in the shape of the world 
map. The Moiré patterns visible throughout the image indicate high 
order. B–E) Close-up SEM images and Fourier transformation analyses 
(insets) of different parts of the world map. The images show (B) Italy, (C) 
Sulawesi, and (D) the Baja California peninsula. Order and uniform crystal 
orientation in images are evident from Fourier transformation (insets).
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complex shape, demonstrates our ability to pattern arbitrary 

features with multiple length scales—including adjacent con-

cave and convex features. Moiré patterns, indicative of high 

crystal order, [ 46 ]  are visible throughout the image. Order 

and crystal alignment throughout the complete structure is 

further highlighted in high magnifi cation images of selected 

regions (Figure  3 B–D), which all show uniform crystal align-

ment resulting from the single crystal orientation of the 

underlying coassembled inverse opal. This uniform alignment 

of the crystal is evidenced by Fourier transform analyses 

shown as insets. The specifi c crystallographic orientation of 

the inverse opal single crystal in the pattern can be altered by 

rotation of the imposed photolithographic mask with respect 

to the substrate (compare, for example, two perpendicular 

orientations of the line pattern in the [110] and [100] direc-

tions in Figure  2 ). The lateral resolution achieved in some 

parts of the map is below 1 µm—only a few colloidal parti-

cles in width.  

 Since the order of the colloidal assembly is retained in 

the generated hierarchical structures, they also maintain their 

distinctive structural coloration. The wavelength of construc-

tive interference changes with the incident angle, giving the 

inverse opals their vivid iridescence. This color shift allows us 

to create complex, micrometer scale structures with dynamic 

coloration ( Figure    4  ). We design arbitrary, micrometer scale 

“artworks” and illuminate the structure under a microscope. 

With an illumination normal to the surface, the structures 

show green (top, 250 nm colloids used as template) and red 

colors (middle, bottom, 320 nm colloids) depending on the 

size of the colloids (Figure  4 B). The variation of color in the 

top image of Figure  4 B arises from changes in crystal thick-

ness. [ 9 ]  As expected, the observed color shifts into the blue 

part of the spectrum with increasing light incidence angles 

(Figure  4 C). Additional levels of complexity may be intro-

duced to the system by tailoring liquid infi ltration by means 

locally changing the surface chemistry [ 45 ]  or locally modi-

fying the color by changing the pore sizes, for example using 

atomic layer deposition.  

 The hierarchical microfabrication allows the combination 

of photonic effects occurring on disparate length scales. For 

example, we can create a hierarchical diffraction grating by 

patterning inverse opals into periodic stripes ( Figure    5  A,B). 

A diffraction grating creates an angular dispersion of light 
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 Figure 4.    Structural color imaging at micrometer scale. A) SEM images 
of hierarchical inverse opal structures; microscopy images taken (B) 
with illumination normal and (C) off-normal to the surface. The images 
show real, dynamic structural color that blue-shifts with increasing 
illumination angle.

 Figure 5.    Multiple optical properties arise from periodicities at different 
length scales in hierarchical inverse opal structures. A) SEM and 
B) optical microscope image of periodically spaced inverse opal slabs 
serving as a hierarchical diffraction gratings. C,D) Optical properties 
of the inverse opal diffraction grating represented in two dimensions 
by plotting the sine of the refl ected light versus the wavelength. Each 
vertical line represents an individual spectrum. The spectra were taken 
for (C) incident light normal to the surface and (D) at an angle of 30° 
relative to the surface normal. The hierarchical structure shows multiple 
diffraction orders, visible as straight lines in the fi gure. E,F) Wavelength-
dependent intensity, taken along the fi rst fi ve diffraction orders. As a 
result of the inverse opal structure, the light intensity in these individual 
orders is modulated and shows enhanced intensity at the Bragg 
diffraction peak, which shifts with increasing incident light angle.
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(with a wavelength  λ ) dependent on the illumination condi-

tions (angle of incident light  θ i   and diffracted light  θ d  ) and 

the periodicity  d  of the grating as described by the grating 

equation: [ 47 ] 

 
m (sin sin )d i dλ θ θ= +

 
 

    

 We investigate the optical properties of our hierarchical 

diffraction grating by variable angle spectroscopy, measuring 

refl ection spectra as a function of observation angle over a 

wide range of angles. Figure  5 C,D shows the refl ected light 

intensity for all measured wavelengths and diffraction angles 

(plotted as sin( θ ) for better comparison with the grating 

equation). The data are plotted as an image with vertical col-

umns corresponding to spectra measured at each detection 

angle and rows corresponding to the wavelengths detected 

by the spectrometer. Intensity of the refl ected light is color-

coded with black signifying low and yellow high intensities. 

The incidence angles shown are 0° and 30° for Figure  5 C,D. 

Multiple diffraction orders, arising from the  microscale  perio-

dicity of the superstructure are visible as straight lines in the 

plots. 

 The distribution of light intensity in the individual diffrac-

tion orders shows the fi ngerprint of the second optical ele-

ment present in the hierarchical material—the inverse opal. 

The photonic bandgap, arising from the  nanoscale  periodicity 

of the colloidal crystal, is encoded in all individual diffraction 

orders and, as expected, blue-shifts with increasing angle of 

incident light. In Figure  5 C, enhanced refl ected intensity is 

detected around 500 nm for all diffraction orders. This signa-

ture of the Bragg diffraction peak shifts toward 420 nm when 

the angle of incident light is changed (Figure  5 D). Figure  5 E,F 

presents the wavelength-dependent intensity, extracted 

along the fi rst fi ve positive diffraction orders for both inci-

dent angles. Again, the incident angle-sensitive signature 

of the Bragg diffraction peak is clearly visible at 500 nm 

(0° incident light, Figure  5 E) and 420 nm (30° incident light, 

Figure  5 F) in all diffraction orders.  

  3.     Conclusions 

 In conclusion, we have exploited the high order and single 

crystal orientation found in inverse opals assembled from 

polymeric colloids in the presence of TEOS to create super-

structures by a combination of photolithography and reactive 

ion beam etching of the pre-assembled, crystallographically 

oriented inverse opal fi lms. The uniform crystal orientation 

across the entire patterned area remains unaltered in the 

produced, highly ordered hierarchical structures and can be 

controlled by orienting the lithographic pattern at an arbi-

trary angle relative to the underlying single crystal. This 

enables us to align different crystal planes within the indi-

vidual hierarchical elements. In addition to the resolution of 

the lithographic procedure, the minimal structural feature 

width (coupled with the feature height) is limited by the 

anisotropic trapezoidal etch mechanism that follows (111) 

cleavage planes of the crystal. These hierarchical patterns 

show angular-dependent structural coloration which we 

exploit to create iridescent real color images at a micrometer 

scale. Furthermore, the control of order and periodicity at 

multiple length scales allows creating materials that combine 

multiple optical properties. We demonstrate such complex 

optical materials by encoding the photonic bandgap proper-

ties within the individual diffraction orders of a diffraction 

grating. We believe that the controlled fabrication of high-

quality inverse opal superstructures with full control of fea-

ture sizes, controlled crystal orientation, and minimum defect 

density will open pathways to harvest the intriguing proper-

ties of inverse opals in advanced applications and devices—

from miniaturized sensing architectures to a sophisticated 

tailoring of light-matter interactions in photonics or phon-

onics. Especially, we anticipate the technology to serve as an 

experimentally simple platform to create multi-scale optical 

materials to help understand and mimic the vivid coloration 

of hierarchical structures occurring in nature.  

  4.     Experimental Section 

  Preparation of Inverse Opals : Polystyrene (PS) colloids were 
synthesized using a surfactant-free emulsion polymerization fol-
lowing a protocol from literature. [ 48 ]  Inverse opals were synthe-
sized by a coassembly process with TEOS. [ 44 ]  PS colloids were 
added to 20 mL of water and adjusted to 0.1% solid content. 
150 µL of prehydrolyzed TEOS solution (1:1:1.5 by volume of 
TEOS:0.1  M  HCl:ethanol, stirred for 1 h at room temperature) was 
added and the mixture was sonicated for 5 min. A cleaned silicon 
wafer (exposed to acid piranha for 45 min and extensively rinsed 
with water) was vertically suspended in the vial and placed inside 
the oven for several days for the solvent to evaporate completely. 
A vibration-free oven set to 65 °C was used for the coassembly 
process. After complete solvent evaporation, a single-domain opal 
fi lm with silicon dioxide fi lling the interstitials was left on the wafer 
substrate. Calcination for 5 h at 500 °C with a defi ned heating 
ramp of 2 °C min −1  and a cooling time to room temperature in 
3 h resulted in high quality inverse opal fi lm. Deionized water was 
used from a Milli-Q system, ethanol was purchased from Koptec, 
and all other chemicals were purchased from Sigma-Aldrich. 

  Photolithography on Inverse Opal Film : Photolithography was 
performed in an ISO class 5 clean room at CNS, Harvard. Inverse 
opal fi lms were cleaned with acetone and isopropyl alcohol (IPA) 
on a Headway Research spin coater at 3000 rpm for 10 s each. 
Complete solvent evaporation was performed on a Torrey Pines hot 
plate at 180 °C for 5 min. Samples were then pre-coated with hexa-
methyl disilazane (HMDS) at 3000 rpm for 60 s and soft baked at 
110 °C for 60 s. Thereafter, Shipley S1818 positive photoresist was 
spin coated on the sample at 2000 rpm for 45 s and hard baked at 
110 °C for 60 s, giving a protective layer thickness of 2 µm. Chrome 
masks were designed with AutoCAD 2014 and printed using a Hei-
delberg DWL 66 mask writer. Using a Suss MJB4 mask aligner, soft-
contact (1.3 bar) was established between the chrome mask and 
the coated sample. Exposure time was calculated by dividing the 
exposure dose  E  0  (180 mJ cm −2  for S1818) by the h-line intensity 
(405 nm) of the MJB4 mask aligner. Standard exposure time was 
4.5 s. For feature sizes smaller than 6 µm, additional 0.1 s were 
added to the calculated exposure time for every 1 µm decrease 
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in size. After exposure, samples were hard baked at 110 °C for 
60 s and developed with Microposit MF CD-26 developer. Devel-
oping steps were fi rst 50 s in CD-26, followed by 10 s in fresh 
CD-26 and 15 s in DI water. Samples were blow dried with nitrogen. 

  Reactive Ion Etching : Anisotropic reactive ion etching was 
performed on a STS induced coupled plasma reactor (STS ICP 
RIE) with a standard recipe for silicon dioxides etch. The plasma 
reactor was fi rst cleaned with oxygen plasma for 20 min, followed 
by a 10 min stabilization cycle of the etch program. 10 sccm C 4 F 8 , 
10 sccm SF 6  and 3 sccm H 2  were used with 900 W coil power, 
100 W platen power at 7 mTorr and 38 °C. Etch rates were deter-
mined by a Veeco Dektak profi lometer. We found etch rates of 
0.43 µm min −1  for inverse opal and 0.35 µm min −1  for photo resist, 
giving an etching ratio of 1:1.23 resist to inverse opal. Samples 
were rinsed with ethanol and IPA. To remove the protective photo-
resist layer, the samples were calcined for 5 h at 500 °C with a 
defi ned heating ramp of 2 °C min −1  and a 3 h cooling time back to 
room temperature. 

  Imaging and Characterization : Scanning electron microscopy 
(SEM) was performed on a Zeiss Ultra Plus fi eld emission micro-
scope. ImageJ was used for subsequent image analysis. An Ocean 
Optics DH-2000 UV–vis–NIR light source was used for the vari-
able angle spectrometry measurements to illuminate a small spot 
(<1 mm) on the sample at a given incidence angle. Individual 
spectra were collected at half degree increments for −75° to 
+75° relative to the sample normal for each angle of illumina-
tion and spectrally analyzed using an Ocean Optics Maya Pro 
2000 spectrometer.  
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