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  1.     Introduction 

 Three-dimensional (3D) nanostructures have received signifi -

cant research interests, and exhibit many unique properties 

such as photonic/phononic bandgaps, [ 1–4 ]  enhanced energy 

conversions, [ 5,6 ]  antirefl ection, [ 7,8 ]  and self-cleaning. [ 7,8 ]  One 

interesting subgroup of 3D nanostructures are hollow-core 

structures, where hollow nanoparticles and microneedles 

have been studied for drug delivery applications, [ 9–14 ]  spher-

ical nanoshells can be used for broadband light trapping in 

solar cells, [ 15 ]  and hollow metal structures have extensive 

applications in plasmonics and photonics. [ 16,17 ]  Another inter-

esting subgroup are tilted structures lacking mirror symmetry 

along one axis, which can induce anisotropic material prop-

erties. [ 18–34 ]  The well-known directional adhesion of gecko’s 

foot is enabled by the tilted arrangements of setae and 

spatula. [ 19 ]  The hierarchical groove-like structures on but-

terfl y wings exhibit anisotropic wetting, where water droplets 
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on the wing can only roll off away from the insect’s body 

while being pinned in the opposite direction. [ 20 ]  

 These bio-inspired principles have led to considerable 

research on fabrication techniques to engineer artifi cial bio-

mimetic nanostructures. Gecko foot-like structures have been 

realized using directional reactive-ion etching (RIE) and soft 

lithography, [ 21,22 ]  directed growth of carbon nanotubes, [ 23 ]  

and electron/ion beam bombardments. [ 24,25 ]  Engineered 

slanted surface structures with anisotropic wetting proper-

ties have been achieved using oblique-angle microlithog-

raphy, [ 26,31–33 ]  mechanical deformation, [ 27 ]  and holographic 

lithography, [ 28 ]  and structures with more complex symmetry 

can be achieved by using multiple exposures and elastocapil-

lary self-assembly. [ 29,30,34 ]  While these existing techniques can 

enable slanted microstructures, controlling geometry other 

than tilt angle can be diffi cult. In addition, these techniques 

are all limited to solid structures, and tilted hollow-core 

structures have not been realized. 

 In another approach, colloidal particles have shown 

promise as a facile nanofabrication technique, where they 

can be used as elementary elements for self-assembly sys-

tems. [ 35–38,46 ]  Colloidal elements can also be integrated in 

planar micromachining processes, where they are used as 

physical masks for additive, [ 39–41,46 ]  subtractive, [ 42,46 ]  and rep-

lication processes. [ 43–45 ]  Colloidal particles can also be used 

for optical lithography to pattern 2D nanostructures without 
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any external hardware. [ 47–51 ]  Beyond 2D patterning, we have 

recently demonstrated that close-packed colloidal arrays can 

also be used to fabricate periodic 3D nanostructures with 

tunable lattice parameters, [ 52 ]  and particle light scattering can 

be employed to fabricate hollow-core “nano-volcanoes.” [ 53 ]  

By harnessing the optical interaction with colloidal elements, 

complex 3D structure can be patterned at extremely low cost. 

 In this work, we demonstrate a 3D nanolithography tech-

nique using multiple oblique illuminations of colloidal par-

ticles to make hollow-core asymmetric nanostructures. The 

particle-light interaction results in complex intensity patterns, 

which can be used to expose underlying photosensitive mate-

rials. Multiple sequential exposures in various confi gurations 

can be used to sculpt the fi nal structure and enable more 

complex symmetry. The proposed method allows the design 

of 3D structure with additional fabrication parameters, such 

as incident angle, polarization, dose, and exposure confi gura-

tions. The light scattering is chosen in Mie scattering regime 

( D  ∼  λ ), where the scattering pattern has alternating bright 

and dark lobe-like angular distribution with high intensity 

contrast. In this regime the pattern is highly sensitive to the 

particle size to wavelength ratio, enabling high diversity of 

fabricated nanostructures. The proposed process relies solely 

on particle-light interactions, and does not require complex 

hardware often seen in existing 3D nanolithography systems 

such as electron-beam/focused-ion beam, [ 54 ]  interference/

holographic, [ 55 ]  and multi-photon lithography. [ 56–58 ]  Since the 

scattering mechanisms do not rely on coherence, lasers are 

not required and any narrowband light source can be used. 

Harnessing the particle-light interactions also enable novel 

local scattering patterns, and expands on the use of colloidal 

elements beyond self-assembly systems. The particles are 

assembled directly on the photoresist surface, ensuring inti-

mate contact between the colloidal particles and the photore-

sist. Isolated colloidal particles are the focus of this work, but 

the proposed method can also be applied to multiple parti-

cles, non-spherical colloids and their assemblies to fabricate 

exotic nanostructures. [ 59,60 ]  Plasmonic interaction using metal 

particles to fabricate subwavelength surface features is also 

of interest, and it is currently under investigation. 

 The proposed fabrication method of slanted nanostruc-

tures is shown in  Figure    1  , where light scattering intensity 

pattern generated by oblique illumination of a single nano-

sphere is recorded by underlying photosensitive resist. Using 

a positive resist, consecutive exposures can be used to remove 

material and sculpt the fi nal geometry. The oblique exposure 

is at angle  θ , as shown in Figure  1 (b), and can be controlled 

to yield various scattering patterns. A cross section of the 

3D intensity pattern from the fi nite difference time domain 

(FDTD) simulation using transverse-magnetic (TM) polar-

ized illumination at  θ  = 40°,  λ  = 325 nm, and  D  = 390 nm is 

shown in Figure  1 (a). [ 61 ]  In this confi guration the electric fi eld 

is aligned along the plane of incidence under TM polarized 

illumination, while being orthogonal to the plane of incidence 

under transverse-electric (TE) polarized illumination. The 

intensity pattern in the resist shows distinct lobe-like angular 

variations with a highly focused central lobe and multiple 

side lobes. The lobes closest to the central lobe are defi ned as 

fi rst side lobes, the second closest as second side lobes, and so 

on. Compared with the normal illumination case, [ 53 ]  the scat-

tering system loses symmetry within the plane of incidence, 

and the magnitude and distribution of the oblique scattering 

intensity pattern are largely altered. As a result, the oblique 

scattering pattern cannot be regarded as a pure rotation of 

the normal scattering pattern. The repeatability of the pro-

posed technique can be ensured by controlling lithography 

parameters such as wavelength, particle diameters, illumina-

tion confi guration, and exposure dose, which can be precisely 

controlled.   

  2.     Results and Discussion 

 The fabricated slanted hollow 3D nanostructures are shown 

in the scanning electron microscope (SEM) images depicted 

in  Figure    2  . The exposures were conducted using a 325 nm 

wavelength laser and 390 nm diameter polystyrene nano-

spheres. The fi rst row illustrates the side views of the fab-

ricated structures under TM-polarized illumination with 

incident angles  θ  = 20°, 30°, 45°, and 70°. The corresponding 

cross-sectional views are displayed in the second row, indi-

cating the hollow cores of the structures. The third row illus-

trates the side views of the nanostructures fabricated under 

TE-polarized illumination with incident angles  θ  = 30°, 45°, 

60°, and 70°. The inset in each image is the simulated nano-

structure using FDTD simulation and binary resist model 

(for details see Supplementary Information A). In the TM 

case, highly focused central lobe generates slanted nano-

structures with hollow chambers, which are enclosed by com-

plete shells formed by the fi rst side lobes. Shells formed by 

the second or higher order side lobes are usually broken due 

to mechanical instability, as observed in the  θ  = 20° and 30° 

cases. When  θ  = 45°, the second shell is preserved, forming a 

double-shell slanted nanostructure, while when  θ  = 70°, the 

fi rst and second side lobes on the left merge to form a thick 

wall, and the second shell collapsed on the right. The struc-

tures from high incident angles ( θ  ≥ 45°) are more slanted 

than those from low incident angles owing to the effects of 
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 Figure 1.    Fabrication process of hollow asymmetric 3D nanostructures 
using oblique light illumination of a colloidal nanoparticle. (a) FDTD 
simulation illustrating a cross-section of the scattering intensity pattern 
produced by TM-polarized UV light at 40° and a single polystyrene 
nanosphere. Red and white contours indicate high and low intensities, 
respectively. (b) The intensity pattern is recorded by an underlying 
photoresist layer on top of an ARC layer. Multiple oblique illuminations 
can be used to pattern complex structure symmetry.
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second side lobes. The exposure dose can greatly affect struc-

ture dimensions in oblique illumination, and the strategy for 

determining proper exposure dosage can be found in Supple-

mentary Information B.  

 The structure from TM polarization and  θ  = 30° is of par-

ticular interest. It consists of a sharp tip with radius of curva-

ture of ∼90 nm, a hollow chamber with small volume, and an 

opening on the side, resembling a nanoscale needle. This type 

of structure may fi nd applications in transdermal and inter-

cellular drug delivery with precise dose control. The nano-

structures typically have less geometry variety in TE cases 

as opposed to TM, because the electric fi eld is orthogonal to 

the plane of incident and does not change direction for dif-

ferent incident angles. There is a single sharp feature on the 

incidence side while the features are broken on the opposite 

side, as in Figure  2 (i) and (j) or preserved, as in Figure  2 (k) 

and (l). 

 The sidewall and center hole angles with respect to 

incident angle are analyzed for the slanted nanostructures 

fabricated from TM-polarized cases, as shown in  Figure    3   

(see Figure S3 in Supplementary Information C for images 

of additional fabricated structures used in this analysis). 

The center hole angle  β c   is defi ned as the angle between 

the normal axis of the hole and the horizontal plane, and the 

sidewall angles  β L   and  β R   are the inner angles of the left and 

right sidewalls, respectively. Subscripts “1” and “2” denote 

the sidewalls determined by the fi rst and second side lobes, 

respectively. If  β L  < β R   ,  as the case depicted in the schematic, 

the structure is slanted towards right, and vice versa if  β L  > β R  . 
The analysis is based on incidence from the right, resulting 

in the structure slanted towards right and  β L  < β R   for both 

fi rst and second shells. Starting from equal sidewall angles at 

normal incidence, the left sidewall angle decreases while the 

right one increases with increasing incident angle, indicating 

more slanted left sidewalls. The fi rst shell always exists for 

the entire 70° incidence range while the second shell appears 

after 45° due to the angular function of the scattering pattern. 
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 Figure 2.    Micrographs of the fabricated asymmetric slanted hollow 3D nanostructures using TE and TM-polarized 325 nm illuminations and a 
390 nm diameter nanosphere. (a)-(d) Incident angle  θ  = 20°, 30°, 45°, and 70° and exposure doses of 110 mJ cm −2 , 135 mJ cm −2 , 110 mJ cm −2 , 
and 290 mJ cm −2 , respectively, under TM polarized illumination. (e)-(h) Corresponding cross-sections of (a)-(d). (i)-(l) Incident angle  θ  = 30°, 45°, 
60°, and 70° and exposure doses of 150 mJ cm −2 , 163 mJ cm −2 , 268 mJ cm −2 , and 435 mJ cm −2 , respectively, under TE polarized illumination. The 
inset diagrams show the corresponding simulated nanostructures using FDTD method and a binary resist model.

 Figure 3.    Sidewall angle and center hole angle analysis of the slanted 
nanostructure with respect to illumination incident angle. The samples 
are fabricated using TM-polarized 325 nm illumination and a 390 nm 
diameter nanosphere. The angles are defi ned in the schematic between 
the outer surface and the horizontal plane. The experimental data 
agrees well with theoretical models using FDTD and Snell’s law.
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The second shell angles are lower than the fi rst shell angles 

on the same side, meaning increased obliqueness of the out-

ermost surface of the nanostructure. This behavior is unique 

because of the existence of higher order side lobes in the 

scattering intensity pattern, compared to the oblique micro-

lithography which adopts the non-diffractive shadowing 

effect. [ 31–33 ]  The center hole angle closely follows Snell’s law 

when ignoring the nanosphere for both FDTD simulation 

and experiments, indicating the particle has negligible effect 

on the center hole angle.  

 Various types of nanostructures can be achieved by using 

different sphere sizes, since scattering effect is sensitive to 

the particle diameter in the Mie regime. Two examples are 

depicted in  Figure    4   with 500 nm diameter nanospheres 

at 45° and 60° TM incidence. The structures are hollow, 

but the surface morphologies are different from the ones 

in Figure  2  due to different scattering intensity patterns. 

Additional single exposure results using 760 nm and 1 µm 

diameter spheres can be found in Figure S4 of Supplemen-

tary Information C. Other geometries can be achieved by 

varying exposure wavelength, particle geometry such as non-

spherical colloids, and particle material such as metal and 

silica particles.  

 The use of multiple illuminations is also explored to create 

3D structures with more complex symmetry. Analogous to a 

sculpting knife carving away materials, the exposure intensity 

profi les are compounded to shape the fi nal structure. The fi rst 

experiments are based on coplanar double exposures, where 

the fi rst and second illuminations are arranged in the same 

plane of incidence with mirror symmetry, 

as depicted in  Figure    5  (a). Figure  5 (b) and 

(c) illustrates the top- and side-view micro-

graphs of the fabricated structures using 

TM polarization at 30° and 50° incidence, 

respectively. The results from TE polariza-

tion using the same exposure conditions 

are shown in Figure  5 (d) and (e). Each 

set of result shows a twin slanted hollow 

nanostructures with mirror symmetry, a 

direct result of the lithography conditions. 

The structural heights are shorter than the 

original photoresist thickness because the 

energy summation of the two scattering 

intensity pattern resulted in lower expo-

sure contrast in the overlapped region. 

As observed in Figure  5 (b) and (c), the 

fi rst shell exists for both cases while the 

second shell only appears in 50° incidence 

case, agreeing with the analysis in Figure  3 . 

Sharper features are created using TE 

polarization, as shown in Figure  5 (d) 

and (e). The sculpting effect is evident in 

Figure  5 (d), where the second exposure 

carves the initial hollow structure into fi ve 

symmetric nanoneedles with radii of cur-

vature in the range of 30–40 nm. In this 

case the two scattering intensity minima 

are aligned to defi ne the sharp tips. This is 

in contrast to the 50° case in Figure  5 (c), 

where the intensity profi les overlap to a lesser degree and the 

resulting structures closely resemble the single exposure case.  

 The double exposure can be further generalized 

by adjusting the in-plane azimuth angle  φ , as shown in 

 Figure    6  (a). In this confi guration, the two exposures have 

the same incident angle but are in different incident planes. 

Figure  6 (b)-(e) show the fabricated nanostructures with var-

ying incident and azimuth angles for different polarizations 

and sphere sizes. Once azimuth angle is not 180°, a small inci-

dent angle change can result in signifi cant structural change. 

In Figure  6 (b), sharp nanoneedles are again fabricated with 

one central needle missing using TM polarization compared 

to the one using TE polarization in Figure  5 (d). In Figure  6 (c), 

the structure is different from the one in Figure  6 (b), showing 

a connected twin slanted hollow nanostructure despite the 

small incident angle difference of 15°. Connected twin struc-

tures are also seen in the TE case with incident angle of 

45° and azimuth angle of 90° in Figure  6 (e) with joint sharp 

tips. Separate tips are also possible by slightly increasing the 

exposure dose (see Figure S5(e) in Supplementary Informa-

tion C). The simultaneous changes of sphere size and azimuth 

angle also alter the structure dramatically when one com-

pares the results using 500 nm diameter spheres and  φ  = 120°, 

as shown in Figure  6 (d), with the ones using 390 nm diameter 

spheres and  φ  = 135°, as shown in Figure  6 (c). No connection 

structures are present in the former case, but instead there 

is a separate hook-like structure in the middle. Additional 

fabrication results using double illuminations can be found in 

Figure S5 of Supplementary Information C.  
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 Figure 4.    Micrographs of the fabricated asymmetric hollow 3D nanostructures using 
TM-polarized 325 nm illuminations and a 500 nm diameter nanosphere. The (a) side and 
(b) top views of the nanostructure fabricated at incident angle  θ  = 45° and exposure dose of 
150 mJ cm −2 . The (c) side and (d) top views of the nanostructure fabricated at incident angle 
 θ  = 60° and exposure dose of 200 mJ cm −2 . The inset diagrams show the corresponding 
simulated nanostructures using FDTD method and a binary resist model.
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 Triple and quadruple illuminations were also conducted, 

as shown in  Figure    7  . In these experiments, the three or four 

sequential exposures are arranged symmetrically with con-

stant angle offset in reference to the sphere. The structures 

from triple exposures result in three-fold symmetry, and do 

not show signifi cant differences between TM and TE polari-

zations, as shown in Figure  7 (a) and (b), respectively. The 

slightly higher exposure dose in one of the three exposures is 

evident in the different constituent structures in Figure  7 (a). 

The results from quadruple exposures using TM polarization 

show four-fold symmetry, as shown in Figure  7 (c)-(d). For a 

390 nm diameter sphere, the four hollow structures by each 

exposure are connected to form a cross-like nanostructure 
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 Figure 5.    Micrographs of the nanostructures from sequential coplanar 
double exposures using 325 nm linearly polarized illuminations 
and a 390 nm diameter nanosphere. (a) Schematic of the exposure 
confi guration. Side and top views of the nanostructures fabricated 
at (b)  θ  = 30°, exposure dose of 135 mJ cm −2  under TM exposures; 
(c)  θ  = 50°, exposure dose of 150 mJ cm −2  under TM exposures; (d)  θ  = 
30°, exposure dose of 130 mJ cm −2  under TE exposures; (e)  θ  = 50°, 
exposure dose of 165 mJ cm −2  under TE exposures.

 Figure 6.    Micrographs of the nanostructures from sequential 
noncoplanar double exposures using 325 nm linearly polarized 
illumination. (a) Schematic of the exposure confi guration. Side and 
top views of the nanostructures fabricated at (b)  θ  = 30°,  φ  = 135°, 
 D  = 390 nm, exposure dose of 132 mJ cm −2  under TM exposures; 
(c)  θ  = 45°,  φ  = 135°,  D  = 390 nm, exposure dose of 125 mJ cm −2  under 
TM exposures; (d)  θ  = 45°,  φ  = 120°,  D  = 500 nm, exposure dose of 
125 mJ cm −2  under TM exposures; (e)  θ  = 45°,  φ  = 90°,  D  = 390 nm, 
exposure dose of 151 mJ cm −2  under TE exposures.
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with four more holes in the central region, as shown in 

Figure  7 (c). For a 500 nm diameter sphere, the four hollow 

structures are separate and surrounded by a second shell, as 

shown in Figure  7 (d). Note that the different geometries in 

Figure  7 (c) and (d) are mainly due to the different sphere 

sizes, resulting in the dramatic change of the scattered light 

distributions, which is characteristic of Mie scattering. These 

structures may fi nd applications in resonant photonic struc-

tures. More complicated structures can potentially be ena-

bled by additional illuminations. However, the number of 

exposures is limited by contrast degradation, which can lead 

to structure collapse. The reduction in exposure contrast also 

led to rougher surface morphology, which can be readily 

observed in structures fabricated using triple and quadruple 

exposures.  

 In our experiments, the exposures are applied sequen-

tially so that the resultant structures are from the incoherent 

energy summations of the multiple scattering patterns. Inter-

ference effects using lasers can be exploited using simulta-

neous multiple-beam exposures that are mutually coherent. 

The coherent multiple illuminations are also expected to pre-

vent contrast degradation, a limiting factor in incoherence 

multiple exposures. The multiple exposure confi gurations 

can also be further adjusted, such as varying sequential expo-

sure doses, polarizations and incident angles of the individual 

exposures to further induce asymmetry. In this work the 

particle diameters were selected to be near the illumination 

wavelength of 325 nm to generate complex intensity patterns 

in the Mie scattering regime. Much larger and smaller parti-

cles can also be illuminated using light with corresponding 

wavelengths to obtain scaled versions of the demonstrated 

structures. Thus, there are many possible combinations of 

these confi gurable parameters, and the demonstrated struc-

tures are a limited subset of the proposed technique. 

 The fabrication of slanted nanostructure in a periodic 

array was investigated to examine its macroscopic mate-

rial properties. In this process, close-packed polystyrene 

microsphere arrays were reduced into non-close-packed 

hexagonal lattice using isotropic oxygen plasma etching. [ 62 ]  

Upon 325 nm TM-polarized illumination at incident angles 

of 30° and 60°, two slanted nanostructure arrays were fab-

ricated, as shown in  Figure    8  . Only the fi rst shell exists for 

both cases while the second shell collapses due to the inter-

ference effect between neighboring scattering patterns. It 

is important that the spacing between the particles must be 

suffi ciently large so the scattering patterns from adjacent 

spheres do not overlap, which can result in structures with 

porous side walls. The structure spacing can also be increased 

by using larger spheres; however this requires longer etching 

which can result in non-spherical particles for illumination. 

The structure array was fabricated over an area of ∼15 mm 2 , 

and structure collapse due to particle assembly defects can 

be observed. Wetting properties of the slanted 3D nanostruc-

ture arrays were tested by measuring static contact angles in 

different directions in Supplementary Information D. The 

slanted 3D nanostructure arrays also have potential applica-

tions in drug delivery and nanoscale inkjet printing. [ 9–14,63–65 ]    

  3.     Conclusion 

 In this work, we have demonstrated the fabrication of asym-

metric 3D hollow nanostructures using multiple oblique light 

illuminations on individual colloidal elements. The proposed 

method is based on particle-light interactions in close prox-

imity, and does not require complex setup such as precision 

optics, lasers, and other hardware. The oblique illumination 

approach introduces more parameters to harness the light 

scattering intensity patterns, which can be controlled by 

tuning the particle sizes, incident angles, polarizations, and 

exposure confi gurations. Sidewall and center hole angles can 

be designed with good agreements between experimental 

data and theoretical models. Multiple illuminations can also 

be employed to overlay the scattering profi le, resulting in 
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 Figure 7.    Micrographs of nanostructures fabricated under (a,b) triple 
and (c,d) quadruple symmetric exposures at incident angle  θ . Side and 
top views of the nanostructures fabricated at (a)  θ  = 45°,  D  = 500 nm, 
exposure dose of 120 mJ cm −2  under TM exposures; (b)  θ  = 45°,  D  = 
500 nm, exposure dose of 138 mJ cm −2  under TE exposures; (c)  θ  = 50°, 
 D  = 390 nm, exposure dose of 110 mJ cm −2  under TM exposures; (d)  θ  = 
45°,  D  = 500 nm, exposure dose of 115 mJ cm −2  under TM exposures.
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more complex symmetries. Additional illumination confi gu-

rations, such as exposure wavelength and coherence illumina-

tion can be included to further tailor the fabricated geometry. 

The slanted structures can also be fabricated in an ordered 

periodic array, which can fi nd applications in nanoneedles for 

nanomaterial delivery, nanonozzles for nanoink printing, and 

engineered surfaces with anisotropic wetting properties.  

  4.     Experimental Section 

  Sample Preparation : In all experiments the samples were pre-
pared on silicon substrates. A layer of antirefl ection coating (ARC 
i-CON-16, Brewer Science, Inc.) was used to reduce substrate back 
refl ection. The antirefl ection coating thickness is 95 nm to mini-
mize refl ection from 325 nm wavelength normal incidence light. 
Positive photoresist (Sumitomo PFi88A7) was spincoated on the 
ARC layer. The thickness of the photoresist layer should be thick 
enough to capture the scattering pattern and depends on the 
choice of particle size. However, the thickness is limited by the 
photoresist material absorption, as light intensity decays expo-
nentially into the material. For all experiments, 1 µm thickness 
was used. Monodispersed polystyrene spheres with diameters of 
390 nm and 500 nm (Polyscience Polybead Microspheres in 2.5% 
aqueous solution) were used as scattering objects in the experi-
ments. The solution was spincoated on the photoresist sample 
to assemble into isolated spheres. Before spincoating, the pho-
toresist sample is dipped into the developer solution (Microposit 
MF-CD-26) for a few seconds and then immersed in DI water. After 
treatment, the photoresist surface becomes hydrophilic to sus-
tain a water fi lm to facilitate the spreading of nanospheres during 
assembly. The particle solution is diluted to 0.1% and spincoated 
at 1000 rpm to obtain isolated particle assemblies. 

 Lithographic exposures were performed using a linearly polar-
ized 325 nm HeCd laser. After exposing the samples with doses of 
100–450 mJ cm −2 , the nanospheres were removed by ultrasonic 
agitation. The exposed samples were then developed in tetrameth-
ylammonium hydroxide (TMAH, 2.4%) developer solution (Micro-
posit MF-CD-26) for 1–2 min. The samples were characterized 
using top-view and cross-section-view scanning electron micro-
scope (JEOL 6400F) at 5 KeV. The cross sections of individual nano-
structures were obtained by cleaving the samples using a diamond 
scribe. The (100) silicon substrates used prefer to cleave along 

crystalline planes, creating a clean cross sec-
tion for SEM characterization. The structures 
shown broke along the center line by chance, 
which routinely occurs since there are many 
nanostructures within a sample. The wetting 
properties of the fabricated structures were 
characterized using a contact angle goni-
ometer (Ramé-Hart Instrument Co., Model 
200-F1). 

  Simulation and Modeling : The colloidal-
light scattering intensity distribution in the 
photoresist was modeled using fi nite-differ-
ence time-domain (FDTD) methods. A binary 
photoresist model was used to predict the 
resulting structures, where any volume above 
a threshold dose was completely removed. 

The geometries of the simulated structures are then quantitatively 
analyzed in Matlab. The predicted models are depicted as inset 
diagrams with their corresponding fabrication results. For more 
details on simulation setup and binary resist model, see Supple-
mentary Information A.  
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