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Optical effects in template-directed colloidal assembly are 

explored to fabricate microscale patterns with integrated 

three-dimensional (3D) nanostructures. This method allows 

the patterning of periodic nanostructures in arbitrarily 

designed regions by controlling particle assembly and light 

illumination. Using both “bottom-up” and “top-down” 

methods, this approach enables low-cost fabrication of 

hierarchical devices. 

Much research interest has been drawn to the design and fabrication 

of ordered porous three-dimensional (3D) nanostructures.  Surfaces 

utilizing periodic nanostructures have exhibited favorable properties 

such as enhanced surface wettability [1-9], photonic structures [9-

14], and phononic properties [15-16]. Going beyond interesting 

material properties, such 3D porous materials can also be integrated 

into micro and macro devices, creating a hierarchical system and 

improving properties.  The value of hierarchy nanostructured 

materials has been observed often in nature, such as improving 

superhydrophobicity in textured surfaces [8].  The nanoscale cilia 

atop the microscale pads of the gecko’s foot enable conformal 

contact with surfaces of varying roughness for dry adhesion while 

scaling vertical surfaces [17-19].  Nano and microscale hierarchies 

on the leaf of the Cotula fallax provide unique moisture harvesting 

capabilities for nourishment [3].  Similarly, some species such as the 

Stenocara gracilipes beetle utilize alternating hydrophilic and 

hydrophobic microchannels on the wing to harvest moisture in the 

arid Namib Desert environment [4-7].  These natural phenomena 

have provided the inspiration, and many groups have fabricated 

similar engineered hierarchical structures for moisture harvesting [5-

7].  In devices, micro batteries with 3D nanostructured electrodes 

have demonstrated large power densities rivalling many 

conventional supercapacitors [20]. 

The fabrication of such hierarchical systems with 3D porous 

nanostructures is challenging due to their complex geometries at 

multiple lengthscales, and most existing techniques have limitations 

on scalability and precision. Direct laser writing using two-photon 

polymerization [21] has been used to demonstrate the fabrication of 

arbitrary nanostructures and can be used to pattern photonic circuits 

[22]. However this process is serial and can be difficult to scale. 

Interference or holographic lithography [9,15] can result in complex 

periodic 3D structures, however introducing phase-aligned 

microscale hierarchical structure is challenging. Self-assembly of 

colloidal particles [23-30] is a low-cost “bottom-up” approach, but 

can result in defects for 3D assembly [29,30]. Therefore, the 

development of a scalable fabrication process through which nano 

and microscale features can be independently controlled can further 

these research efforts in hierarchical structures.  
In this work, we demonstrate the fabrication of hierarchical 3D 

nanostructures using illumination of organized patches of colloidal 

particles obtained using template-directed self-assembly (TDSA). In 

this approach, monodispersed spherical particles are guided by pre-

determined topography to form microscale assemblies of colloidal 

crystals [31-33], which can then be illuminated to create a 3D 

intensity pattern to selectively pattern the assembled regions. The 

resulting structures resemble a microscale organized channel 

consisting of porous periodic 3D nanostructures, thereby generating 

hierarchical architecture. The introduction of optical effects 

essentially takes TDSA to the third dimension, where the 3D 

nanostructure geometry is controlled by the particle parameters as 

governed by the Talbot effect [34-38]. The microscale organization 

of the assembly is determined by the template, which can be 

arbitrarily designed. The proposed method allows for the 

independent control of the micro and nanoscale features in 

hierarchical structures through the design of particle-light 

interactions and template parameters. This process enables the 3D 

nanostructures to be directed and spatial-phase aligned to the 

microscale template, which is achieved passively through the TDSA 

process. The process is also extremely low-cost, and is based on 

inexpensive and widely available materials and well-characterized 

processes. The process also eliminates the need for expensive masks 

often used in photolithography by replacing them with the colloidal 

lenses, minimizing the overall cost of the large-scale fabrication 

process. The lithography process also does not depend on light 

coherence, eliminating the need for expensive lasers and further 

reducing hardware requirements. The interactions of light and 
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 Figure 1. Schematic of fabrication process. (a) Soft lithography is 

used to generate a surface-relief microstructured template in 

unexposed photoresist, which can be used to (b) direct and guide the 

assembly of colloidal particles. (c) Upon illumination, the regions 

under the assembled particles remain with 3D nanostructures. 

 

 
Figure 3. (a) FDTD simulation of light intensity under the 

illuminated template-directed colloidal assembly. (b) Cross-

sectional micrograph of fabricated hierarchical 3D nanostructure 

with nanospheres.  The predicted geometry using FDTD and 

binary resist model can be seen in the inset diagram.  

 

 Figure 2. (a) Unexposed photoresist template with width of 4 μm 

and depth of 200 nm.  (b) Colloidal particles in hexagonal array 

aligned by the microscale template after convective assembly. (c) 

Top view of colloidal assembly within template regions. 

 

colloidal particles have been demonstrated as an attractive method 

for 3D nanolithography [38,39], and here we extend the concept to 

pattern hierarchical structures. 

The proposed method of 3D nanolithography using TDSA is 

characterized by three distinct processes, as illustrated in Figure 1. 

First, the physical template is defined using solvent-assisted soft 

lithography [40,41] to produce a surface-relief topography on 

unexposed photoresist, as shown in Figure 1(a). The master PDMS 

mold is patterned using standard microlithography processes, and 

can be defined to have arbitrary geometry. The solvent anneal 

process is performed at 95  , and the relatively low temperature 

process ensures the resist maintains photosensitivity. Colloidal 

particles can then be assembled within the recess regions in the 

photoresist template using convective assembly [23-25], producing a 

template-directed monolayer of hexagonal close-packed colloids, as 

shown in Figure 2(b). The substrate can then be illuminated at 

normal incidence to generate a 3D intensity pattern in the regions 

with assembled particles, which is recorded by the underlying 

photoresist. Upon development the resulting structures consist of 

microscale regions consisting of 3D nanostructures, as illustrated in 

Figure 1(c). The nanostructure parameters can be controlled by the 

particle and illumination parameters, while the larger microstructure 

can be designed during soft lithography.  
The fabricated photoresist template with surface-relief structures 

prepared using soft lithography is shown in Figure 2(a). The 

template consists of a grating channel structure periodic in one 

direction, with raised ridge width of 1 μm and a trench width of 4 

μm (for fabrication details see Supplementary Information A). The 

depth of the template is controlled by the soft lithography template, 

and can be controlled from 100 to 500 nm. The template geometries 

are defined by the master pattern during the soft lithography process. 

Polystyrene nanospheres with 500 nm diameter are then assembled 

on the resist template using convective assembly, resulting in 

template-directed assembly. Cross-section and top-view scanning 

electron microscope (SEM) images of the template-directed colloidal 

assembly are seen in Figures 2(b) and 2(c), respectively. The 

colloidal assembly is guided by the template direction as noted, and 

few point defects and grain boundaries are observed. Due to the 

rounded edges of the template topography, the number of particles 

within a single channel can be controlled, as described in more 

details in Supplementary Information B. 

Numerical simulation of the 3D lithography process using finite-

difference time-domain (FDTD) methods [42] was conducted to 

predict the fabricated hierarchical structure, as illustrated in Figure 3. 

The model simulates the intensity pattern within a unit cell of the 

microscale template, and assumes periodic boundary conditions in x 

and y directions. Perfectly match layers were used for the upper and 

lower sides in   direction to apply absorbing boundary conditions. 

Light with 365 nm wavelength propagates through the colloidal 

nanoparticles and diffracts into the photoresist, resulting in a 

periodic intensity under the particles. Intensity pattern using both 

transverse electric (TE) and transverse magnetic (TM) polarized 

light were simulated, and the non-polarized intensity contour is 

calculated by the average and depicted in Figure 3(a). The SEM 

images of the fabricated structure using the simulated conditions are 

illustrated in Figure 3(b). The colloids were not removed prior to 

development in this sample for a direct comparison with the 

simulation results, and can be seen still assembled on the final 

structures. The effect of the assembled particles on the underlying 

structures can be directly observed in the experimental results, which 

resulted in periodic 3D nanostructures in assembled regions. Edge 

diffraction effects can be observed for the regions without the 

colloidal particles, which results in complete photoresist exposure as 

shown in the fabricated structures. The FDTD model can be 

combined with a binary resist model to predict the resulting 

photoresist structure [38,39], as shown in the inset image, and agrees 

well with the fabricated structures.  

The patterned 3D nanostructures are governed by the Talbot effect, 

and can be controlled by the incident light wavelength and the 

Page 2 of 4Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 Nanoscale, 2012, 00, 1-3 | 3  

 
Figure 5. Theoretical and measured data for (a) lateral period vs. 

exposure wavelength and (b) normalized period vs.  . 

 

 
Figure 4. Fabrication results of micro channels consisting of 3D 

nanofabrication. (a) Top-view and (b) cross-section micrographs 

for   = 500 nm and   = 325 nm exposure. (c) Cross-section 

micrographs for   = 500 nm and   = 365 nm. (d) Cross-section 

and (e) top-view micrographs of   = 390 nm and   = 325 nm. 

 
particle diameters. The axial period of the structure is described by 

the Talbot distance [35,38], 

   
  ⁄

  √  (   ⁄ ) 
 

where   is incident light wavelength,   is the photoresist refractive 

index, and   is the lateral period of the particle assembly. For a 

hexagonal array of spherical particles with diameter  , the 

periodicity can be defined as    √  ⁄ . Therefore, the lattice 

parameters of the 3D nanostructure can be controlled by varying 

particle size and exposure wavelength. Note the design of the 

nanostructure is independent of the microscale template features.   

To examine the design of the nanostructure lattice parameters of the 

hierarchical 3D structures, various particle diameters and wavelength 

exposure configurations were used in conjunction with the 1D 

microscale template with ridge width of 1 μm and trench width of 4 

μm.  In this experiment, particles with   = 350, 390, and 500 nm 

were each exposed to UV light with wavelength   = 325, 365, and 

405 nm. Coherence is not required for lithography, and the light 

source for the two longer wavelengths is a bandpass filtered mercury 

lamp. The fabricated 3D hierarchical structures are illustrated in 

Figure 4 (additional results are shown in the Supplementary 

Information C).  
Figures 4(a) and 4(b) depict the top-view and cross-section 

micrographs, respectively, for the structures fabricated using D = 

500 nm and   = 325 nm, resulting in measured axial period    
     nm. The direction of the template is denoted by the arrow, and 

guides the alignment of the patterned 3D nanostructures, as observed 

in Figure 4(b). The porous nanostructures make up the larger 

microstructure channel, which has a width of 4 μm and is defined by 

the original template. The ripple effect observed on the sidewall is 

due to reflection of the UV light from the silicon substrate, and can 

be suppressed using antireflective coating.  

The structures shown in Figure 4(c) are fabricated using D = 500 nm 

and   = 365 nm, resulting in a shorter axial period         nm. 

These result indicate that various lattice parameters can be patterned 

using a single particle diameter by illuminating with different 

wavelength light to control the Talbot effect. Figure 4(d) and 4(e) 

depict cross-section and top-view micrographs, respectively, of the 

structure fabricated using D = 390 nm and   = 325 nm, which has a 

measured         nm. This result also indicates that the same 

wavelength exposure coupled with different particle diameters can 

also result in different lattice parameters. Note for all of the 

fabricated structures the larger microstructure is defined by the same 

template and maintains a constant width of 4 μm. These results 

demonstrate that the nanostructure lattice parameters and the larger 

microstructure can be independently controlled. The use of larger 

template geometries would increase the microstructure width but not 

the nanostructure, as shown in Supplementary Information D. 

The measured axial period of the fabricated structures can be 

compared with the theoretical Talbot distances for each particle size 

and exposure wavelength combination. Figure 5(a) plots the 

theoretical axial period as a function of exposure wavelength with 

the experimental data for particle diameters of 500, 390, and 350 nm 

(for detailed data see Supplementary Information C). 

The model and data agree well, indicating that the axial period is 

scaled by the particle diameter and can be designed over a finite 

range by selecting the exposure wavelength. The particle diameter 

effect can be removed by normalizing the axial period and 

wavelength by the lateral period to better examine the scaling 

relationships. Figure 5(b) illustrates the theoretical and experimental 

normalized axial period,    ⁄ , as a function of the dimensionless 

wavelength parameter      ⁄ . The data from different particle 
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diameters and exposure wavelengths agree well with the theoretical 

model, which exhibits an inverse relationship between the structure 

axial period and exposure wavelength. The measurement uncertainty 

and error for the data points ranged up to 5%, demonstrating a high 

level of control over the nanostructure lattice parameters.  

The colloidal particle sizes used for the experiments were chosen to 

have similar sizes to the exposure wavelength; however there is no 

theoretical constraint on particle sizes. The Talbot effect scales 

readily, and much larger or smaller structures can be fabricated using 

longer and shorter wavelength, respectively. In addition, the pattern 

and the template geometry can be arbitrarily chosen to control the 

larger microscale structure, and is the subject of future studies. 

Therefore, the many combinations of particle, light, and template 

parameters can be controlled to achieve precise control of the 

nanoscale and microscale features.  

In this work, we demonstrated a low-cost technique for fabricating 

complex hierarchical 3D micro and nanostructures using both “top-

down” and “bottom-up” methods. This process enables the 

patterning of 3D nanostructure in specifically designed regions 

through TDSA of colloidal particles. This approach allows for 

control of the microscale through template designing, while 

maintaining the ability to independently control the nanoscale 

features through specifying the particle sizes and exposure 

wavelength. The key mechanism of generating complex 3D 

structures using light interactions with template-directed colloidal 

arrays is scalable, low-cost, and does not require extensive hardware. 

While the present work focuses on polymer structures, other 

materials may be introduced by using conformal depositions 

techniques such as atomic layer deposition. The demonstrated 

hierarchical 3D structures can find potential applications in photonic 

circuits, micro/nanofluidics, and moisture harvesting devices. 
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