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ABSTRACT

The cost-effective manufacturing of metasurfaces over large areas is a critical 

issue that limits their implementations. Microsphere photolithography (MPL) uses a 

scalable self-assembled microsphere array as an optical element to focus collimated light 

to nanoscale photonic jets in a photoresist layer. This dissertation investigates the 

fabrication capabilities, process control, and potential applications of MPL. First, the 

MPL concept is applied to the fabrication of metasurfaces with engineered IR absorption 

(e.g. perfect absorption with multiband/broadband and wavelength/polarization 

dependences). Improving the patterning of the photoresist requires a fundamental 

understanding the photochemical photonic jet interactions. The dissertation presents a 

model of the MPL process with a cellular automata algorithm to simulate the 

development process. The model accurately predicts the size and shape of the features 

generated from MPL. It enables the identification of fabrication conditions to improve 

the resolution for the MPL process. Finally, the dissertation discusses the potential for a 

reusable microsphere array. Control of the contact forces is critical for minimizing the 

gap in between the microsphere array and the substrate and maintaining the consistent 

performance. Overall, the dissertation provides a foundation for understanding the 

process-structure-performance relationships for the fabrication of metasurfaces using 

microsphere photolithography. The use of the MPL for the fabrication of metasurfaces, 

with application such as sensing and thermal management, is novel as is the modeling of 

the MPL process.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND

Metamaterials are composite structures that create extraordinary responses. 

Metasurfaces are two-dimensional metamaterials composed of networks of 

subwavelength of antenna elements. Over the past decade, there has been extensive 

research interest in the development of optical/infrared metasurfaces [1]. Many design 

concepts can be adapted from frequency selective surfaces (FSS) applied in radio 

frequency. FSS application in radio/microwave frequencies begins in 1960s and was 

applied as hybrid radome, band-pass filters, circuit analog absorbers, etc. [2]. The ability 

to control the interaction between radiation and the surface can be scaled from 

radio/microwave to infrared and optical frequencies. The critical difference is that the 

feature sizes scale with wavelength, which shrink from millimeters to less than a 

micrometer at visible/near infrared wavelengths. The size-shrink brought more 

applications for infrared spectrum including sensors [3], daytime radiative cooling [4], 

and enhancing the performance of direct energy conversion devices such as 

thermophotovoltaic emitters [5]. The achievement of size reduction requires a dramatic 

change in fabrication processes. The goal of this study is to create functional infrared 

metasurfaces in a scalable and cost-effective way.

There are certain fabrication requirements of infrared metasurfaces: feature 

size/distribution, device area, fabrication efficiency in terms of both cost and time, etc. 

Conventional photolithography applied in integrated circuit (IC) manufacturing is one of



the choices. The conventional UV light source suffers with the diffraction limit; the 

photomask used in the process is rigid and expensive. An alternative approach is 

Nanoimprint Lithography (NIL). Roll-to-roll NIL has also been demonstrated for 

patterning IR metasurfaces for filters and photovoltaics [6], NIL process also requires an 

expensive mask, which is usually patterned with Electron Beam Lithography (EBL) and 

Reactive Ion Etching (RIE). Two significant obstacles to the industrial implementation 

of the process are the expense of the mask (nanoscale features must still be patterned 

using EBL and the roller mask is still subject to wear) and the expense of metallization 

(high vacuum metal deposition).

Some maskless techniques such as EBL [7] and focused ion beam (FIB) milling 

[8] are options for fabrication of resolution as small as sub-10 nm. However, these 

techniques are not efficient as cost and time, especially for mass productions.

Interference lithography [9] is another photolithography technique that exploits 

interference by mirror interferometer for patterning. However, interference lithography is 

very sensitive to displacements, and large area patterning requires laser beams of very 

good homogeneity. This raises issues when applied to large areas and in high throughput 

approaches such as roll-to-roll fabrication.

Colloidal particles were first used for lithography since the early 1990s. 

Nanosphere Lithography (NSL) is used to generate plasmonic structures in the visible 

and near-IR [10-11], A self-assembled Hexagonal Closed Packed (HCP) particle array 

acts as a physical shadow/etch mask, and the nanopattem through the interstitial locations 

in the lattice can be transferred on or through substrate. However, as the nanospheres 

cannot be recollected in the NSL process, it is unlikely to be used for large-scale

2
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nanomanufacturing problems. The alternative of using microspheres as shadow masks is 

to use them as optical elements, as Microsphere Photolithography (MPL). In this 

technique, the microspheres are in contact with the photoresist layer and focus incident 

light to photonic jets with FWHM of as small as X/3 [12]. This is a result of both 

evanescent and propagating fields that allow the subwavelength photonic jet to extend 

more than X into the photoresist [13]. Previous work on demonstration of exploiting 

photonic jets for patterning by Mohseni’s group are shown in [14-18].

Numerical simulation is an important aspect in photolithography research. The 

exposure and development procedures can be optimized by the simulation results, which 

enables the creation of smaller features. The key for predicting the resist profile is to 

determine the intensity distribution of the light inside the photoresist. In the exposure 

kinetics, the UV illumination decomposes the photoactive compound (PAC) inside the 

photoresist; this results in a relative concentration of the PAC to the original state. The 

development rate is highly depend on the concentration of the PAC based on Original 

Mack model [19]. Thus, the resist profile can be obtained combining the development 

rate matrix and etching algorithms. Common algorithms used for development 

simulations for positive photoresist reported are cell-removal, ray tracing, string models, 

and linear weight method [20-21].

1.2. RESEARCH OBJECTIVES

The main objective of this dissertation is to describe the fabrication capabilities of 

microsphere photolithography for infrared metasurfaces. With the modeling of the MPL,



the fabrication conditions for metasurfaces with particular designs can be predicted and 

optimized. The dissertation contains six papers on three research topics.

The first research topic focuses on the creation of functional infrared metasurfaces 

with various designs using microsphere photolithography, including Papers I-IV. Paper I 

demonstrates the fabrication and characterization of a basic Metal-Insulator-Metal (MIM) 

perfect absorber metasurface with A1 disks as the top layer. The dependency of the 

diameter of the A1 disks on the exposure dosage will be shown. The tunable perfect 

absorber metasurfaces in mid-wave infrared spectrum varied with the diameter o f the 

disks will be proved as well. Paper II introduces the ability of MPL to fabricate 

complicated micron-scaled antenna elements by off-normal incidence illuminations. The 

key point in this study is the discussion on the relationship between the offset of the 

feature to the center of the sphere scales with the illumination angle and the size of the 

microsphere. This fabrication mle enables the fabrication of infrared metasurfaces with 

complicated designs such as split-ring resonator and tripole elements. Papers III and IV 

discuss the designs for expanding the absorption bandwidth and achieving polarization 

dependences of the metasurfaces created by microsphere photolithography. Paper III 

mainly discusses the design and fabrication of dual-band absorption of metasurfaces 

using MPL by coupling with additional MIM resonator. Paper IV talks about the design 

of broadband absorption by coupling the resonances of the MIM cavity the SiCh phonon 

mode. The polarization dependence of the metasurfaces is designed as well by dipole 

elements. Both papers will show the hierarchical patterning abilities of MPL as well.

Modeling and simulation of the MPL process is the second research topic in this 

dissertation, as shown in Paper V. This paper introduces the modeling of the

4



development process for predictions of the size and shape of the features generated from 

MPL. The specialty in MPL comparing to conventional photolithography simulations is 

energy distribution inside the photoresist caused by the photonic jet. The distinctive 

energy distribution affects the flow rate and route of the developer, and eventually the 

feature is formed inside the photoresist based on the development procedure. The model 

will be experimentally validated for three major process parameters: exposure dosage, 

thickness of photoresist, and development duration. The verified model helps with 

determining the fabrication conditions for obtaining sub-100 nm features. Finally, the 

ability of the simulation for off-normal incident illuminations will be discussed by the 

demonstration of the creation of split-ring resonators.

One drawback of MPL in aforementioned papers is that the microspheres are not 

reusable. In those papers, the microspheres were directly deposited onto the photoresist 

and washed away during development. The third research topic focuses on the method to 

reuse the microspheres—mask-based microsphere photolithography (Paper VI). The key 

to this research is to have a conformal contact of a microsphere mask to the photoresist 

while the sphere mask is not wearing out after contacts. Good consistency of the 

absorption behavior of the perfect absorber metasurfaces is expected by improving the 

contact o f the flexible substrates and a flexible sphere mask using the weight system.

The result means to provide foundation for roll-to-roll fabrication with microsphere 

photolithography.
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PAPER

I. POLYCRYSTALLINE METASURFACE PERFECT 
ABSORBERS/EMITTERS FABRICATED USING MICROSPHERE

PHOTOLITHOGRAPHY

Chuang Qu and Edward C. Kinzel

Department of Mechanical and Aerospace Engineering,

Missouri University of Science and Technology, Rolla, MO, 65409, USA

ABSTRACT

Microsphere photolithography (MPL) is a practical, cost-effective nanofabrication 

technique. It uses self-assembled microspheres in contact with the photoresist as 

microlenses. The microspheres focus incident light to a sub-diffraction limited array of 

photonic jets in the photoresist. This letter explores the MPL technique to pattern metal- 

insulator-metal metasurfaces with near-perfect absorption at mid-wave infrared (MWIR) 

frequencies. Experimental results are compared to electromagnetic simulations of both 

the exposure process and the metasurface response. The microsphere self-assembly 

technique results in a polycrystalline metasurface; however, the metal-insulator-metal 

structure is shown to be defect tolerant. While the MPL approach imposes geometric 

constraints on the metasurface design, once understood, the technique can be used to 

create functional devices. In particular, the ability to tune the resonant wavelength with 

the exposure dose raises the potential of hierarchical structures.

Keywords: Nanolithography; Metamaterials; Nanostructure fabrication; Absorption; 

Subwavelength structures, nanostructures.



Metasurfaces have significant potential for controlling the way that structures 

interact with light. This allows the surface radiative properties to be engineered, in turns 

controlling radiation heat transfer to/from the surface. The radiative properties are a 

function of the geometry of the sub-wavelength antenna elements that constitute the 

metasurface. For example, a metal-insulator-metal metasurface can be designed to 

achieve near-unity absorption over a narrow spectral band. These perfect absorber 

structures have been demonstrated for frequencies ranging from microwave [1], to visible

[2]. At infrared wavelengths, they have applications such as sensors [3-5], selective 

thermal emitters for energy harvesting (thermophotovoltaics) [6] and thermal transport 

control [7]. The infrared (IR) region is of particular relevance because it corresponds to 

the spectral region where the majority of energy is emitted from terrestrial sources.

The metal-insulator-metal configuration allows for impedance matching to free- 

space at discrete frequencies. Various patterns for perfect absorbing infrared 

metasurfaces have been proposed and studied. Different patterns provide varying degrees 

of field concentration and different quality factors. However, economically patterning the 

nanoscale geometry of an IR metasurface over area scales relevant to practical 

applications remains a significant challenge. For thermal transport, this can mean 

precisely patterning features as small as 200 nm over m2 areas. The expense of this has 

limited the use of visible and IR metasurfaces to laboratory demonstrations.

For laboratory-scale fabrication, patterning is typically accomplished using the 

various top-down lithography techniques developed for semiconductor fabrication, such 

as e-beam lithography (EBL) [3—5,7], focused ion-beam milling (FIB) [8], X-ray 

lithography (XRL), projection optical lithography with steppers, nanoimprint lithography

7



(NIL) [6,9], and interference lithography [10]. While suitable for prototypes, EBL and 

FIB have low throughput, and per area costs exceed $1 million/m2.

Bottom-up techniques, which are based on a self-assembled mask, are, on the 

other hand, particularly appealing for metasurface applications because of significantly 

lower fabrication costs on a per-area basis and the potential to pattern non-planar 

substrates. A number of bottom-up techniques have been realized for creating 

metasurfaces. These include nanosphere lithography (NSL) [11] or colloidal lithography 

[12,13]. In these techniques, a self-assembled microsphere array serves as a shadow 

mask during direction evaporation. An alternative technique, microsphere 

photolithography (MPL), was proposed by the Mohseni group [14-17], This uses flood 

illumination of self-assembled microsphere arrays to focus sub-diffraction- limited 

photonic nanojets into photoresist. Conceptually, it is related to nanoparticle lens 

lithography (NLL) [18] using micro- spheres for laser ablation, and also to nanosphere 

photolithography (NSPL), using nano-level diameter spheres [19].

The various microsphere self-assembly techniques are capable of sub-100-nm 

features with periodicities determined by the diameter of the microspheres [16]. This 

imposes constraints on the metasurface design. The flexibility of these techniques can be 

increased by incorporating a number of off-axis approaches, directional evaporation [20], 

or illumination [17], to permit more complex metasurface elements to be patterned. 

Another significant issue is that despite recent advances for creating self-assembled 

single-crystal 2D microsphere monolayers, most self-assembled arrays are often 

polycrystalline. This microstructure is transferred to the patterned metasurface and 

differs from conventional top-down patterning approaches yielding single-crystal

8



patterns. There is limited work characterizing metasurfaces in the presence of 

microstructure defects such as grain boundaries, vacancies, dislocations, and locally 

misshaped features.

This Letter explores microsphere photolithography for patterning simple metal- 

insulator-metal (near) perfect metasurface absorbers at mid-wave infrared (MWIR) 

frequencies. It shows that the resonant wavelength for the metasurface can be adjusted by 

controlling the illumination dose with an average absorptance of greater than 0.95 over 

the 3.6-5.9 pm band. The resulting metasurface has a polycrystalline microstructure but 

is shown to be defect-tolerant because of low inter-element coupling.

Figure 1 illustrates the MPL process used in this Letter. 150-nm-thick aluminum 

followed by h = 180 nm of silicon are deposited onto glass substrate using e-beam 

evaporation. Following evaporation, adhesion promoter (HDMS, Silicon Resources) and 

photoresist (SI805, Shipley) are spin-coated onto the photoresist. After softbaking, the 

photoresist thickness is 480 nm. An 8.9%-by-weight aqueous suspension of polystyrene 

microspheres (Polysciences, Inc.) is drop-coated onto the photoresist surface. The spheres 

are p  = 1.93 pm in diameter. As the water evaporates, the microspheres self-assemble 

into a hexagonal close-packed (HCP) lattice. The water evaporation/self-assembly 

process takes about one hour at room temperature.

After self-assembly the entire sample is flood-exposed using i-line illumination 

(Karl Suss MA6 mask aligner). The exposure duration is varied between different 

samples. After exposure, the samples are immersed in MF 319 developer (Dow) for 60 

seconds, followed by rinsing with deionized water and drying with compressed air. Both 

the exposed areas of photoresist and the polystyrene microspheres are removed during the

9



10

development process. The sample is then hard-baked and 100 nm of aluminum is 

deposited using e-beam evaporation. The remaining photoresist is then lifted off using 

Remover PG (MicroChem) and ultrasonication. This reveals a uniform periodic 

aluminum disk array with geometry defined by three parameters— the dielectric 

thickness, h, controlled by the deposited thickness of silicon film; the periodicity,/?, 

controlled by the diameter of the microspheres; and the disk diameter, d, controlled by 

the exposure duration.

Figure 1. Illustration of MPL technique used for patterning metal- insulator-metal 
metasurfaces, (a) Flood exposure of self-assembled microsphere hexagonal close-packed 
(HCP) array; (b) hole array in photoresist after development; (c) deposition of top metal 

layer; and (d) the final structure after lift-off with (e) close-up showing metasurface 
defined by periodicity,/?, disk diameter d, and insulator thickness, h.

Each microsphere focuses incident light to a sub-wavelength photonic jet. Figure 

2 shows results from a frequency-domain finite element model (HFSS, ANSYS) of the 

exposure process for microspheres on top of a S1805/Si/Al substrate illuminated by 

normally incident, unpolarized 365-nm radiation. The simulated microsphere array has 

infinite periodic extents. Standing waves form in the photoresist due to reflection from 

the high-impedance silicon layer. This makes the exposure highly dependent on the 

choice of dielectric. The electric field intensity along the centerline is plotted in the inset



of Figure 2(c) with a maximum z — 94 nm from the surface and a minimum at the 

interface at the photoresist/Si interface (z = 480 nm from the surface). While the photonic 

jet at 94 nm is nearly axially symmetric, interestingly deviations occur in the azimuthal 

direction at the surface of the silicon (z = 480 nm). These result in a higher-exposure 

threshold along the 30° plane than in the 0° plane [indicated in Figure 2(b)]. This 

produces a hexagonal exposed pattern for large exposure energies as shown in the insets 

of Figure 2(d).

11

Figure 2. Simulated MPL E-field intensity enhancement for 480-nm-thick photoresist 
layer on 180 nm Si/optically thick A1 substrate illuminated at 365 nm. (a) Enhancement 

in the x-z plane, saturated at 50*; (b) x-y plane immediately above the Si layer, saturated 
at 4.2*; (c) 94 nm into the PR where field is a maximum with inset showing response 

along the centerline immediately beneath the microsphere; and (d) enhancement 480 nm 
into the photoresist where field in a minimum.

Figure 3 shows how the diameter of the deposited disks (after lift-off) varies with 

exposure dose (controlled with the exposure duration). The diameter o f the disks was
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measured using SEM imaging, and the error bars denote the standard deviation over l x l  

mm2 fields. The insets in Figure 3 show SEM images of typical patterns. Higher- 

exposure dosages lead to larger disks and above a specific exposure dosage (25 mJ/cm2), 

with the circular disks becoming hexagonal. The datasheet threshold dose for the 

photoresist is 30 mJ/cm2 with a contrast ratio o f 2.3. The lower-exposure doses in the 

experiment agree with a focusing effect (field concentration) provided by the 

microspheres (shown in Figure 2). Qualitatively, the results in Figure 3 agree with those 

in Figure 2 albeit with a larger-than-predicted diameter. This can be attributed to partial- 

exposure effects and photo-bleaching in the photoresist. The relationship between the size 

of the disks and the exposure dosage is nearly linear, providing a predictable and 

controllable disk diameter.

2
Exposure Dose [mJ/cm ]

Figure 3. Measured diameter of MPL-pattemed A1 disks after lift-off. All samples use p  
=1.93 pm-diameter spheres. Insets show SEM circular and hexagonal features produced 

using exposure dosages of 2.28 and 26.6 mJ/cm2, respectively.
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The absorption spectra of the patterned metasurfaces were acquired by measuring 

the reflection spectra with a Fourier transform infrared spectrometer (FTIR, Thermo 

Nicolet Nexus 670) and IR microscope (Nicolet Continuum). This was equipped with a 

liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector and KBr beam 

splitter, and purged with nitrogen gas. The reflectance spectra, R(A) was normalized to the 

reflectance from a gold mirror. A 32 x NA 0.65 objective is used to illuminate and collect 

radiation from a hollow cone with angles ranging from 18° to 41°. An aperture limits the 

interrogation area to 50 pm x 50 pm. Because of the ground plane in the metasurface 

there is no transmittance, and the absorptance, A (A), can be calculated directly from the 

reflectance, A(A)= 1 -R(A).

Figure 4 compares the measured FTIR absorptance and HFSS simulation for six 

of the specimens with diameters measured in Figure 3. The HFSS results were calculated 

using ellipsometrically measured properties for e-beam evaporated films of aluminum 

and silicon (IR-VASE, J.A. Woollam). The simulation results predict near perfect 

absorptance across the MWIR (average maximum absorptances over the six samples of 

measured experimental results in Figure 4. The average maximum Amax = 0.98). These 

results agree very well with the FTIR-absorptance for the measured samples is Amax =

0.95.

Both the experiment and simulation results in Figure 4 show that the resonant 

wavelength for the metasurface varies linearly with the disk diameter. The measured 

results are slightly broader than the simulated response. This may be due to variances in 

the patch diameter and array periodicity, scattering from defects on the surface, as well as



the finite interrogation region in the experiment (in contrast to infinite array in the 

simulation).
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Figure 4. Comparison between simulated (dashed lines) and measured (solid lines) 
absorption spectra for different diameter disks.

Combined with the tunability of the disk diameter via the exposure dose, this 

linear variation provides a mechanism for hierarchically patterning complex 

metasurfaces. For example, a grayscale mask can be used to vary the single exposure, 

illumination intensity over the HCP microsphere array so that the metasurface response 

varies across a sample. The wavelength range can be adjusted beyond the MWIR by 

changing the thickness of the silicon insulator layer or by replacing silicon with a lower- 

index dielectric/semiconductor. The diameter of the disks is not sensitive to the diameter 

of the microspheres [15], so the periodicity can be adjusted by selecting different- 

diameter microspheres.
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While possible to generate large single-crystal microsphere arrays [21], the results 

in Figure 4 are for a polycrystalline meta- surface. When the microspheres form the 2D 

HCP array, self-assembly is very similar to crystallization, and multiple nucleation sites 

lead to a polycrystalline 2D microstructure. The natural polycrystallinity of the 

microsphere arrays is transferred to the metasurface and can be seen in Figure 5(a), which 

shows crystal boundaries, point defects, and dislocations in the lattice. The effects of the 

microstructure are easily seen under illumination with bright white light. Diffraction 

causes each crystal domain in the metasurface to appear to be a different iridescent color 

as shown in Figure 5(b). This is further illustrated in a more controlled diffraction 

experiment. Figure 5(c) shows the diffraction pattern generated by the metasurface when 

illuminated focused to a spot size of 100 pm. Three orders are shown by a normally 

incident He-Ne laser beam (2o = 632.8 nm) in Figure 5(c). A single-crystal HCP surface 

produces exactly six maxima in each diffraction order [21] so that Figure 5(c) indicates 

the presence of multiple crystal domains in the 100 pm interrogation area.

Figure 6 shows FTIR measurements from two regions of the metasurface 

generated with 17.5 mJ/cm2 (d = 720 nm). As in Figure 4 reflection spectra was collected 

using an aperture size of 50 pm x 50 pm. The insets of Figure 6 show SEM images of the 

two regions, with artificial shading applied to highlight the crystal domains. The results 

show nearly identical spectra produced by a single-crystal area and a polycrystalline area, 

with only a slightly wider absorptance from the polycrystalline area.

The polycrystalline nature of the MPL-pattemed metasurface is in contrast with 

top-down lithographically defined single-crystal metasurfaces. It also differs from the 

numerical model in Figure 4 simulating an infinite field of uniform patch arrays using a



Floquet modal expansion. At first, this result is surprising, especially given results 

studying truncation effects for single-crystal metasurfaces [22]. However, the HCP disk 

array metasurface has very little inter-element coupling. This can be seen in Figure 7,
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Figure 5. Polycrystalline metasurface with d = 720 nm andp  = 1.93 pm. (a) SEM image 
showing grain boundaries and point defects; (b) far-field optical image showing colored 
diffraction from grains under white light illumination; and (c) diffraction pattern from a 
5-mm2 area of the metasurface illuminated with a He—Ne laser beam showing multiple

discrete scattering sites.

which shows the HFSS-simulated near-field distribution at a metasurface defined by d = 

653 nm at resonance. The electric field is tightly confined to the disk, particularly in the 

insulator region. This suggests that the effects of defects do not propagate beyond the 

single- unit cell and do not significantly affect the impedance of the metasurface.

In conclusion, we have demonstrated using the simple MPL technique the ability 

to create flexible, low-cost polycrystalline metasurfaces with near-unity absorptances 

over an MWER band. Incident radiation of 93% to 98% at the design frequency can be 

captured with very good agreement between simulation and experiment. This permits 

rapid design and optimization of IR metasurfaces. The MPL technique has significant 

potential for large-area fabrication of IR metasurfaces, with the resonant wavelength
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Figure 6. Measured absorption spectra for single and polycrystalline areas. The insets 
show SEM images of the two areas (both 50 pm x 50 pm) with the individual 2D crystal

domains indicated by color.

Figure 7. Simulated electric field for an infinitely large single-crystal metasurface with d  
= 653 nm at A = 5.00 pm for TE illumination incident from 29.5°. (a) xz plane and (b) xy

plane 240 nm (midplane) into the Si layer.

scaling with the exposure dose. This facilitates a hybrid top-down/bottom-up approach 

where different areas can be designed to have a different metasurface response. Finally, 

the hexagonal close-packed disk array is shown to be highly defect tolerant. This 

robustness allows the design to accommodate different metasurface microstructures.
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ABSTRACT

Fabricating metasurfaces over large areas at low costs remains a critical challenge 

to their practical implementation. This paper reports on the use of microsphere 

photolithography (MPL) to create infrared metasurfaces by changing the angle-of- 

incidence of the illumination to steer the photonic jet. The displacement of the photonic 

jet is shown to scale with the diameter of the microsphere while the exposure dose scales 

with the square of the microsphere diameter. This process is robust in the presence of 

local defects in the microsphere lattice. The paper demonstrates patterning split ring 

resonators and tripole based metasurfaces using MPL, which are fabricated and 

characterized with FTIR. The combination of bottom-up and top-down approaches in off- 

normal incidence microsphere photolithography technique provides cost-effective, 

flexible, and high-throughput fabrication of infrared metasurfaces.

Keywords: Nanolithography; Metamaterials; Nanostructure fabrication; Subwavelength 

structures, nanostructures.

Metasurfaces and Frequency Selective Surfaces (FSS) are composite structures

that provide an engineered electromagnetic scattering response. They consist of



subwavelength antenna elements whose 2D geometry determines the ensemble 

properties. These sin-faces have applications such as planar lenses [1], holograms [2], 

carpet cloaks [3], perfect absorbers [4], Surface-Enhanced Raman Spectroscopy (SERS) 

and Surface-Enhanced Infrared Absorption (SEIRA) templates [5]. The subwavelength 

nature of these devices requires nanoscale patterning at infrared and optical frequencies. 

Metasurfaces can be readily prototyped using direct-write techniques such as Electron- 

Beam Lithography (EBL) [2,5] or Focused Ion Beam (FIB) milling [6], however, these 

techniques are cost prohibitive for practical applications where the nanoscale features in 

the metasurface must be patterned over cm2 to m2 areas. The inability to fabricate 

metasurfaces over these length scales is the principal obstacle to the implementation of 

metasurfaces to practical engineering problems.

Conventional projection lithography is possible for IR/THz FSS with pm + 

feature sizes and has been demonstrated for patch type perfect absorbers in the MWIR

[7]. However, this becomes very expensive on an area basis for more complicated 

nanoscale features due to the requirements for masks and steppers. Similar cost/reliability 

concerns exist for developing variants of Nanoimprint Lithography [8] when it is applied 

at large scales. Interference lithography can also create arrays of patches/disks [9] but 

requires precise alignment and is limited for creating sub-element nanoscale features. 

Another option is colloidal techniques based on the self-assembly of microspheres into a 

Hexagonal Close Packed (HCP) lattice. This includes Nanosphere Lithography (NSL)

[10] where the microsphere array is used as a shadow mask during PVD evaporation or 

etching. The NSL technique can be used to create complicated patterns including 

functional IR resonators using directional evaporation [11]. However, in NSL the
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microspheres are consumed in the process and the technique requires precise 

manipulation of the sample in high-vacuum. A different approach is to use the self- 

assembled microspheres as optical elements to focus light. This has been termed 

microsphere/nanosphere photolithography (MPL/NPL) [12,13], and Nanoparticle Lens 

Lithography (NLL) [14]. In this technique, the microspheres are in contact with a 

photoresist layer and produce and focus incident light to a photonic jet [15] with FWHM 

width of M3. This is a result of both evanescent and propagating fields, which allows the 

subwavelength photonic jet to extend more than X into the photoresist [16]. The MPL 

technique has previously been used for pattering metasurfaces/FSS [4,13]. The resonator 

size and hence wavelength was shown to be dependent on the illumination dose 

providing a pathway to hierarchical patterning of metasurfaces. This differs slightly from 

the Microlens Projection Lithography approach developed by the Whitesides group [17] 

where the microspheres, embedded in an elastomeric membrane, are separated from the 

photoresist and used to image a far-field pattern onto die photoresist.

Mohseni et al. demonstrated steering die photonic jet around the unit cell by 

tilting the substrate under collimated radiation [18,19] or by controlling die angular 

spectrum of the illumination using a Fourier mask [20], Using Deep UV (248 nm) 

illumination, they were able to define sub 100 nm features [20], included the creation of 

both holes and posts using positive and negative tone resists, respectively. This approach 

was also used by ?hang et al. [19] to fabricate nanostructures for enhancing the emission 

from LEDs and previously by Guo et al. [21] for the ablation of 360 nm wide lines in a 

thin SbTe film using silica microspheres and off normal illumination using a KrF excimer
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The objective of this paper is to explore the off-normal incidence MPL pattering 

process for the fabrication of IR metasurfaces. The process is introduced and 

characterized with respect to both the exposure of the photoresist as well as lift-off. The 

microsphere size, exposure dosage and incident angle are mapped experimentally and 

through simulation. Finally, functional infrared metasurfaces featuring split-ring 

resonators and tripoles are fabricated using the technique. These metasurfaces are also 

characterized experimentally and compared to simulation. The results demonstrate the 

robustness of the process with respect to local disorder in the microsphere lattice and 

show ability to pattern a wide range of practical metasurfaces.

Figure 1 illustrates the general fabrication process for microsphere 

photolithography. The microspheres are self-assembled onto a photoresist film, forming a 

Hexagonal Close-Packed (HCP) lattice. Several different techniques have been developed 

for self-assembling the microspheres [22] including convective self-assembly and liquid 

interface assembly. After the spheres are self-assembled and any excess solvent is 

removed, the microspheres are illuminated with UV light at angle measured from the 

surface normal (6>, (p) shown in Figure 1(a). Each microsphere focuses the incident light 

to a photonic jet inside the photoresist layer. The development process removes the 

spheres as well as the photoresist from the exposed regions to reveal the desired pattern 

as shown in Figure 1(b). Patterns can be transferred to the substrate using standard 

techniques such as etching or lift-off. Lift-off is used in this paper to deposit metal 

patterns (Figure 1(c)).

Figure 2 shows results of frequency-domain finite element method simulation 

(ANSYS HFSS) of the off-axis exposure process. A Floquet modal expansion is used to



model an infinitely periodic hexagonal close packed array of polystyrene (n = 1.69) 

microspheres rests on a 480 nm thick layer of SI 805 (n = 1.73) which is on top of a BK7 

glass (n = 1.52) substrate. The microspheres are illuminated with a Ao = 365 nm (Mine) 

plane wave at <p = 0. Figures 2 (a-c) shows the normalized electric field energy 

distribution under 0 = 20° for different sized microspheres on the jcz plane as well as the 

midplane of the photoresist (z = -240 nm). In each case, the incident field is collected by 

the sphere and focused to a confined jet with FWFIM ~Ao/3. The normalized electric field 

energy is plotted in Figure 2(d) for p  = 3 pm spheres at the surface, midplane, and 

substrate interface of the photoresist (z = 0, -240, and -480 nm) under different angles of 

illumination. The intensity of the jet scales with ~p2 (the cross sectional capture area of 

the spheres). The FWHM diameter increases with the angle of incidence. The center of 

the photonic jet is offset from the center of the microsphere by a displacement, <5, which 

scales with 6. This relationship can be normalized with the sphere diameter so that dip is 

constant for a given 6. This displacement is almost independent of (p. The simulations 

agree with a first order paraxial model for the process where the focus of the microsphere 

shifts with angle of incidence S =f&, where the focal length f  of a ball lens in air is given 

b y /=  n-pl[A{n-\)\.

A set of two-step illumination experiment was performed to verify the simulation 

results. Microposit SI805 positive tone photoresist was spun to a thickness of 480 nm on 

a glass microscope slide. After softbaking of the photoresist, polystyrene microspheres 

(Polysciences, Inc.) are drop-coated (convective self-assembly) onto the photoresist film. 

The illumination angles are determined by two computer controlled rotation stages 

positioned under a stationary /-line flood exposure source (Bachur). The stages enable
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continuous rotation of the polar angle ~90°<#<90o and azimuthal angle 0<<p<360°. For 

this experiment, the samples were exposed at polar angle 8, rotated to angle -8 , and 

exposed a second time. After the exposures, the samples are immersed in MF 319 

developer (Dow), followed by rinsing with deionized water and drying with compressed 

air, before hard baking. This generates two holes centered around the center of the 

microsphere.

Figure 1. Illustration of fabrication procedure (a) directional illumination of self- 
assembled microspheres from polar angle, 8, and azimuthal angle, (p, (b) pattern revealed 
in photoresist after exposure and development (c) final metal split-ring resonators after

lift-off.

Figure 3 shows SEM images of different hole-pairs generated with/? = 3 pm 

spheres. The photoresist was cross sectioned using FIB milling (Helios Nanolab 600,

FEI) through the center of each hole pair. Figure 3(a) shows partially exposed holes 

generated with two-step illumination at 8 = ± 10° at a dose o f 1.44 mJ/cm2 each time. The 

holes are separated by 2d — 670 nm and do not completely penetrate the photoresist 

(diameter ~220 nm in diameter). Figure 3(b) shows the results of illuminating a different 

sample by 8 = ± 10° but with an increased dose of 3.6 mJ/cm2. The center-to-center 

separation is the same but the exposed holes clear the photoresist with a diameter of 520
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nm. When the illumination angle is increased to 25° off normal, the separation increases 

to 2<5 = 1530 nm, and the diameter of the holes increases to 700 nm as shown in Figure 

3(c). The increase in the hole diameter with larger angles of incidence agrees with the 

predictions of simulation shown in Figure 2(d).

Figure 2. Simulation of off-axis exposure of different sized microspheres. Normalized 
electric field energy distribution (a) 1 pm (b) 2 pm and (c) 3 pm for -20° off normal 
illumination and (d) response at 0,240 and 480 nm depths into the photoresist under 

different angles of incidence for 3 pm microspheres.

Evaporation and lift off were performed to study the effects of the exposure angle 

in a pattern transfer scenario. A 100 nm-thick aluminum film was deposited onto the 

patterned photoresist. The photoresist was then stripped using ultrasonication and 

Remover PG (MicroChem) to reveal metallic micro/nano features on the substrate. The



convective self- assembly procedure (drop-coating) creates polycrystalline arrays of 

microspheres with grains in different orientations. As a result, the azimuthal angle varies 

from grain to grain. Figure 4 shows disk pairs in different orientations. The disks are 

equidistant from the center of the spheres and their position depends on the location of 

the spheres and polar angle but is independent of the azimuthal angle. This agrees with 

simulation and allows the creation of detailed patterns without needing to align the 

crystal orientation to the illumination.
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Figure 3. SEM images taken from 52° of hole-pairs after FIB cross sectioning (a) 1.44 
mJ/cm2, ±10°; (b) 3.6 mJ/cm2, ±10°; (c) 3.6 mJ/cm2, ±25°. Au/Pd was sputtered onto the 

photoresist prior to imaging to avoid charging.

Figure 5 plots the measured displacement, 8, of the disk pairs from the center of 

the microspheres produced with illumination from different polar angles. Both p  = 2 and 

3 pm microspheres were used and the displacement scales linearly with the microsphere 

diameter and the illumination angle. The dose affects the size of the disk but does not



change the offset. The error bars in the Figure represent the variation in the separation 

over a 100 pm x 100 pm area. In this experiment angles less than 0 = 10° resulted in the 

disks merging together. The dashed lines in Figure 5 show the center of the photonic jet 

predicted by the HFSS simulation (Figure 2) at the top surface of the photoresist and the 

photoresist/glass interface.
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Figure 4. (a)-(c) SEM images of disks pairs (£=7.2 mJ/cm2, 0=±35°,p=3 pm) after lift
off (a) cp= 13°, (b) (p=52°, and (c) <p=22° resulting from different orientations of the 

microsphere lattice relative to the illumination directions.
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produced with different incident angles. Dashed lines show simulated displacement at the

top and bottom of the photoresist.
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Figures 4 and 5 show the robustness o f the MPL process. Structures will take on 

the HCP lattice of the microsphere array including the microstructure resulting from the 

self-assembly process. The spherical coordinates of the illumination system map to polar 

coordinates in the unit cell; the azimuthal angle does not change and the polar angle 

determines the radial displacement with a nearly linear mapping between 6 - 0  and 45° 

corresponding to the center and edge of the unit cell. The feature size scales with the 

exposure dose [4].

IR metasurfaces can be designed for these constraints. To explore this, we used 

the technique to pattern two different functional devices. Figure 6 shows results from an 

array of Split Ring Resonators (SRR). These are a widely studied metamaterial element 

because o f the ability of the SRR to create an artificial magnetic response as well as 

sensing applications. The fundamental resonance has a half-wave current response in the 

bent wire elements providing an inductive response. The electric field is concentrated in 

the gap region which enhances the capacitance. This leads to a dipole response parallel to 

the gap, so that the fundamental resonance will be excited when the incident E-field is 

polarized across the gap.

The SRRs in Figure 6 were created by spin-coating 480 nm of S I805 onto a glass 

microscope slide. Microspheres, p  = 3 pm, were drop-coated onto the photoresist. This 

leads to cm2 areas with single crystals on the order o f 300 pm. The microsphere array 

was illuminated from 9 = 30°. From Figure 5, this corresponds to a diameter of 1.8 pm 

(2S). A second computer controlled stage was use to rotate (p from 0 to 345° in A(p =15° 

steps. At each step the sample was exposed using a fluence of E  = 7.2 mJ/cm2. After 

development and hardbaking, lift-off was used to transfer 100 nm thick aluminum



patterns to the substrate. The width of the features shown in the inset of Figure 6 is 750 

nm. The dimensions of the SRR were selected to place the primary resonant mode at the 

same wavelength silica absorption peak due to phonon mode coupling [23].

The reflectance spectra of the metasurface were measured using Fourier 

Transform Infrared (FTIR) spectrometer (Perkin-Elmer micro-FTIR). The SRRs have a 

distinct linearly polarized response which is dependent by the orientation of the gap. The 

gap’s angular position is determined in the specimen rather than the lattice coordinate 

system. Figure 6 shows the measured reflectance of the SRRs for radiation polarized 

parallel to the gap in red and the perpendicular to the gap in blue. The dashed lines show 

the simulated response of the metasurface from HFSS. In the simulation, the glass 

microscope slide is modeled as SiCh. The properties of both SiC>2 and Al are taken from 

IR ellipsometry. The insets show simulated normal E-field distributions at the surface of 

the SRR for the three lowest energy modes (A = 7.8,4.7, and 3.8 pm) with arrows 

indicating the direction of current flow. There is reasonable agreement between the 

experimental and simulated reflectance spectra, with the discrepancy attributable to 

uncertainty in the substrate dielectric properties.

Figure 7 shows results for a Metal-Insulator-Metal tripole based metasurface 

absorber/emitter patterned with MPL. A tripole is a common Frequency-Selective 

Surface (FSS) element used at microwave frequencies [24] and is polarization 

independent because the two orthogonal modes share common current paths [25]. The 

presence of the ground plane prevents any transmission, so that radiation not reflected by 

the surface is absorbed. From KirchhofP s law the absorptance is equal to the emittance, 

so the device acts as a selective emitter with applications for controlling thermal
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Figure 6. Reflectance spectra of split ring resonator sample shown in the inset (SEM 
image). Red and blue lines represent the response for incident radiation polarized parallel 
and perpendicular to the SRR gap. The solid and dashed lines show FTIR and simulation

results, respectively.

transport. The tripoles are separated from a 200 nm thick aluminum ground plane by a 

250 nm silicon dioxide film. As with the SRRs, 3 pm microspheres were used. The 

sample was exposed at 0=  15°, 20°, and 25° at three different relative azimuthal angles,

(p = 0°, 120° and 240° (9 steps) with a fluence of E — 7.2 mJ/cm2. Figure 7 shows 

agreement between the unpolarized reflectance measured with FTIR and HFSS 

simulation.

The tripoles show a single resonance at A = 5.5 pm with an absorptance greater 

than 0.85. This can be tuned by adjusting the illumination angles to increase or decrease 

the tripole arm length. The exposure can also be adjusted to control the width of the 

patterns. There is relatively little coupling between adjacent tripoles so they are also not 

affected by the lattice orientation. It is important to note that the photonic jet was not 

significantly affected by the presence of the ground plane, expanding the range of devices 

that can be patterned with this method.
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Figure 7. Absorption spectra of tripole FSS shown in the inset (SEM image). The solid 
and dashed lines show FTIR and simulation results, respectively.

In conclusion, microsphere photolithography is shown to be a versatile tool for 

patterning IR metasurfaces. The combination of bottom-up self-assembly of microsphere 

array and top-down, direct-write exposure allows inexpensive patterning of detailed 

elements over large areas at low-cost. Control of the illumination angle-of-incidence 

allows the photonic jet to be precisely steered around the unit cell defined by the 

microsphere. The displacement of the photonic jet from the center o f the microsphere is 

shown to be independent of the orientation of the microsphere lattice and scales with the 

microsphere diameter. The width of the exposed region scales with the exposure dose and 

can be further reduced to facilitate patterning metasurfaces for SWIR or visible 

wavelengths. The ability to pattern structures with a ground-plane is significant for 

expanding the types of metasurfaces that can be patterned with the technique and opens 

more possibilities for spectral engineering and field concentration for sensing 

applications. Finally, the agreement between idealized simulations of infinitely periodic 

structures with experimental results for both the MPL process and the metasurfaces
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illustrates the robustness of the process in the presence of lattice defects and other 

irregularities from the self-assembly process.
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ABSTRACT

Frequency-Selective Surfaces (FSS) type metasurfaces consist of periodic arrays 

of antenna elements. They can be scaled from microwave frequencies to the infrared 

wavelengths where they allow the scattering response to be engineered. This includes the 

spectral absorptance/emittance. At IR wavelengths, the features sizes of the metasurface 

are sub-micron which poses manufacturing issues for the meter squared scales required 

for most heat transfer applications. In this paper, we investigate the use of Microsphere 

Photolithography for creating spectrally selective metasurfaces. This approach uses a 

self-assembled array of microspheres as a lens array to focus a lattice of photonic jets into 

photoresist. These can be used with lift-off to create metal-insulator-metal (MIM) or even 

five-layer of resonant structures. We study the design constraints and synthesize a 

broadband emitter in the mid-infrared. The spectral absorptance is measured 

experimentally using FTIR. The structures are then tested at moderate temperatures to 

demonstrate the ability to affect surface temperature/heat flux in practical applications.

Broadband absorbing/emitting metamaterials have significant potential to 

spectrally optimize the radiative response of structures. This has applications for energy



harvesting applications as solar cells [1] and thermophotovoltiacs as well as thermal 

imaging [2] and chemical sensing. Basic metasurface elements produce a single 

resonance. This can be used to achieve an impedance match to free space and produce 

perfect absorption, typically involving a metal-insulator-metal (MIM) configuration. 

Broadband-absorption from a metasurface can be achieved by incorporating different 

features into a larger unit cell. This can be accomplished layering different features or by 

tessellating multiple features in-plane. Crosses [3], squares [4], L shapes [5] as well as 

trapezoid [6] arrays have been proposed for spectral engineering at visible and infrared 

wavelengths. An alternative approach is to stack multiple MIM layers in a stacked design 

with two different dielectric spacers [7]. Dayal and Ramakrishna studied on metasurfaces 

comprising of metallic circular discs separated by dielectric films and producing two 

distinct absorption peaks [8-9].

Micro/nanofabrication presents paramount challenge for producing FSS 

metasurfaces operating at infrared/visible frequencies. Feature sizes are often sub-micron 

and micro/nano fabrication techniques such as electron-beam lithography (EBL) [3-6], 

focal ion beam (FIB) milling are commonly employed. Conventional projection 

photolithography [7] can also be used for longer wavelength devices. Charged particle 

beam techniques (e.g. EBL) are cost-prohibitive and time-consuming, especially for 

application relevant large areas. Alternative micro/nano fabrication techniques are 

required to realize the potential impact of metasurfaces. Several promising techniques 

involve self-assembly of microspheres, including Nanosphere Lithography (NSL) [10] 

and Microsphere Photolithography (MPL) [11]. The distinction between these two 

techniques is that in NSL, the self-assembled Hexagonal Close-Packed (HCP)
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microsphere arrays act as a shadow mask while in MPL they are used as an optical 

element to focus flood illuminated light to sub-diffraction limited photonic jets inside a 

layer o f photoresist. The MPL approach has advantages in terms of versatility. For 

example, the photonic jet can be steered around the unit cell by controlling the angle of 

incidence. We previously studied MPL for the fabrication of simple FSS metasurfaces 

with spectral selectivity in the MWIR [12] with resonant wavelength dependent on the 

exposure dose.

This paper work aims to use the microsphere photolithography approach to create 

broadband metasurface absorbers/emitters at sufficient scales to affect radiant heat 

transfer. A multilayer (two cavity) metasurface design is fabricated and hierarchically 

patterned to demonstrate macroscale emissivity control as a result o f  micro/nanoscale 

features.

Figure 1 illustrates MPL approach for patterning metasurfaces. Pattern transfer is 

accomplished via lift-off. The structures presented in this work were prepared by first 

depositing 150 nm of aluminum onto glass microscope slide substrates using electron- 

beam evaporation (CHA). Without breaking vacuum, h \= 180 nm of silicon was 

evaporated on top of the aluminum film. The samples were removed from the chamber 

and spin coated with HDMS adhesion promoter followed by a 480 nm thick film of 

positive tone photoresist (SI 805, Shipley). After soft baking of photoresist, polystyrene 

microsphere (Polyscience) with p= 2 pm (nominal) in diameter was self-assembled on 

the photoresist by drop coating. Following deposition of the microsphere lattice, the 

entire sample was flood exposed using i-line illumination. The exposure duration was 

varied to control the diameter d o f the exposed features on different samples. After
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exposure, the samples were immersed in MF 319 developer (Microposit) for 60 s. This 

removed the exposed areas of photoresist along with the polystyrene microspheres, to 

reveal an HCP array of holes in the photoresist.

39

Figure 1. Fabrication of metasurface with MIMIM structure using Microsphere 
Photolithography (a) microspheres applied on photoresist on Si/Al films (b) holes 

revealed after photolithography and development (c) deposition of Al/Si/Al (d) final 
MIMIM structure with Al/Si/Al disk stack on Si/Al.

Following hard baking, three thin-film layers, (aluminum 100 nm, /i2=silicon 80 

nm, aluminum 80 nm) were deposited sequentially onto the samples to create a MIMIM 

structure. Only the first 100 nm thick layer of aluminum was deposited on some samples 

to create MIM structures. Following deposition, the remaining photoresist was removed 

in ultrasonic bath of Remover PG (MicroChem) to reveal the uniform disk arrays 

depicted in Figure 1(d).
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The principle design variables for the metasurfaces are the periodicity, p, diameter 

d, and two dielectric cavity heights, hi and hi. The periodicity is determined by the 

microsphere diameter and the disk diameter can be adjusted by changing the exposure 

dose. The dielectric heights are specified during deposition. Because of the continuous 

aluminum ground plane the total transmittance is negligible. Therefore the absorptance is 

given by a=l-p, where p denotes the reflectance. From Kirchhoff s law, the angle 

dependent spectral absorptance is equal to the emittance, s. The reflectance can be 

experimentally measured using a FTIR spectrometer (Thermo Nicolet Nexus 670) and IR 

microscope (Nicolet Continuum). The instrument is equipped with a liquid nitrogen 

cooled Mercury Cadmium Telluride (MCT) detector and KBr beam splitter, and purged 

with nitrogen gas.

Figure 2 shows representative SEM images of the fabricated samples. Figure 3 

shows comparison of experimental results between MIMIM and MIM samples. Near 

unity of absorption are observed for all samples. The red curves represent absorption 

spectra for MIMIM samples, and blue ones are for MIM samples. At small diameters of 

disks such as d=566 nm shown in Figure 3(a), two curves results for the MIM and 

MIMIM structures are almost identical with a single resonance at 2=4.8 pm. However, 

for larger diameter disks created with longer exposure doses, the MIMIM samples show 

an additional higher energy peak corresponding to the 2nd resonance for the upper 

resonator. The shorter wavelength is due to a slightly conical shape of the disk (see 

Figure 2) as well as the shorter dielectric thickness hi.
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Figure 2. SEM image of the MIMIM disc arrays (a) top view (b) 45° tilt during imaging.

The addition of the resonance significantly increases the bandwidth of absorber 

with negligible increase in fabrication cost. Figure 3(b-d) shows that the presence of the 

second resonator minimally affects the first resonance. For example, the ^=894 nm 

sample has a resonance 2=7.5 pm while the second resonance is centered at 2=5.6 pm, 

leading to absorption a>0.6 over the 2=5-8.2 pm interval. For thicker layers of 

photoresist it would be possible to incorporate additional resonators. In addition, the 

dielectrics can be different materials with different indices of refraction.

Hierarchical patterns are found widely in the natural world and are often imitated 

for biologically inspired designs such as such as superhydrophobic (lotus leaves), strong 

adhesion (gecko feet), and color display (butterfly wings) surfaces. In these cases the 

geometry the key parameters are the periodicity and the area [13]. A key advantage of the 

MPL approach is the ability to hierarchically pattern metasurfaces over large areas, 

combining bottom-up and top-down paradigms. For example the exposure dose can be 

modulated over large areas using a gray-scale mask. Because the feature size is dose 

dependent, the resonant wavelength can be varied over the metasurface. This is useful 

for applications relying on the phase of the reflected radiation (e.g. Fresnel zone plates
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and holograms) as well as tuning the emissivity spatially, ultimately affording the ability 

to engineer the thermal response in radiation heat transfer dominated environments such 

as space.

Figure 3. Absorption spectra of MIMIM (black) & MIM (red) samples with disk 
diameters of (a) 566 nm (b) 720 nm (c) 824 nm (d) 894 nm.

Figure 4 illustrates this concept. After depositing a ground plane, dielectric layer, 

and photoresist, microspheres were self assembled over a 40 mm diameter region of the 

substrate. A mask was used to expose the university’s logo and the surroundings with 60 

mJ/cm2 and 144 mJ/cm2, respectively.

After exposure the same deposition/lift-off procedure as Figures 2 and 3 was 

followed to reveal the final pattern. The sample was uniformly heated up on hot plate and 

imaged using thermal infrared camera (FLIR T-420). The difference in the spectrally 

integrated emittance of the university logo generates an apparent temperature difference

for the camera.
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Figure 4. Thermal image of MIM-structure metasurface fabricated by MPL hierarchical
patterning.

Figure 5 shows the FTIR measured absorptance for the two regions of the sample. 

The thermal camera is sensitive to radiation in the 2=7.5-13 pm band. Over this interval 

the spectrally integrated emittance for the logo is 0.28 while the background is 0.12. The 

sample successfully controls local temperature and local radiation heat transfer 

performance on the metasurface.

Figure 5. Absorptance/Emittance spectra of S&T logo area (blue) and background area
(red).



In this paper, we have explored Microsphere Photolithography technique for 

fabrication of multicavity MIMIM broadband metasurface absorbers in the thermal 

infrared spectral region. The ability to hierarchically pattern metasurfaces using MPL was 

also proposed and demonstrated using exposure with a grayscale mask. These 

approaches facilitate heat transfer applications because of the ability to pattern large areas 

at relatively low cost. For the simple disk metasurface the resonant wavelength is shown 

to be determined by exposure dose. This resonant wavelength is minimally affected by 

the presence of additional resonators. Applications of the MPL technique include energy 

harvesting, thermal imaging, and thermal management.
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ABSTRACT

This paper describes the low-cost, scalable fabrication of 2D metasurface LWIR 

broadband polarized emitter/absorber. A Frequency Selective Surface (FSS) type design 

consisting of dipole antenna elements is designed for resonance in the 7.5-13 pm band. 

Frequency-domain Finite Element Method (FEM) is used to optimize the design with 

ellipsometrically measured properties. The design is synthesized to be broadband by 

creating a multiple cavities and by hybridizing the dipole modes with phonon resonances 

in a germanium/silica dielectric which separates metallic elements from a continuous 

ground plane. While IR metasurfaces can be readily realized using direct-write 

nanofabrication techniques such as E-Beam Lithography, or Focus-Ion Beam milling, or 

two-photon lithography, these technologies are cost- prohibitive for large areas. This 

paper explores the Microsphere Photolithography (MPL) technique to fabricate these 

devices. MPL uses arrays of self-assembled microspheres as optical elements, with each 

sphere focusing flood illumination to a sub-wavelength photonic jet in the photoresist. 

Because the illumination can be controlled over larger scales (several pm resolutions) 

using a conventional mask, the technique facilitates very low cost hierarchical patterning 

with sub-400 nm feature sizes. The paper demonstrates the fabrication of metasurfaces 

over 15 cm2 and are measured using FTIR and imaged with a thermal camera.



Keywords: microsphere photolithography, radiation heat transfer, infrared, polarized 

emitting metasurfaces
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1. INTRODUCTION

Frequency-Selective Surface (FSS) type metasurfaces have significant potential 

for engineering scattering properties in the infrared. While these are readily prototyped 

using conventional direct-write nanofabrication tools such as E-beam lithography (EBL) 

and focused ion beam (FIB) milling, these techniques are cost prohibitive over large areas 

[1]. This is significant because the applications for these devices such as 

thermophotovoltaics, daytime radiative cooling, and Surface Enhanced Infrared 

Absorption (SEIRA) will need to be patterned inexpensively over large areas. 

Frequency-selective-surface type of metasurface with polarization-dependent 

performance has been demonstrated in previous papers as mid-infrared filters [2] and 

polarization-selective emitters/absorbers [3-4].

Microsphere Photolithography (MPL) uses self-assembled microsphere arrays as 

an optical element [5]. The microspheres form Hexagonal Close-Packed (HCP) lattices 

on the photoresist. The microspheres focus collimated flood illumination to an array of 

sub-wavelength high-aspect ratio photonic jets [6]. These photonic jets have the same 

periodicity as the microsphere array, which in many practical cases is polycrystalline.

The photonic jets can also be steered around the microsphere unit cell by controlling the 

angular spectrum of the flood illumination. This can be done practically by tilting the 

sample during exposure [7]. After exposure and development of the photoresist, pattern 

transfer can be carried out using conventional techniques such as lift-off, etching or



electrodeposition. In this paper, lift-off is used to deposit both dielectrics and metal 

elements through the exposed regions. Off-angle illumination provides significant 

flexibility and the intensity of the illumination can be controlled with a grayscale mask to 

facilitate hierarchical patterning [8, 10].

This paper presents the development of the MPL process for IR metasurfaces.

MPL provides low-coat and scalable fabrication of IR metasurfaces. The technique also 

imposes constraints on the design. The periodicity is hexagonal close packed a width 

spacing determined by the microsphere diameters and is broken up to a polycrystalline 

microstructure. The surface is polycrystalline which prevents element alignment with the 

HCP unit cell orientation [9]. It also limits the effectiveness of designs with large inter

element coupling.

To explore the process, a broadband polarized metasurface is synthesized using 

ANSYS HFSS. This consists of a HCP array of dipole resonators separated from a 

ground plane by continuous layers of germanium and silica for broadening the bandwidth 

of the metasurface. The dipole resonance couples to a phonon mode in the silica which 

adds a third resonance. The dimensions of the metasurface are optimized to maximize 

the absorption across the 7.5-13 pm band for radiation parallel to the dipoles and 

minimize absorption for cross-polarized radiation. The significance of this work is the 

ability to achieve spectral engineering over large areas and the paper seeks to define a 

framework for similar metasurfaces to provide an engineered scattering response with 

respect to wavelength, polarization, and angle of incidence. The process of scaling the up 

the MPL technique is discussed along with the sensitivities to factors such as the sphere 

self-assembly procedure and hierarchical exposure.
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2. EXPERIMENT

Figure 1 exhibits the dipole feature designed in (a) and the patterning of 

hexagonal distributed metallic dipole features with MPL approach in (a)-(d). The 

structure o f the metasurface is metallic (Al) dipoles and substrate separated by continuous 

dielectric planes of SiO? and Ge. The principle design variables in the unit cell of the 

dipoles are periodicity, p, length, l and width, w of dipoles and the height of dielectric 

layers (SiC>2, Ge) as substrate, h\ and hi. During fabrication procedure, the periodicity is 

determined by the diameter of microspheres because the microspheres are hexagonally 

close packed. The length and width of aluminum dipoles can be controlled by adjusting 

exposure dose, which is presented in previous study [9]. The heights of dielectric layers 

are specified in deposition. The substrate of the metausrface presented in this work is 

prepared by depositing 150 nm of aluminum onto glass microscope slide using an 

electron-beam evaporator (CHA). Then without breaking vacuum, hi = 333 nm of 

germanium follow by hi = 50 nm of silica are deposited on the top of the aluminum film. 

After cooling down to room temperature, the substrate is removed from the chamber and 

spin-coated with HMDS as adhesion promoter at 5000 rpm for 1 minute. After that, a 

480 nm thick film of positive tone photoresist (SI 805, Shipley) is spin-coated on the 

samples followed by a soft bake at 115 °C for 90 seconds. A monolayer of hexagonal 

close packed, self-assembled silica microsphere with p  = 3 pm (nominal) in diameter is 

transferred from air/water interface onto the photoresist layer as shown in Figure 1(b).

The silica microspheres mixed in butanol are firstly dispensed on water surface in a 

Teflon beaker, and then the microspheres are floating on the air-water interface and 

eventually self-assembled on the interface with small single crystals on water surface
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inside a beaker. The microsphere array is finally transferred onto photoresist while 

pulling the substrates out of the water surface.

Figure 1. Illustration of creating dipole patterns in MPL process, (a) Self-assembled 
microspheres form hexagonal close pattern on photoresist (b) dipole arrays in photoresist 

after off-axis illumination and development (c) deposition of top metal layer (d) the 
metallic dipoles on SiCh/Ge/Al substrate (e) top view of a unit cell of the dipole array, 

showing the metasurface is defined by periodicity p,  dipole length 1 and dipole width w.

In order to create the array dipole features, the samples are flood exposed using i- 

line illumination with off-axis illumination system. The illumination angle is determined 

by computer controlled rotation stages that enable continuous rotation of the polar angle 

from -90° to 90° under a stationary flood illumination source. For this experiment, the 

samples were exposed five times at different polar angle (±21°, ±12°, and 0°) to create 

dipoles. The maximum polar angle can be shifted to control the length of the dipoles 

because the offset of a single exposure site to the center scales with incident angle8.
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After exposures, the samples were immersed in MF 319 developer (Microposit) for 60 

seconds. The silica microspheres were removed from the top along with the exposed 

photoresist and the array of dipoles in the photoresist is revealed, as shown in Figure 1(c). 

Following exposure and development, a 100 nm thick layer of aluminum is deposited on 

the samples using E-beam evaporator. Then the remaining photoresist is removed in 

Remover PG (MicroChem) with the help of ultrasonic bath. The final array of Al dipoles 

is left on the substrate.

The characterization of the metasurface is conducted using a Fourier-Transform 

Infrared spectrometer (FTIR, Thermo Nicolet Nexus 670) with VeeMAX accessory 

which enables the controlling of angle (30°-80°) and polarization status of the IR 

incidence (wavelength range 2.5 pm- 25 pm). The transmittance of the samples is 

negligible due to the continuous ground layer of optically thick aluminum. Thus the 

absorptance can be given by a — 1 - p ,  where p is the reflectance measured with FTIR 

spectrometer. From Kirchhoff s law, the angle dependent spectral absorptance is equal to 

the emittance, s. The instrument is equipped with DTGS detector and KBr beam splitter, 

and purged with nitrogen gas.

Figure 2 shows simulated absorption spectra of polarized metasurface at 30° off- 

normal illumination when the dipoles are parallel to the plane of incidence (assuming 

optimized dimensions and film thicknesses) using HFSS. The simulation model is based 

on the design with / = 2.1 pm and w = 500 nm. Figure 3 illustrates the absorptance of TE 

and TM incidences measured using FTIR. Due to the shape of the dipole resonator, the 

samples act differently in reflection/emission with polarized light (i.e. TE/TM wave) in 

IR spectrum. Figure 3 (right) shows the experimental results of samples that exposed at
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5.94 mJ/cm2 with the polar angle vary from -21° to 21°. The red curves represent 

absorption spectra for TE incidence while blue ones for TM incidence. Among the 

curves with TE polarized incidences, two main absorption peaks are observed: the peak at 

-8  pm is from the phonon resonance, and the peak at -10.5 pm comes from the dipole 

resonant mode. The broadband absorption in thermal infrared region (7.5 pm-13 pm) is 

achieved by hybridizing the dipole mode with phonon modes. The absorptances by 

dipole resonances are controlled by the heights, hi and hj of the two dielectric layers.

The total absorptance/emittance of the metasurface shown in Figure 3 in 7.5 pm-13 pm 

region is integrated as 39.80%. For TM polarized incidences, the dipole mode is at width 

of the dipoles and the absorption peak is at smaller wavelength and the absorptance in 

thermal infrared region is much lower (8.76%).

Figure 2. HFSS simulation of polarized metasurface at 30° off-normal illumination when 
the dipoles are parallel to the plane of incidence (assuming optimized dimensions and 

film thicknesses). The red line shows the absorption spectrum at TE polarization and the 
blue line shows the curve at TM polarization incidence.
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Hierarchical patterns are ubiquitous in nature range from lotus leaves to butterfly 

wings that inspired biomimetic design such as superhydrophobicity. One of the 

advantages of MPL approach is the ability to fabricate hierarchical pattern metasurface 

over large scale with relatively low cost [10]. Applications such as thermophotovoltaics 

that need large patterned area can be beneficial from this approach. Figure 4 illustrates 

the basic concept. According to the fabrication procedure described above, a mask of a 

hollow university’s logo was used on photoresist during exposures. The polar angle of 

flood illumination varies from -24° to 24° to create dipole array as resonators. The 

surroundings were not exposed as control area. After lift-off, only university logo area 

has dipole arrays. The sample was uniformly heated up on a hot plate and imaged using a 

thermal infrared camera (FLIR SC500) with a linear polarizer placed between the thermal 

camera and the sample. Firstly, the university logo appeared when the polarization of 

emittance from logo was parallel to the polarizer by adjusting the angle of the polarizer, 

as shown in Figure 4 (a). The difference in emittance between university logo area and 

surrounding areas creates an obvious temperature difference in the image. Then the logo 

disappeared when the polarizer turned 90°, which means the emittance from logo and 

background are identical at the specific polarization orientation, as shown in Figure 4 (b). 

The hierarchical pattern provides the polarization dependence on cloaking in thermal 

infrared spectmm.

3. CONCLUSION

This paper presents fabrication of broadband, polarization dependent metasurface 

emitters in thermal infrared spectrum with microsphere photolithography, a low-cost and
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Figure 3. (Left) SEM image of dipole arrays fabricated in MPL approach (Right) 
Absorption spectra o f TE (red) TM (blue) incidences from sample exposed with polar

angle from -27° to 21°.

Figure 4. Thermal images of hierarchical FSS metasurface through a polarizer whose 
orientation (a) parallel to the polarization of emittance (b) perpendicular to the

polarization of emittance.

scalable fabrication technique. The emitter achieves broadband absorption by 

hybridizing dipole modes at multiple cavities and phonon mode resonances. MPL 

process enables creation of flexible designs on length and width of dipoles for 

optimization of the performance of the metasurfaces. The absorptance change from TE 

to TM polarized incidences is 39.80% to 8.76% with a contrast of 31.04%. Temperature
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dependence on polarized emittance through radiation heat transfer is captured by thermal 

infrared camera. The large-area, polarized emitting metasurfaces with hierarchy 

fabricated using microsphere photolithography are potentially used for infrared cloaking 

and filtering applications.
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ABSTRACT

Microsphere photolithography is a micro/nano fabrication technique that utilizes 

self-assembled microsphere array to focus light into photonic jets and create orderly 

periodic pore arrays in photoresist. This paper studies on modeling of microsphere 

photolithography process. The model contains main process parameters such as exposure 

dosage, development duration, and thickness of photoresist, which determine the 

characteristics of the features generated from the process. With the experimental 

validation of the models, more simulation cases such as the discussion on resolution and 

off-normal illuminations are presented. Sub-100 nm hole/disk arrays are achieved in the 

experiment by the predicted fabrication conditions from simulation. Additionally, 

micron-scale split-ring resonator arrays are experimentally demonstrated with the 

fabrication conditions predicted from linear superpositions of the simulation results for 

multiple off-normal incident microsphere photolithography. This paper provides 

guidance for creating large-area micro-/nano- structure arrays using microsphere 

photolithography for potential sensing and energy management applications.

Keywords: microsphere photolithography, modeling, simulation, nanomanufacturting,

metasurface.
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1. INTRODUCTION

Over the past decade, the class of structure composes of highly ordered periodic 

features with micron/sub-micron scale feature sizes and periodicities has been developed 

as visible/inffared metasurfaces, photonics crystals, hydrophobic/hydrophilic surfaces, to 

name a few. The devices with such class of structures are widely used for cloaking [1], 

sensing [2], and thermal detections [3], etc. One challenge in the study of the structures 

is that the devices are cost-prohibitive and time-consuming in fabrication, especially for 

the ones with large areas. For example, Electron-Beam Lithography (EBL) [4] and 

Focused Ion Beam (FIB) milling [5] are capable of prototyping of these structures only 

for lab scales. Nanoimprint Lithography (NIL) [6] and Interference Lithography (IL) [7] 

are promising alternatives; however, the structures are limited to planar substrates, and 

the experimental setups are complicated and demanding. Bottom-up fabrication 

approaches utilizing the self-assembly of dielectric microsphere /nanospheres are 

proposed as well. Nanosphere Lithography (NSL) [8] utilizes the interstices between the 

spheres as shadow masks for nanopattem transfers. The hexagonal-closed-packed (HCP) 

sphere array limits the distribution pattern and the shape of the elements while the 

particles are not recycled after use.

Microsphere photolithography (MPL) is proposed as a simple, cost-effective, and 

high-throughput manufacturing alternative for highly ordered periodic microstructures on 

large areas [9]. MPL uses the microsphere as microlenses instead of shadow masks in 

NSL; the spheres work in parallel in creating the structures for large-areas with single 

exposures while maintaining decent resolution of sub-100 nm [10]. MPL transfers the 

periodic pattern to the photoresist by the photo-chemical process as conventional



photolithography with photonic jets [ll]~subwavelength, energy-enhanced wave fields 

generated by the spherical lenses. MPL exhibits the flexibility o f creating metasurfaces 

with complex designs and hierarchical topography of the periodic features combining 

with the tailoring of the incident angles of the photonic jet by either Fourier mask [12] or 

tip/tilt stages [13]. Previous references have demonstrated the capability of MPL for 

fabrication of perfect absorber metasurfaces [14], LED [15], and localized surface 

plasmon resonance devices [16] for potential sensing [16], condensation control [17], and 

energy management applications.

The modeling of optical lithography and development of photoresist (PR) begins 

in the early 1970s since the work by Dill et al [18-19]. The references described the 

important parameters for photoresist: A, B as the bleachable and non-bleachable 

absorption coefficient, respectively; and C as the exposure rate constant for photoresist.

In the photo-chemical patterning process for positive photoresist, the LTV light alters the 

chemical composition of the inhibitor to be more soluble to the developer. The relative 

concentration of the inhibitor is dependent on the energy distribution of the light inside 

the photoresist as explained by exposure kinetics. Meanwhile, the concentration of 

inhibitor directly affects the development behavior [20], Lithography simulators are 

developed based on the exposure and development models with specified etching 

algorithms. For example, in SAMPLE, string model algorithm describes the boundaries 

for developed and undeveloped regions approximated by a series of points [21]; linear 

weight method creates the weights of the photoresist profile by summing up line 

segments at give positions (PROLITH/2) [22]; and 3D cell-removal algorithm uses logic 

matrices for the characterization of development status of cells (SOLID) [23], However,
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these simulators are not used for the modeling for MPL because of the specialty of the 

photonic jet.

This paper explores the modeling and simulation of the MPL process. Section 2 

illustrates the general fabrication process using microsphere photolithography in detail. 

Section 3 describes the modeling process. With the model verified by experimental 

results shown in Section 4, the fabrication conditions for achieving the resolution is 

discussed. Finally, the ability of the simulation for off-normal incident illuminations is 

shown by the demonstration of the metasurface with split-ring resonator elements.

2. FABRICATION PROCESS

Samples with various fabrication conditions are created using microsphere 

photolithography. The standard fabrication MPL procedures are: 1) application of 

photoresist; 2) application of microsphere array; 3) exposure; 4) development.

Deposition and soft-bake are important steps when applying the photoresist onto 

the substrate. The physical properties of the photoresist such as thickness, Dill 

parameters, and refractive index are important to the photo-chemical reaction and 

affected by the deposition and soft-bake procedures. The photoresist used in this paper is 

Shipley SI 805 positive photoresist. The thickness h of the photoresist is normally 

determined by spinning/accelerating rates in spin-coating, and it can be thinned further by 

mixing its solvent Propylene Glycol Methyl Ether Acetate (PGMEA) [24]. In the 

experiments, the photoresists are spin-coated on the substrates at 5000 rpm for 60 

seconds. From the measurement by ellipsometry, the thicknesses for mixing ratios of 1:0, 

1:0.5 and 1:1.5 (VS1805:VPGMEA) are -540 nm, 260 nm and 120 nm. Then the
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photoresist is soft-baked on a hotplate at 70 °C for 60 seconds. In this process, the 

solvent is evaporated from the photoresist layer. The residue solvent has a powerful 

influence on the dissolution rate of the photoresist films; it increases the free volume and 

thus the diffusivity of the exposure products. High baking temperature causes the 

reducing content of the solvent as well as the inhibitor. Less inhibitor left makes the 

photoresist less photosensitive, and the patterns can be difficult to be developed 

especially for small features. Besides, the decomposition of the inhibitor by heating 

causes dark erosion because the thermal exposure has the same effect as UV exposure. 

Investigations of the influences of soft-baking on the lithographic performance of both 

positive and negative photoresists are shown in [25-26] for the optimization of 

lithography process. The substrates used for all samples in this study are glass. Glass 

substrates have matched-index to the photoresist for minimizing the standing wave 

generation in the photoresist.

The microspheres are self-assembled into HCP array by nature. The diameter of 

the close-packed microspheres determines the periodicity of the features. A monolayer, 

large-area, and single crystalline array of the microsphere is the ideal template for MPL. 

Recent studies on improving the area and crystallinity of the monolayer of the 

microsphere array are described as spin-coating [27], Langmiur-Blodgett [28], and via 

Air-Water Interface (AWI) [29]. The spheres can be deposited either directly onto the 

photoresist or on a UV transparent superstrate, which is used as a repeatable sphere mask. 

In the experiment, AWI method is used: 2 pm-in-diameter dry silica microspheres are 

mixed in the solution 1-butanol with 30 mg/L of SDS surfactant; the microspheres are 

assembled on air-water interface over the substrate, and then directly transferred onto the
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photoresist layer when the water dries out. The refractive index of the silica 

microspheres is 1.45 [30].

The photoresist under the sphere array is illuminated by UV light source. The 

wavelength of the light source [10], the incident angle [31], and exposure dosage [14] are 

important aspects for size control of the features in the exposure process. I-line light 

source (1=365 nm) is used to expose S I805 photoresist in this paper. In the experiments, 

the sweep of exposure dosages is accomplished by changing the exposure duration as

^ exp  = / , r c X 'exp 0 )

where Eexp denotes for the exposure dosage (mJ/cm2), Isrc presents the constant power 

intensity for the light source (14 mW/cm2 for the work in this paper); and /exp is the 

exposure duration. The power intensity is redistributed inside the photoresist at each 

location ( IPR (x, y, z ) ) by the focusing effect of the microspheres; I PR (x, y, z ) is estimated 

using electromagnetic (EM) simulations of the E-field ratios and the equation below:

R _ Im (x ,y ,z)
E Lrc(X>y’Z)

The E-field intensity distribution E{x, y , z) in the photoresist can be determined 

by full-wave frequency domain Finite Element Method (FEM) ANSYS HFSS. The 

incident polar and azimuth angles are controlled by a tip-tilt stage which enables ranges 

of azimuth angle <p [0°, 360°) and polar angle G [-90°, 90°] with angle resolution of 

0.015°. These angles are defined in Figure 1. The polar angles are independent on the 

orientation of the crystal.
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Figure 1. Exposure model.

Finally, the samples are immersed into fresh developer (MF319) for designated 

development time. The development time was controlled to create various sizes and 

shapes of the holes from microsphere photolithography [32]. The revealed hole/disk 

periodic feature array in the photoresist can be inversely transferred to metal/dielectric 

via lift-off. In this study, the hole patterns are transferred into Al disk array by e-beam 

evaporation and lift-off (remover PG).

The characterization of the size and shape of the features created in the 

experiments are conducted by scanning electron microscope imaging (Helios Nanolab 

600). The holes in the photoresist are FIB cross-sectioned with prior Pt protection 

material depositions.
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3. MODELING

This section introduces the modeling and simulation of microsphere 

photolithography. The procedures being modeled include the photo-chemical process in 

the exposure and the chemical process in the development. The exposure kinetics 

explains the absorption of the photons by the photoresist and the alteration of the 

inhibitors by

Z> = -C  • I PR (x, y , z ) • m(x, y, z) (3)
<*exp

where m is the relative concentration of the inhibitor of the photoresist; C is the exposure 

constant (Dill parameter); IPR(x ,y ,z)  is the power density at the position (x ,y ,z)  in the

photoresist shown in equation (2). For a constant IPR at the location (x, y, z ) , the 

integration of exposure time texp in (3) gives

m(x, y, z) = exp[-C • EPR (x, y, z)] (4)

denotes the energy at location (x ,y ,z)  in the photoresist and determines the

concentration of inhibitor left at the location after exposure.

The original Mack model [20] gives the simple development kinetics that the 

updated concentration of the inhibitor m directly affects the development behavior by 

changing the development rate by assuming the development rate is reaction-controlled

R ^ R ^ Q - m Y  (5)

where denotes the maximum development rate for fully exposed photoresist; 

n represents the number of exposure or deblocking events that work together to get one 

resin molecule into solution. The development process can be regarded as a chemical
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etching process that the photoresist reacts with the developer while the status of the 

photoresist updates with time. The three-dimensional (3D) cell-removal algorithm [24] is 

used in our development simulation. In this algorithm, the 3D photoresist domain, which 

is investigated in FEM simulations of the E-field distributions, is divided into brick 

volumes. For the models in this paper, the cubic volumes are uses with edge length AL (5 

nm). The development time tdev is also divided to time steps Atdev. The maximum time 

step is chosen to be 0.0125s, as suggested in [33]. A MATLAB code is included in the 

supplementary information.

Figure 2(a) shows the E-field distribution inside a 540 nm-photoresist from EM 

simulation by ANSYS HFSS. With the E-field ratios as input, the resulting hole profile 

simulated from the development model with the exposure dosage of 1.14 mJ/cm2 and ~30 

seconds of development is shown in Figure 2(b). The same sample is created in 

experiment; Figure 2(c) shows the corresponding SEM image of the cross section of the 

hole from experiment.

There are three sets of parameters used for the photoresist development modelling 

process in addition to the exposure properties: 1) refractive index of the photoresist for 

the exposure wavelength; 2) Dill parameter C; 3) Rmax and the n. The refractive index of 

photoresist is determined by ellipsometry and as input of the electromagnetic simulation. 

The C parameter is measured in transmission experiments as described in [19]. The R^

and n numbers are fitted parameters; the starting point of the numbers for fitting are 

referred to in [22, 34]. While the differences o f diameter of holes (D) between the 

corresponding experiment results and simulation results are minimized, the fitting 

numbers are summarized in Table 1.
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Figure 2. (a) E/Eo ratio from HFSS simulation; (b) Hole profile generated from 
development model (scale changed for matching (c)); (c) Hole profile from SEM image 
with 52° tilt while imaging. The hole is in 540 nm photoresist; exposure dosage for this 

sample is 1.14 mJ/cm2; the development duration is 15s.

Table 1. Fitting parameters used in the model.

h [nm]

Parameter
540 260 120

Rmax 60 63 66

c 0.04 0.032 0.018

n 2.7 1.8 1.4

4. DISCUSSION

4.1. RESOLUTION STUDY

Figures 3 and 4 show the validation of the model by experimental data for all of 

the process parameters discussed. Figure 3 contains the exposure dosage curves for 120 

nm, 260 nm and 540 nm thick photoresist for 15 seconds of development. In Figure 3,
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the curves are the simulation results from the model described in Section 3 and the solid 

square data points with error bars are from the experimental results. Figure 4 shows the 

simulated and experimental dosage curves for the 540 nm thick photoresist and 

development duration is of 15 and 60 seconds. The fitting parameter in the model are 

kept constant for the simulations of the different development durations. The insets in 

Figures 3 and 4 are representive SEM images for holes under various exposure dosages, 

development durations, and thicknesses.

The average error between the experimental data and the simulation results, 

determined from all of the data in Figures 3 and 4, is 8.11%. The relatively small error

Figure 3. (a) Hole diameter versus exposure dosage on various thicknesses o f photoresist 
with 15 seconds development durations. Red, green, and blue dots/lines are for the 120 

nm photoresist, 260 nm photoresist, and 540 nm thick photoresist, respectively. 
Representative SEM images of hole arrays for (b) 120 nm thick photoresist with exposure 

dosage of 2.71 mJ/cm2; (c) 120 nm thick photoresist with exposure dosage of 0.42 
mJ/cm2; (d) 120 nm thick photoresist with exposure dosage of 10.50 mJ/cm2; (e) 540 nm 

thick photoresist with exposure dosage of 10.50 mJ/cm2. Scale bar: 2 pm.
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Figure 4. (a) Hole diameter versus exposure dosage for various development durations on 
540 nm thick photoresist. The blue and orange symbols are for the 15 and 60 seconds 

developments, respectively, (b) SEM image of the sample processed with 4.26 mJ/cm2 
exposure dosage and 60 seconds development time; (c) SEM image of the sample 
processed with 4.26 mJ/cm2 and 15 seconds development time. Scale bar: 2 pm.

between the simulation data and experimental results quantified over a wide range of 

process parameters demonstrated the validity of the model. The validation of the models 

permits confident simulation of more fabrication conditions, including the parameter sets 

where experimental results are challenging to obtain. The results for the simulation with 

expanded process parameter sets are included in Figure 5 (c).

Figure 5 (a) and (b) shows examples of the flow path of the developer during the 

process for 120 nm photoresist. The minimum development time (rmm) in MPL process 

in defined as the development time from which a hole is through photoresist. The 

relationship between the actual development time and rmm determines whether the hole 

pattern can be transferred by sensing if the holes are through. Figure 5 (a) and (b) show 

two series o f hole profiles from various development durations under two exposure
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dosages for 120 nm photoresist. Before the minimum development time (0.8rmm)> the 

holes are not through the photoresist. In the development model, the development rate 

scales exponentially with the energy inside the photoresist, this means the central portion 

(location of the photonic jet kernel) develops easier. The developer at the center of the 

exposed region firstly reaches to the bottom of the photoresist at xmin, which results in 

very small features. Then the photoresist is developed laterally with the gradient of the 

development rate profile when the development in the center reaches the bottom of the 

photoresist, causing an increase in the hole diameter. At the same time, the sidewall of 

the holes increases as the development goes, and eventually becomes vertical on both 

sides {\.2xmin-2Axmm). The holes with vertical sidewalls are ready for pattern transferring.

The xmin is important since it can be used for determining the suitable development 

durations for achieving small features. At the center of the exposed region (x=y=0), the 

dosage ratio along z direction can be regarded as a constant. Using equations (2)-(5), xmin 

can be estimated by the equation as

Using the dosage ratio at the center from EM simulation, xmi„ is estimated without 

implementing the development model. Additionally, when only the diameter of the 

spheres changed from pi to p 2, the dosage ratio Er2 is easily estimated as p2/P\ tunes of 

the original ratio E r i . Meanwhile, the exposure dosage threshold can be estimated when 

the minimum development time is pre-determined:

h (6)T
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£Lexp C i? c
■In

■̂max
(7)

The trade-off between r a n d  the exposure dosage E eXp  is plotted in Figure 5 (d) 

as determined from the above equations for 3 thicknesses of photoresist, tmin saturates to 

h/Rmax when the exposure dosage is high enough. At small exposure dosages, 120 nm 

photoresist exhibits wider range of exposure for finite development durations. The 120 

nm-thick photoresist is used for the analysis in the following discussions.

The diameter of the holes is dependent on the lateral development rate at the 

bottom layer of the photoresist. As mentioned above, the dosage ratio R e  at the bottom 

layer (h=-120 nm) has a Gaussian distribution with respect to its position along x-axis. 

With equations (2)-(5), the development rate R with respect to the exposure dosage and 

position can be expressed as

CEexp.*) = Rmax - ( l-e x p (—C -£ exp-i?£|z=_J)" (8)

where the dosage ratio to x is expressed by fitted Gaussian curves:

RE \z~-h = A(h)-e \s(h)f (9)

In this equation, the amplitude A and standard deviation s are determined by the 

thickness o f the photoresist. The holes are symmetric to y=0 and x=0 in xz andyz planes, 

so the change of the diameter AD is 2 times of the change in x (Ax). Generally, the partial 

derivation of the diameter of the holes to the exposure dosage (sensitivity 1, s i)  is 

expressed as

dD = - ( s (h) f
3 R e xp  K x P '  X

(10)



71

E exp= 0 A 2  mJ/cm2 td e v  [ s ]

____ n  a  t

(b)

E ® c -60“ -120

E exp=  1.73 mJ/cm2 td e v  [ s ]  
n  Q-r

1 V 7 T  ....1
U 'O irn in  
1  .O lenin  

------- 1 9 t

'J - O J  mm
1  .O T m in 
1  9 t-360 -180 6 180 360 

x [nm]
* 'm in

2 .4 T m in -360 -180 0 180 360 
x [nm]

i min
2 .4 T m in

D  [nm]

1 2 3 4 5 6
E e x p  [mJ/cm2]

(e)

Figure 5. (a) Hole profiles with exposure dosage of 0.42 mJ/cm2 and development 
durations of 0.8tm̂ , tmin, 1.2rWm and 2.4rm/„; (b) Hole profiles with exposure dosage of 
1.73 mJ/cm2 and development durations of 0.8rm/„, zmm and 1.2tw„ and 2.4rm;>,;(c) The 
dependence of the diameter of holes (color) on exposure dosage (x) and development 
time (y); (d) The trade-off relation between the minimum development time rm,„ and 

minimum exposure dosage Eexp for a through-hole for three thicknesses; (e) Sensitivity 
curve si describing the exposure dosage dependency of the diameter of the holes; (f) 

Sensitivity curve S2 describing the development time dependency of the diameter o f the
holes.

where x<0. This sensitivity is affected by three parameters: the exposure dosage, the 

exposed location, and the variance with respect of the thickness of the photoresist. The 

sensitivity curves o f the diameter of the holes to the exposure dosage at different
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locations are shown in Figure 5 (e). As the equation and the curves indicates, there is a 

similar trade-off between the sensitivity and the exposure dosage. The diameter is more 

sensitive to the dosage when the location is closer to the center of the photonic jet 

because of the higher development rate.

The equation above clearly states that the dosage sensitivity is inversely related to 

the exposure dosage, regardless of the x  value. As plotted in Figure 5 (e), the sensitivity 

begins to saturate when the exposure dosage is high. The constant sensitivity, also the 

slope on the exposure dosage curves, indicates that the diameter D  has an approximately 

linear dependence on the exposure dosage in the range where si curve is saturated. The

variance (s(A))2 affects the onset of the linear region that lower variance in the Gaussian

distribution of the development rate results in lower onset o f the exposure dosage.

Figure 5 (f) shows the sensitivity curve S2 with respect to the development time 

under various exposure dosages. The sensitivity is extremely high in the first few 

seconds of the development, especially for high dosages. The variation of the diameter of 

the holes can be >100 nm if the development time control is within ±ls. The Gaussian- 

shaped distribution of the energy inside the photoresist is accounted for this phenomenon. 

The non-linear gradient of the energy/development rate to the distance near the center of 

the je t causes the abmpt change of the diameter when the hole is through. The 

energy/development rate gradient with respect to the distance to the center becomes 

linear afterwards and the holes are increasing with development time at a relatively 

constant ramping rate. Based on the above analysis, small dosage (0.42 mJ/cm2), 

controllable development time near rmin (12.5s) and 120 nm photoresist are used in the 

experiment for discovering the resolution of microsphere photolithography. Figure 6



shows the SEM images for the sub-100 nm holes (a) and disk array (b)-(c) found on the 

samples.
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Figure. 6. SEM images of (a) sub-100 nm holes (b) sub-100 nm Al disk array (c) sub-100 
nm disks are from the fabrication condition of 120 nm photoresist, 0.42 mJ/cm2 exposure

dosage, and 15 second development time.

4.2. SIMULATION FOR OFF-NORMAL ILLUMINATIONS

Microsphere photolithography has been demonstrated in [13, 31, 35] for 

fabrication of complicated micro-level antenna designs such as dipoles, tripoles and split

ring resonators. An important patterning rule is that the offset o f the holes to the center 

of the microsphere scales with the polar angle of the incidence. The element designs are 

easily achieved by the combination of multiple exposures at various polar angles and 

azimuth angles.

An off-normal incidence case is simulated and experimentally validated as 

follows. Figure 7(a)-(d) shows the shape of the features on 540 nm photoresist from 

simulation, with an exposure dosage of 1.14 mJ/cm2, incident polar angle 0=30° and



azimuth angle (p=0°, and development durations of 5s and 120s. The offset of the 

exposed location to the center of the sphere for 30° incidence is 569 nm in x-axis. Both 

the experiment and the simulation show that the hole is not through at 5-second 

development for this small exposure dosage. The photoresist exposed by the central 

portion of the jet at the exposure side is etched out faster than the peripheral areas, 

because the higher energy density at the center of the jet creates higher development rate. 

The tilted hole develops with sidewall angles decreases as the development proceeds.

The hole is through for 120 seconds of development as shown in Figure 7(c)-(d) and the 

hole is ready for pattern transfers. The SEM image shown in Figure 7(e) shows the shape 

agreement with the hole profile from the simulation. Figure 7(f) shows the dependency 

of the effective diameter of the feature on various exposure dosages and development 

times for 540 nm photoresist. The effective diameters are calculated as the ovals 

generated from the off-normal incident illuminations are regarded as circles. The rmm 

needed for off-normal illuminations are longer comparative to normally incidences 

because of the longer distance of the developer need to travel to the bottom of the 

photoresist.

The following example shows the modeling of linear superposition of multiple 

exposures for the creation of split-ring resonators. The split-ring resonator is made of 81 

distinct exposures of incident polar angles 0 of 30° and azimuth angles <p from 33.75° to 

326.25° with an increment angle of 3.75° on 120 nm photoresist. The dosage is 0.42 

mJ/cm2 for each exposure and the total development time is 8 seconds. The energy 

distribution from each exposed location is simulated by HFSS and linearly superposed in 

the model. Figure 8 (a) shows the energy distribution on the mid-planes 0=0 nm and z=-
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60 nm) obtained from HFSS simulation. Figure 8 (b) shows 2D the thickness distribution 

simulated from the development model where the dark brown region (thickness h—~ 120 

nm) exhibits the final shape of the resonator. Figure 8 (d) and (f) show the 3D 

topography of the resonator and a hexagonal packed resonator array from the simulations.

The split-ring resonators are created in the corresponding fabrication conditions. 

The SEM image in Figure 8 (c) shows the resonators in photoresist. Figure 8 (e) and (g) 

shows SEM images of single Al split-ring resonator and resonator array after 

metallization and lift-off. The results show the models are suitable for linear 

superposition of multiple exposures. This gives the ability for MPL to do trajectory and 

pattern designs and predictions.

5. CONCLUSION

We discussed the modeling of microsphere photolithography process—a simple 

and cost-effective microfabrication technique for metasurfaces. The feature size from the 

experiments with various exposure dosages, development durations, and thicknesses of 

photoresist are compared with our simulation results; an average difference of less than 

9% is obtained. For a given photoresist, the diameter of the hole features are co

dependent on the exposure dosage and development time in a reciprocal-style trade-off. 

The combination of exposure dosage/development time for through-photoresist holes can 

be determined through the models; this helps predict the fabrication conditions for small 

features as well. Meanwhile, the diameter of holes, especially for small holes, are highly 

sensitive to small changes of these parameters, which requests precise controls of the 

fabrication conditions. The study guides us to fabricate sub-100 nm holes/disks with



controllable longer development time with small exposure dosage in lab. Finally, we 

show the ability of the simulation of MPL on off-normal incidence illuminations; this 

helps the trajectory designs on more consistent off-normal illumination problems. The 

modeling of MPL leads the fabrication of large-area periodic micro/nano feature arrays in 

a simple and predicable way using microsphere photolithography.

(a)
IFc
N

0
-180

-360

-540

y= 0 nm
--------"-v  y "

29 299 569 839 1109

x [nm]
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Figure 7. Hole profiles from simulation (a) 5s development, xz plane (b) 5s development, 
yz plane (c) 120s development, xz plane (d) 120s development, yz plane and experiment 

(e) 5s development, xz plane. The exposure is in xz plane with an angle of 30° and 
exposure dosage of 1.14 mJ/cm2. (f) Effective diameter of holes for various development

durations and exposure dosages.



77
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Figure 8. Simulation results and corresponding SEM images of split-ring resonators, (a) 
E/Eo after superposition from HFSS simulation; (b) 2D hole profile predicted by 

development model (z—120 nm); (c) SEM image of a split-ring resonator in photoresist; 
(d) 3D Hole profile predicted by development model; (e) SEM image o f a single Al split
ring resonator after metallization and lift-off o f the sample in (c); (f) 3D hole array from 

simulation; (g) SEM images of an array of split-ring resonator.
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ABSTRACT

Microsphere Photolithography (MPL) uses a self-assembled array of transparent 

microspheres to focus incident ultraviolet radiation and produce an array of photonic jets 

in photoresist. Typically, the microspheres are self-assembled directly on the photoresist 

layer and are removed after exposure during development. Reusing the microsphere array 

reduces the expense of the process. A mask is formed by transferring the self-assembled 

microsphere array to a transparent tape. This can be used for multiple exposures when 

pressed into contact with the photoresist. This paper demonstrates the use o f this process 

to pattern infrared metasurface absorbers and discusses the effects of the mask-based 

MPL process on the metasurface performance.

Keywords: Microsphere photolithography, mask-based, micro/nano fabrication process

1. INTRODUCTION

Infrared and optical metasurfaces are composed of micro/nano- periodic antenna 

element arrays and are of significant interest for applications such as sensing [1], 

cloaking [2], energy harvesting [3], and self-cleaning surfaces [4]. Traditional micro/nano 

fabrication techniques are typically used to prototype metasurfaces including 

conventional photolithography, electron beam lithography (EBL), and focal ion beam



(FIB) milling. However, these fabrication techniques are cost prohibitive for large scale 

fabrication required to investigate the performance of metasurfaces over large areas as 

well as economic production for practical implementations. Techniques with colloidal 

micro/nanospheres are efficient alternatives to traditional process. Examples include 

Nanosphere Lithography (NSL) [5], Microsphere Photolithography (MPL) [6-7], 

Microsphere Projection Photolithography (MPP) [8], and direct write techniques using 

microspheres [9-14]. Many of these techniques take the advantage of the ability to self- 

assemble spherical particles into a Hexagonal Close Packed (HCP) monolayer by a 

number of different techniques. In the classic Nanosphere Lithography technique, a self- 

assembled HCP particle array is used as a shadow/etch mask. This permits the transfer of 

triangle shaped patterns at the interstitial locations between the particles. Microsphere 

Projection Photolithography, the microspheres serve as ball lenses and are used to image 

a mask onto photoresist at the focal distance of the microspheres. While suffering 

spherical aberration, the technique has been used to pattern intricate patterns.

Microsphere Photolithography (MPL) uses self-assembled microspheres in direct 

contact with photoresist to focus collimated radiation to an array of photonic jet. Photonic 

jet combines near and far-field scattered radiation to produce a sub-diffraction field 

concentration propagating sustained over a wavelength in the photoresist [15]. The 

electric field enhancement can be more than two orders of magnitude with a diameter as 

low as XO/3 FWHM. The large aspect ratio of the photonic jet facilitates pattern transfer 

via etching or lift-off. Complex patterns can be created by controlling the angular 

spectrum o f the illumination (similar to MPP). This can be accomplished in a local direct- 

write approach by rotating the sample under a static illumination source [7]. These
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dimensions are ideal for patterning metasurfaces in the mid-infrared and can be scaled to 

near-infrared and visible wavelengths.

Using the microsphere array to focus light as opposed to using the microsphere 

array as a shadow mask has the advantage that it is not necessarily consumed during the 

patterning process. This is significant because, while much less expensive than EBL/FIB, 

the microspheres and their self-assembly still constitute a significant expense. The use of 

mask- based microsphere arrays has been proposed for laser processing materials such as 

semiconductors [9-10, 14], metal alloys [11], and polymers [16]. Using a contact mask 

introduces problems similar to Nano Imprint Lithography (NIL), including contamination 

and maintaining contact over a large area. However, because the microspheres do not 

need to physically displace the resist, the wear issues surrounding NIL are reduced as is 

the fabrication expense of the mask. This paper discusses on creating uniform micro 

featured array over cm2 area using microsphere photolithography with a transportable 

mask. Mid-infrared metasurfaces are created by exploiting multiple exposures using the 

same mask. The performances of the metasurfaces are used to validate the consistency of 

the samples when the mask is used at different times.

2. EXPERIMENTS AND DISCUSSION

The setup for the mask-based microsphere photolithography experiments in this 

paper is illustrated in Figure 1. A thin polyimide substrate (2 mil thick) is spin coated 

with 480 nm of S I805 photoresist (Microposit). This rests on an elastomer (EcoFlex) of 

thickness 5 mm. A flexible mask (hexagonal packed microspheres secured by UV 

transparent tape) is pressed against the substrate using a weight which generates ~4 kPa



across the interface. The center of the weight is open to allow the microspheres to be 

normally illuminated with a collimated light source through the tape. The conformal 

nature of the tape and substrate help to ensure good contact as the elastomer helps to 

distribute the load over the interface.

i line UV 
illumination

1 /t0=365 nm

Steel
Weight

1

1 i Tape
‘ ........................ .......  ................... .. ---------/ -------- H

.. <xxxxxx:xjy.
Microsphere ' • ...,•..............._ Photoresist
Array Polyimide

Elastomer Substrate

Metal Block

Figure 1. Illustration of mask-based microsphere photolithography approach.

The preparation of the mask begins with the spontaneous self-assembly of a 

microsphere array on air-water-interface following the protocol in Ref. 17. Dry silica 

microspheres (2 pm diameter) are first mixed into 1-Butanol solution with a 

concentration of 300 mg/mL. A glass slide is inserted vertically into a Teflon beaker 

containing deionized water sufficiently deep enough to submerge the slide. The 

microsphere/Butanol mixture is dispensed onto the surfaces of the deionized water. 

Capillary forces cause the microspheres to self-assemble into a Hexagonal Close-Packed 

(HCP) lattice on the air-water interface. A portion of the microsphere array is transferred 

onto the glass slide when it is slowly removed from the deionized water at a speed of

0.016 mm/s.
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Following inspection of the microsphere array on the glass slide it is transferred to 

the tape by carefully pressing the adhesive coated side o f the tape to the microspheres. 

Figure 2 shows SEM images of the microsphere mask (tape) along with a 2D Fourier 

Transform of the image. The microsphere array covers -25x25 mm2 area on the tape.

Figure 2. SEM image of microsphere mask (tape) with inset showing 2D Fourier
Transform.

The sample, tape mask and metal block are coarsely aligned before illumination 

with Mine (20=365 nm) radiation with irradiation, £-12.5 mW/cm2 for 3s. Each 

microsphere generates a photonic jet in the photoresist. The sample is then soft baked at 

115 °C for 90 s before developing in MF319 for 60 s to reveal a HCP hole array. Figure 3 

shows a SEM image the sample after development. The diameter of the holes is -940 nm. 

The periodicity is determined by the diameter of the microspheres while the hole 

diameter can be controlled by adjusting the exposure fluence [6].
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The hole array created by the lithography process can be used for pattern transfer 

by either etching or the lift-off procedure. Figure 4 shows aluminum disks on the surface 

of the polyimide created using lift-off of the photoresist following deposition of 100 nm 

of aluminum using an e-beam evaporator. The photoresist was stripped using 

ultrasonication in Remover PG (MicroChem). Figure 4 illustrates the importance of 

controlling the separation between the microspheres and the photoresist. This gap can 

vary significantly when the weight is not applied especially if  a rigid substrate and mask 

are used. Figures 4a and 4b show different locations of the sample patterned without the 

weight. Both the size of the disks as well as the periodicity change in regions of the 

sample that are not in good contact. The doubling of the periodicity can be attributed to 

the Talbot effect [18]. This is a diffractive effect that generates repeating patterns 

including doubling the periodicity o f the original grating. While the gap used to pattern 

Figure 4b is not known, it agrees with a frequency-domain FEM simulation (ANSYS 

Electronics 18.2) of a 10 pm separation between the microspheres and photoresist. This is 

shown in Figures 4c and 4d which plot the simulated magnitude of the normalized energy 

in the electric field 240 nm from the surface of the photoresist (midplane) for gaps o f 0 

and 10 pm, respectively.

While the doubling of the periodicity can be advantageous, maintaining a 10 pm 

gap precisely over a large area requires optically flat surfaces and significantly raises the 

expense of the fabrication process. The objective becomes minimizing the gap so that the 

exposure is directly from the photonic jets. This must be accomplished without excessive 

pressure leads to wear of the mask, specifically the transfer o f microspheres from the tape 

to the photoresist.
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Figure 3. SEM image of holes in SI 805 photoresist.

Functional infrared metasurfaces have previously been fabricated using 

conventional microsphere photolithography with the microspheres directly self- 

assembled [6-7]. Basic absorbing structures are formed by separating resonant disks from 

a ground plane by an insulating layer. This structure affords the ability to consistency of 

the process. Thirteen samples were created with the same tape mask. E-beam evaporation 

was used to deposit a 150 nm of aluminum onto the polyimide substrate. A 200 nm thick 

layer of silicon is evaporated on top of the aluminum without breaking vacuum. The 

photoresist is then spin coated on top of the silicon and exposed using the microsphere 

mask using a consistent fluence of 62.5 mJ/cm2. The lift-off procedure was used to 

pattern the disks on the silicon layer. SEM images of several of the samples are shown in 

Figure 5.

The absorption spectra of the samples were measured using FTIR (Thermo- 

Nicolet, Nexus 670). A VeeMAX accessory (Pike) was used to measure the reflectance 

spectra from the samples over a 9.5 mm diameter aperture from 30° off-normal
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Figure 4. Experimental results showing the change in pattern periodicity due to 
diffractive effects at large gaps (a) 2 pm periodicity (b) 1 pm periodicity. Scale bar: 5 

pm. Simulation on MPL exposure process with different gaps (c) 0 pm (d) 10 pm.

Figure 5. SEM images of samples 1, 6, 8 and 13.

incidence. The reflectance is normalized to the reflectance from a gold mirror. Because 

there is no transmission through the aluminum ground plane, the absorptance, a, can be 

calculated from the reflectance, p, a(X) = 1 -  p(X). Figure 6 show the absorptance spectra



from 11 of the 13 samples (all exposed using the same mask). A polarization averaged 

ANSYS simulation of the metasurface is also plotted (dashed lines) and was designed for 

resonance at 2=8 pm. At this wavelength and angle of incidence the simulated 

absorptance is a=0.98.

The resonant wavelength and absorptance of the various samples are summarized 

in Figure 7. After removing the outliers of Samples 2 and 10, the mean resonant 

wavelength for the remaining 9 samples is 2=7.99 pm with a standard deviation of 0.09 

pm and a mean resonant absorptance of a=0.81 with a standard deviation of 0.07.

89

Figure 6. Measured absorptance for different metasurfaces patterned with a common 
microsphere mask. The simulated absorptance is plotted with a dashed line.

The results in Figures 5-7 suggest the feasibility of the process. The good 

agreement of the resonant wavelength shows good uniformity in the disk diameters. This 

indicates that the gap is well controlled. However, the absorptance is significantly lower 

than the value predicted by simulation. This suggests that the metasurface does not cover 

the entire aperture. Gaps in the metasurface occur due to defects into the microsphere
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mask are transferred to the metasurface. This can be caused by the self-assembly process 

which results in a polycrystalline HCP array. At the boundaries between the grains, the 

physical contact can cause the loss of microspheres (transferred to the photoresist). 

Improving the microsphere deposition process can potentially improve the process. This 

is limited by the variance in the size of the microspheres (~2% for commercial silica 

microspheres). These microspheres can nucleate multilayer defects in the lattice.

Control of the contact forces is critical for the process. Using a flexible substrate 

allows conformal contact and lowers the force required to minimize the gap between the 

microspheres and the photoresist. The adhesive force provided by the tape is also 

significant in maintaining the microspheres on the mask. Future studies will resolve the 

balance of adhesive forces on the microspheres from the mask superstrate and the 

photoresist.

3. CONCLUSIONS

This paper demonstrates the ability of creating multi-centimeter sized periodic 

microstructures using mask-based microsphere photolithography. Simulation and 

experiment show that minimizing the gap is critical for consistent performance. The 

repeatability of the technique using a simple weight system and flexible substrate is 

evaluated in the context of an infrared metasurface absorber. This is sufficient for 

uniform contact over cm2 areas. A tape based microsphere mask was re-used over 13 

times and produces minimal deviations in the resonant wavelength and maximum 

absorptance. Future work will improve the consistency of these results by improving the 

mask/microsphere adherence, the uniformity of the HCP lattice.
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Figure 7. Properties o f the different samples (a) resonant wavelength and (b) resonant
absorptance.
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SECTION

2. CONCLUSION

This dissertation studied on microsphere photolithography, a scalable 

nanomanufacturing technique with three research objects: (1) generation of IR 

metausurfaces with various designs and elaborate IR performances using microsphere 

photolithography; (2) modeling of microsphere photolithography; (3) preliminary study 

on scaling the process using a reusable mask for future roll-to-roll configuration.

Microsphere photolithography is proposed as an easy, low-cost, and versatile tool 

for the manufacturing o f metasurfaces. MPL enables the fabrication of metasurfaces with 

complex designs by using on/off normal illuminations and greymasks for hierarchical 

patterning. The size of the features scales with exposure dosages for IR metasurfaces.

The illumination angle of incident can be tailored for creating complex micro-antenna 

elements that the photonic jet to be precisely steered around the unit cell defined by the 

microsphere. The ratio of the offset of the photonic jet to the microsphere diameter is 

shown to be independent of the size and orientation of the sphere lattice. The 

metasurfaces fabricated from microsphere photolithography are characterized: (1) the 

design of hexagonal-close-packed metal-insulator-metal absorber/emitter with metal 

disks as top layer achieves near unity absorptances in mid-wave infrared spectrum; (2) 

metasurface with split-ring resonator/tripole features show polarization 

dependent/independent performances; (3) the designs of multicavity/hybridizing silica 

phonon mode for achieving multiband/broadband metasurface in thermal infrared 

spectrum are shown. The yield of the process is improved to >cm2 by self-assembly 

metrologies and better microspheres with CV<2%. With a polycrystalline microsphere
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array from the self-assembly, the polycrystalline metasurfaces have been proven to be 

robust in the presence of the lattice defects with a good agreement between simulation 

and experiment. The potential appl ication of the IR metasurfaces includes but not limited 

to infrared cloaking, sensing, filtering, and energy harvesting.

The modeling of microsphere photoresist process is demonstrated and validated 

by experimental results. The model is based on the electromagnetic simulation of the 

photonic jet, photo-chemical kinetics and 3D cell-removal algorithm. For a given 

photoresist, the diameter of the hole features are co-dependent on the exposure dosage 

and development time. The minimum combination of exposure dosage/development 

time for through-photoresist holes can be determined through the models. The diameter 

of holes changes dramatically with small deviations of the process parameters around the 

time when the hole is through; the development duration is the main source of variation 

in the experiments. Thus, the combination of ultrathin photoresist, small exposure 

dosage, and long development time makes the sub-100 nm features available by MPL. 

The model is validated for off-normal incident illuminations as well. The modeling of 

MPL leads the fabrication of metasurfaces in a predicable way using microsphere 

photolithography.

Scaling microsphere photolithography using roll-to-roll is the long-term goal of 

this project. The preliminary experiment of using mask-based microsphere 

photolithography shows the possibility of this concept. The repeatability of the technique 

using a simple weight system, a flexible microsphere mask, and flexible substrates is 

evaluated for infrared metasurface absorbers created. The tape-based microsphere mask 

was re-used over 13 times and produces minimal deviations in the resonant wavelength
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and maximum absorptance. The samples are scaled up to >cm2. Future work is to scale 

the metasurfaces up further by improving the mask/microsphere adherence and contact 

uniformity for roll-to-roll fabrications.



APPENDIX A.

MATLAB CODE FOR SIMULATION OF MICROSPHERE

PHOTOLITHOGRAPHY
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The original Mack model [19] gives the simple development kinetics that the new 

concentration of the inhibitor m directly affects the development behavior by changing 

the development rate

a + ( l -m )

where Rmax denotes the maximum development rate for fully exposed photoresist;

is the minimum development rate for the unexposed photoresist; refers to the diffusion 

rate constant; and represents the number of exposure or deblocking events that work 

together to get one resin molecule into solution. Assuming the development rate is 

reaction-controlled, meaning the diffusion is fast and less important, the constant. The 

equation above can be simplified as (5) in Paper V.

In the cell-removal algorithm, the 3D photoresist domain, which is investigated in 

FEM simulations of the E-field ratio distributions, is divided into brick volumes. For the 

models in paper V, cubic cells are used with edge length AL (5 nm). Each cell is 

represented by the corresponding location indices in the output matrix from HFSS 

simulation. The cells on the top and the bottom layers o f the photoresist have the height 

of AL/2. Same with the cells on the other four sides: the cells on the corresponding side 

has a length of AL/2.

The E-field simulation results from HFSS are the input for the code. 3D matrices 

o f DOSE, R, Qv, and Qs are defined with the same dimensions as photoresist domain 

analyzed in HFSS (discrete M *N *0  data points with the spacing o f AL). The dose

matrix DOSE is determined by equations (2)-(4) in paper V with the input. Then the 

development rate matrix R is obtained by implementing equation (6) in paper V.
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The development status of the cells is defined by matrix Qv which composes of 

‘O’ and ‘ 1 ’ switches. Switch ‘ 1 ’ means the cell is exposed to the developer and ready to 

be developed with its local development rate. ‘0 ’ means the cell is not in contact with the 

developer. The switch of a cell in Qv shifts from ‘O’ to ‘ 1 ’ when one or more neighboring 

cell is fully developed. The top layer of the photoresist is exposed to the developer first, 

so the original status of the switches of the cells on the top surface of the photoresist are 

set to ‘1% while the other cells have ‘O’ in the Qv matrix.

Qs matrix is defined as the counter matrix. The counters for each cell show the 

percentage of the volume left during the development. The original status of all cells are 

100%. For a given isotropic development rate R at a cell (a, b, c), the cell is subtracted 

by an amount from the counter in one time step Atdev:

Q s (a , b , c , t  +  At dev) =  Q s ( a , b ,  c ,  t )  -  R ( a ,  b , c ) * A t dev/ A L  

A cell is defined as ‘developed’ when the corresponding counter reaches 0%. The 

developed cell resets the Qv switches all of its neighboring cells to ‘1*.

Below is the MATLAB code for estimating the development for 260 nm 

photoresist under designated process parameters (exposure dosage of 1.14 mJ/cm2 and 

development time of 20 seconds).

[fh,pn]=uigetfile(’*.fld’,'Pick HFSS field result file’);
fpn=fullfile(pn,fn);
tic;
fid=fopen(fpn); 
fgetl(fid); fgetl(fid); 
lines (header)
[data, count]=fscanf(fid,’%f,inf);
in data
fclose(fid);

% open UI to identify file 
% concatenate filename and path 
% start timer 
% set file identifier to fpn 
% load and discard the 1st two

% read remainder of file and store

% close file
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mn=[-540 -540 -260]; mx=[540 540 0]; sp=[5 5 5]; % define minimum, maximum,
and spacing

M= 1 +(mx( 1 )-mn( 1 ))/sp( 1); N=l+(mx(2)-mn(2))/sp(2); 0=1 +(mx(3)-mn(3))/sp(3); % 
number of points in x, y, and z
x=mn(l):sp(l):mx(l); y=mn(2):sp(2):mx(2); z=mn(3):sp(3):mx(3); % define
vectors for x, y, and z

for a= 1 :M % step over x
for b=4:N % step over y

for c=l :0  % step over z
E(a,b,c)=data(4*((a-1 )*N*0+(b-1 )*0+(c-1 ))+4); % store data

in MxNxO array E 
end 

end 
end
fprintf('File: %s loaded in %f s\n’,fn,toc); % report time to load file

E=E.A2;
Ex=E; 
to EA2
Ex(isnan(Ex))=0; 
exposure array 
Qs=ones(size(E)); 
of resist remaining)
Qs(:,:,O)=0.5;
Qs(:,:,l)=0.5; 
have counter of 0.5

rmax=63; 
development rate 
C=0.032; 
constant) 
t=0;
dt=0.0125;

absinten=10;
[mW/cm2] 
extime=0.114;
DOSE=absinten*extime;
n=1.8;
exposure events that work together to get one
er=rmax*(( 1 -exp(-Ex.*C*DOSE)). An);
Qv=zeros(size(Ex));
to developer
Qv(:,:,0)=l;

% square E field data 
% create dose array proportionate

% set NaN values to 0 in

% create exposure array (fraction

% cells at top and bottom layer

% fitted number, Max

% Dill parameter (exposure rate

% initialize time 
% time step [s]

% intensity of light source

% exposure duration 
% exposure dosage 
% fitted number, number of 

resin into solution
% exposure rate
% array describing region exposed 

% top surface is initially exposed
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h—ones(N,M)*mx(3); % initialize height array
figure; % colormap jet;
subplot(3,l,l);
DMp=surf(x,y ,h);
set(DMp,'linestyleVnone'); caxis([mn(3) mx(3)]); 
axis image; view(2); colorbar: 
axis([mn(l), mx(l), mn(2), mx(2)]); 
xlabel('x [nm]’); ylabel('y [nm]'); grid off;

subplot(3,l,2);
x_ln=line('xdata',x,'ydata',zeros(size(x)),'color',[0,0,1 ]); 
axis image; axis([mn(l),mx(l),mn(3),mx(3)]); 
xlabel('x [nm]'); ylabel(’h [nm]');

subplot(3,l,3);
y_ln=line('xdata',y,'ydata',zeros(size(y)),'color',[1,0,0]); 
axis image; axis([mn(2),mx(2),mn(3),mx(3)]); 
xlabel('y [nm]'); ylabel('h [nm]');

tic;
q=l;
while t<20 % development time

for a=l:M 
for b=l:N 

for c= l:0
if (Qv(a,b,c)>=l)&&(Qs(a,b,c)>=0) % Switch on and counter is above

0
if (a<=M-1 )&&(a> 1 )&&(b<=N-1 )&&(b> 1 )&&(c<=0-1 )&&(c> 1);

Qs(a,b,c)=Ds(a,b,c)-er(a,b,c)*dt/sp(3); % if the cell is not on the side of 
the domain, development rate* I

if Qs(a,b,c+l)=0&&Qs(a-l,b,c)==0 
Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(2)/sp(3); % two faces of cell is 

exposed to developer, developer rate*sqrt(2);

end
if  Qs(a,b,c+1 )=0& & Qs(a+1 ,b ,c)= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(2)/sp(3); % two faces of cell is 
exposed to developer, developer rate*sqrt(2);

end
if Qs(a,b,c+1 )==0&&Qs(a,b-1 ,c )= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(2)/sp(3); % two faces of cell is 
exposed to developer, developer rate*sqrt(2);
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end
if  Q s(a,b,c+l)=0& & Q s(a,b+l,c)=0 

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(2)/sp(3); % two faces of cell is 
exposed to developer, d e v e lo p e r  ra te * sq rt(2 );

end
if  Qs(a,b,c+1 )=0& & Q s(a-1 ,b,c)=0& & Qs(a,b-1 ,c )= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(3)/sp(3); % three faces of cell is 
exposed to developer, d e v e lo p e r  ra te * sq rt(3 );

end
if  Qs(a,b,c+1 )=0& & Q s(a-1 ,b,c)=0& & Qs(a,b+1 ,c )= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(3)/sp(3); % three faces of cell is 
exposed to developer, d e v e lo p e r  ra te* sq rt(3 );

end
if  Qs(a,b,c+1 )=0& & Q s(a+1 ,b,c)=0& & Q s(a,b-1 ,c )= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(3)/sp(3); % three faces o f cell is 
exposed to developer, d e v e lo p e r  rat.e*sqrt(3);

end
if  Qs(a,b,c+1)— 0&&Qs(a+1 ,b,c)=0& & Qs(a,b+l ,c )= 0  

Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt*sqrt(3)/sp(3); % three faces of cell is 
exposed to developer, developer rate*sqrt(3);

end
else Qs(a,b,c)=Qs(a,b,c)-er(a,b,c)*dt/sp(3); % if the cell is on the side of the 

domain, development rate* S

end

end

if Qs(a,b,c)<0 % Counter less than or equal to 0,
cell removed

Qs(a,b,c)=0;
h(a,b)=min([h(a,b),z(c)]); % thickness defined
Qv(a,b+1 ,c)= 1; % switch on for neighboring cells
Qv(a+l,b,c)=l;
Qv(a,b,c+l)=l; 
if  a>l

Qv(a-l,b,c)=l; 
end 
if  b>l

Qv(a,b-l,c)=l;
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end 
if  c>l

Qv(a,b,c-l)=l;

end
end

end
end

end
end
set(DMp,'zdata',h,'Cdata',h); drawnow; 
set(x_ln,'ydata',h(:,round(M/2))); 
set(y_ln,'ydata',h(round(N/2),:)); 
EA(q,:)=[t,sum(surn(h==mn(3)))];

t=t+dt; q=q+l; 
end
DDl=sqrt(EA(:,2)*sp(l)*sp(2)*4/pi); % diameter calculation

fprintf('Development simulation: % f s\n',toc);

The dosage ratio along the centerline is regarded as constant for a particular

thickness o f the photoresist. The ratio is fitted as

(A) = 355.5 sin(0.003271/2 +1.502)+314.3 sin(0.003976/i + 4.539)+ 20.66sin(0.007914/i +6.496) 
+0.8687 sin(0.04695/i -  4.618)

The ratio along the centerline is ~56 when 120 nm photoresist is applied.

The amplitude A and standard deviation s in the dosage ratio equation (9) are also 

determined by the thickness of the photoresist. The r e  is presented as

Re | z_ h (h) = (52.61 sin(0.005018h + 0.5693) +30.3 sin(0.00997/i + 2.879) + 10.53 sin(0.0165h + 4.533) +

1.718 sin(0.03411/1-0.2915)) •<? ,5sin< 0.004687 A+0.8899)+127.9sin(0.009085A+3.036)+68.88sin(0.02002A+3.39l)+50.33sin(0.022A+5.976))]2
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For /i=120nm photoresist, RE =25.45795e 12733732.

Even the sub-100 nm features are observed for smaller Eexp with comparatively 

longer tdev (left side of the map) and higher Eexp with shorter tdev (right side of the map) in 

Figure 5(c), they can be difficult to be achieved in actual fabrications because of 

sensitivity issues. As an example shown in Figure 5 (b), for the exposure dosage of 1.73 

mJ/cm2, sub-100 nm hole is observed at 3-second of development, but it increases to over 

200 nm in the next second. Therefore, sub-100 nm holes are difficult to be obtained for 

high exposure dosages in the experiments with imprecise time control in puddle 

development mode. On the other hand, the development time needed for small exposure 

dosages for a through-hole is comparatively long and better controlled. For example, the 

minimum duration needed for 0.42 mJ/cm2 dosage is ~12.5s, but the sensitivity is much 

lower (~30 nm/s). In Figure 5(a), the hole is shown as small as 10 nm at 12.5s of 

development. At 14 seconds, the diameter of the hole is ~86 nm. Although the hole 

becomes >300 nm when the development time exceeds 30s, the 1.5s error window is 

allowed for the fabrication of sub-100 nm holes with the conditions. The hole at 12.5s is 

not suitable for pattern transfer because the sidewall angle for the hole is high. Vertical 

sidewalls o f the holes for pattern transferring are formed as the development reaches 14s.

The error of the diameter of the holes in a hole array potentially comes from three 

aspects: the variance in exposure dosage AZseXp, development time Atdev, and thickness of 

photoresist Ah. The total difference of diameter AD can be expressed as

AD = AE.exp
d D \
d E J

+  At.dev
r d D  V

< dt )  j
r J d- E \

V dh )
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The errors in diameter caused in the experiments (Ei= 0.42 mJ/cm2, ^ ev/=15s; E2= 

1.73 mJ/cm2, tdev2~3s) are estimated. In the experiments, a spatial variation of the 

intensity o f the light source is measured as <1 mW/cm2 among >25 cm2 illumination 

area. For the exposure dosage of Ej= 0.42 mJ/cm2, the texp needed is only 0.03s. With the 

average sensitivity of -96.5 nm/[mJ/cm2], the total error caused by this exposure dosage 

justified as 2.895 nm. On the other hand, the texp needed for the dosage of £>= 1.73 

mJ/cm2 is 0.12s. With a much lower sensitivity of 23.56 nm/[mJ/cm2], the error caused 

by exposure is 2.827 nm. Assuming the variance of development duration is 1 second, 

the error caused by development time are 31 nm and 68 nm for Ei and E2, respectively.

If the variance of the thickness of photoresist is negligible, the total variance for applied 

Ei and £ 2  and corresponding development durations are 31.13 nm and 68.06 nm, 

respectively.



APPENDIX B.

CONSTRAINED SELF-ASSEMBLY OF MICROSPHERES



Two-dimensional (2D) Hexagonal Close Packed (HCP) micro particle arrays 

come from self-assembly, a bottom-up approach. These particle arrays are applied as 

pattern templates in the micro/nano fabrication field, such as Nanosphere Lithography 

(NSL) [10], hole-mask colloidal lithography [30], Microsphere Photolithography (MPL)

[31] . In NSL and hole-mask colloidal lithography, the particles act as a shadow/etch 

mask; the pattern of the interstices between the spheres are transferred onto substrates by 

vapor deposition or etching. While in MPL, the microspheres are used as micro ball- 

lenses to focus flood illuminated light to sub-diffraction limited photonic jets [12] to 

expose a layer of photoresist underneath.

The self-assembly of microspheres is a critical link in MPL process. The goal of 

self-assembly for these techniques is to create a large-area, single-crystalline monolayer 

of HCP sphere array. Common methods for the self-assembly of dielectric particles are 

separating the solid particles into liquid solution, and the particles can reorder when the 

liquid solvent goes away. Techniques for improving the dielectric particles to self- 

assemble into 2D HCP arrays are discussed in previous studies, such as drop-coating

[32] , spin-coating [33, 34], Langmiur-Blodgett method [35], convective assembly [36, 

37], air-water-interface (AWI) [38], and assembly through a wedge cell [39]. Spin

coating relies on increasing evaporating rate of water on a rotating surface; however, the 

strong rotational force and its radial gradient of spin-coating overpower the forces behind 

the formation of large single crystalline domains [40]. Drop coating uses a drop of the 

particle suspension with a given volume and composition onto substrate. Drop-coating is 

simple, but the area of deposition is sporadic and limited. Convective self-assembly is 

promising for the creation of large-area monolayer HCP arrays by using a blade to

107
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control the spheres, but it need high precision control between the blade and the substrate, 

resulting in the demand for costly o f the equipment. For the three techniques mentioned 

above, the particles all attached on prepared solid planar substrates during the self- 

assembly process.

Langmiur-Blodgett (L-B) and AWI are different approaches with respect to the 

substrate. They require particles to self-assemble on liquid substrate as air-water or air- 

oil [41] interface by capillary force; this enables the particle arrays to transfer onto other 

types o f substrates. Particle arrays have been transferred onto curved substrates such as 

copper wire [23] and fiber [42], L-B method uses a trough with sliding bars pushing the 

particles closer. On the other hand, the motion o f the particles on the water surface is 

controlled by capillary force [43] in the AWI technique. AWI is very promising for 

facile and efficient creation of large area HCP particle arrays for microsphere 

photolithography. At air-water interface, the liquid solvent o f the particle-liquid mixture 

is deformed between microspheres when proper height o f the solvent layer is achieved. 

When a concave meniscus is formed in between particles, the capillary force exhibits 

attraction effect. A two-stage mechanism of particle array self-assembly is proposed in 

[32] as a widely recognized theory. Stage I is the formation of an ordered nucleus in the 

assembly process. This happens due to the deformation formed as the height h of the 

solvent decreases below the sphere diameter p  (partially immersing the particles) in the 

area, and the transport is caused by water/liquid evaporation from meniscus between 

clustered particles. The formation of the nucleus triggers the Stage II. This is when the 

crystal starts to grow through directional motion of particles towards the nucleus in order. 

N2 can be used for blowing over the surface to provide the energy required for the
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spheres to reorganize themselves into a single 2D colloidal crystal (effectively melting 

smaller domains and allowing them to recrystallize). This approach has demonstrated 

transferring cm2 scale single crystals to glass slides and even cylindrical surfaces [23].

The purpose o f the solvent is to help the particles float on the liquid substrate 

(water). The particles are mixed into solvent and the mixture is dispensed onto water 

surface. The solvent functions as a secondary thin film on the water and the particles are 

only in this ‘second layer’; the particles self-assemble when the secondary liquid has the 

proper height. The solvent has to satisfy several requirements: lower density than water, 

immiscible with water, hydrophilic on water, non-toxic, and friendly with the dielectric 

particles mixed in it. An appropriate hydrophobicity o f the particle to the liquid is needed 

to form a highly ordered monolayer [38], Chloroform, ethanol, and butanol are 

mentioned in literature as solvent for different particles [44].

The concentration of particles in the mixture affects the self-assembly by tailoring 

the height h of the secondary layer: higher concentration corresponds to a lower liquid 

layer for the spheres to assemble in. The height h of the secondary layer can be estimated 

by the concentration of the spheres in the mixture. As the mechanism indicates, the 

particles self-assemble into orderly 2D arrays when the thickness of the solvent layer h is 

lower or equal to the diameter of the particles, so a proper concentration of the particles 

in the mixture is needed. The area of the single crystalline array o f the particles on air- 

water interface are reported to be improved by re-crystallizations o f the polycrystalline 

arrays by gas-flow [23] and solvent-vapor-annealing [45].

Dip-coating method can be used for transferring the crystal arrays [32] by 

vertically pulling the substrate from water surface. In this method, the withdraw speed is
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determined by the sphere concentration and the feed rate of the colloidal solutions [38]. 

The particle arrays can also be transferred onto a substrate that placed horizontally 

underneath water surface when water is drained out [41, 46]. However, it could take 

longer for the water over substrate to evaporate.

The lift-off method for transferring the microsphere arrays from AWI is discussed 

with respective to two important parameters: angle of deposition <P, and lift-off speed r, 

as shown in Figure Bl. Samples are created to see what effect increasing the angle of 

deposition would have on the samples. The deposition angle is defined as the angle 

between the backside of the substrate being deposited and the water surface. The range 

of the angle in the test is from 10° to 130°. As can be seen in Figure B2, higher angles 

for deposition have less defective area than samples at lower angles. There seems to be a 

distinct separation at 80°, after which samples have less than 25% defective area. The 

defective area is defined as the area with multilayers/voids. All of the samples were 

made with 400 mg/mL and a lift speed of 0.02 mm/s. As shown above, there is a 

dramatic improvement at 90° deposition angle, and also is it possible at angles greater 

than 90°.

Microsphere deposition improves as the angle of the substrate increases, but also 

up to a certain point. Angles higher than 130° result in patchy areas. At 90°, the quality 

o f the samples improves slightly when the lift speed is increased incrementally from 0.02 

mm/s to 0.1 mm/s (as shown in Figure B3). At high angles of deposition, instead of 

seeing the defects split relatively evenly between the patches o f spheres and small groups 

o f spheres, the defective area can be mostly attributed to the small aggregation of spheres 

due to inappropriate mixing.



I l l

Figure B l. Scheme o f transferring the self-assembled particle arrays by pulling-off.

Figure B2. Angle of Deposition vs Defective Area Percentage
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Figure B3 shows the defect percentage of the microsphere array transferred onto 

the substrate versus lift-off speed at the deposition angle of 90°. The faster lift speeds 

had less area that had multilayers or other defects. The amount o f bad areas spiked up as 

the assembled microsphere array cannot deposit on the substrate fast enough to keep up 

with the lift speed. Increasing the lift speed used for deposition improves the sample 

quality up to a certain point.

Pulling Rate [mm/s]

Figure B3. Lift Speed (mm/s) vs Defective Area Percentage for 200 mg/mL at 90°.

The area to the right of the red shadow indicates lift speeds for which the 

microsphere array is filled with voids. As shown in the Figure, 0.016 mm/s is the fastest a 

sample can be lifted from the solution under the current conditions.

We use a modified AWI technique for preparing the sphere array by confining the 

deposition area for creation of metasurfaces using microsphere photolithography in this



dissertation. Monodispersed silica and polystyrene particles can be chemically 

synthesized following well-established processes in [22] and [23], respectively. They are 

widely available commercially, with different sizes and materials (notably polystyrene 

and fused silica) at reasonable costs ($30/g). While polystyrene/silica is adequate for 

experimentation in the near-UV, pushing into the deep UV requires silica microspheres 

because the polystyrene is absorbing deep UV during illumination. Most substrates used 

for particle depositions mentioned in literature are planar and hydrophilic glass slides 

[33-38]. The photoresist used in the photolithography process is hydrophobic as the 

contact angle is as steep as 80 degrees [37]. This causes a problem with transferring 

particles when the substrate is vertically pulled out from the water (dip coating) because 

the particles cannot be attached to the substrates. To solve this problem, the substrate can 

be positioned horizontally under the water surface, and the particle array can fall onto the 

hydrophobic substrate as the water is drained.

In the experiments for the papers, we use regular O-rings with variable areas 

designed on top of substrate as a confined deposition area, and DI water is filled inside 

the O-rings. Microsphere solutions are dripped onto the water surface and started to self- 

assembly spontaneously with the calculated number o f microspheres and thickness of 

liquid layer applied. The microsphere array will be transferred onto the substrate after 

water subphase is drained. Figure B4 shows the assembling and transferring process.

In actual deposition process, silica microspheres (NanoCym) with p=2.1 pm 

(n o m in a l, polydispersity 0 .0 0 5 )  in diameter were deposited on the photoresist. 1-Butanol 

is used as solvent for silica microspheres for two reasons: first, butanol is barely 

immiscible with water, and it is less dense so that the microspheres float in the air-
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Figure B4. Schematic o f self-assembly of microspheres on constrained area o f air-water
interface.

water interface; second, it is also friendly to silica. Surfactant (SDS) (30 mg/L) is also 

needed in the mixture to reduce the surface tension of water. Ultrasonication is for 

breaking up clumps formed in sphere solutions. A sonication duration o f multiple hours 

is mentioned in [38], 30 minutes’ ultrasonication is used in our experiments.

Then the weight percentage of microspheres in solution and volume of solution 

applied to the water surface are determined. The confined coating area A  determines the 

number of spheres N needed for hexagonally close packed microspheres

N  = A t( \ /3 p 2 /2) .

Given density o f silica microspheres, the mass of spheres needed can be 

calculated. According to the principle of spontaneous assembly of microspheres by 

immersion capillary forces, the height of butanol layer h should be less than or equal to 

the diameter of microspheres p. The total volume applied on the water surface is



determined by h* A. The volume of liquid can be subtracted from the total volume to 

determine the volume of spheres. Then the weight percentage of spheres in butanol/SDS 

surfactant can be determined. After the microsphere solution is mixed, it goes through 

ultrasonication for 10 minutes. When the concentration is too low, the particles gradually 

assemble in sparse patches as the suspension is dispensed onto the water surface. The 

suspension concentration needs to be increased for the sphere deposition area to become 

larger. At the same time, the volume of solvent builds up, which makes the assembly 

process longer and more complex.

The calculated volume of sphere solution is drawn in by a microsyringe and then 

dispensed onto the DI water in the O-ring. The microspheres suspended in the solvent 

spread over the confined area and self-assemble instantaneously due to immersion 

capillary force, which is generated by a thin deformed liquid layer in between spheres 

[29]. After the DI water and solvent drain and evaporate, the microsphere array is 

deposited on the substrate. Ideally, the microspheres are self-assembled into hexagonal 

closed packed in a crystalline way and then transferred to the substrate.

Figure B5 shows the defect percentage dependence on h/p with fixed deposition 

area and number of microspheres for three different sizes o f microspheres. The curves 

show that for each size of microsphere, the lower of height/diameter ratio is, the better 

assembly of the microsphere array can be. The defect percentage increases dramatically 

when the ratio exceeds unity meaning that the height is over diameter and the three 

dimensional Brownian motion drives the formation of multilayer and voids.

In the current way of self-assembly, we have achieved microsphere arrays over 25 

cm2. The area o f single crystalline of the microsphere array is limited by the baseline of
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the size variation of the commercial silica microspheres (5% for 1.5 um and 15% for 2.0 

and 2.7 um) for this particular vendor.

Figure B5. Scalable monolayer microsphere array versus thickness o f  butanol layer h/p.

The effect of quality of microspheres is important as illustrated in the previous 

paragraphs. Work with better microspheres is also conducted as used for the papers from 

IV to VI. The coefficient of variation (CV) is only 2% for 2 pm silica microspheres for 

new experiments. With the new microspheres giving a defective area percentage, it is 

easy to get a decent monolayer. The difficulty now is getting the crystal size to increase, 

which we believe is due to the high surface tension o f the DI water. Some potential ideas 

to make this happen are adding something to the DI water to change its properties 

(soap/detergent/salt/SDS/butanol), or adding a layer o f pure butanol on the DI water 

before injecting the sphere solution.
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Initially, microsphere deposition occurred using solely DI water for the base of 

the AWI (as shown in Figure B6), but it was thought that adding some other substances 

to the DI water might change the properties o f the deposition. When the microspheres 

were added to the water surface, it was noted that the spheres spread across the surface 

rapidly. When this happens, the microspheres might not have enough time to assemble 

into the lowest-energy configuration, hexagonal close-packed. If this is the case, 

lowering the surface tension of the water might improve the crystal size and packing 

structure. The whitish areas on the image are most likely sphere clumps that are not 

separated by ultrasonication.

Greyscale microscope images Figure B7 showing the microsphere crystals by 

adding more SDS surfactant (~100g/mL) into the solution. The crystal size does not 

change significantly, but there are fewer multilayer defects. The multilayer area is less 

than 1% with proper initial Butanol height.
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Figure B7. Deposition using SDS in DI water as the liquid o f the AWI. Scale bar: 40 pm.

Figure B8 shows the microscope image o f the microsphere array self-assembled 

on water with glass cleaner (main ingredient as Isopropyl Alcohol). Noticeably larger 

crystal size is observed among the sample.

Figure B9 exhibits the deposition using salt in DI water as the liquid o f the AWI. 

Salt increases the density of the water subphase which helps with the floating. Adding 

more salt reduced crystal size and increased the white patches present, seemingly 

confirming the theory that the white patches are deposited salt. The white salt crystals 

are not avoidable when using the O-ring for placing the substrate horizontally and 

draining the water.
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Figure B8. Deposition using glass cleaner in DI water as the liquid of the AWL Scale bar:
40 pm.

Soap was settled on as the substance that showed the most improvement. When 

soap is added to water, the surface tension of water is lowered. This is because soap 

molecules are negatively charged on one end, so the intermolecular forces between water 

molecules are weakened. With soap contributing significantly to the quality of 

deposition, testing was done to see how effective increasing the concentration of 

soap/glass cleaner/Windex in the DI water. With the Teflon cup holding approximately 

250 mL of water, small amounts o f glass cleaner were added. Initially, 0.5 mL of glass 

cleaner was added, and then 1 mL, then 2 mL, and the concentration continued to 

increase by 1 mL until the spheres no longer resided on the AWI and fell into the liquid 

below.

The grain size of the samples seemed to increase with the concentration of the 

soap, and can be seen just by looking at the samples with the naked eye. The higher 

concentrations o f soap produced more mirror-like microsphere assemblies. See the
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images in Figures 10-12 for microscope images o f the glass cleaner concentration tests. 

As the concentration o f the glass cleaner increases to 4 mL/250 mL, the crystal size is 

maximized.

Figure B9. Deposition using salt in DI water as the liquid o f the AWI. There are white 
patches present after this deposition that were not seen using any other liquid mixture.

Scale bar: 40 pm.

With the optimized recipe with concentration o f microsphere, surfactant, 

deposition angle, and lift-off speed, samples are created and characterized. Figure B13 

shows the SEM image (a), optical image (b), and the diffraction pattern (c) of the sample 

showing the single crystals o f the microsphere arrays formed on the substrate. The 

characterization indicates that the area of single crystal on the samples is as large as cm2.
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Figure BIO. Sample using 0.5 mL of glass cleaner with 250 mL DI water. Scale bar: 40
pm.

Figure B11. Sample using 3 mL of glass cleaner in 250 mL DI water. Scale bar: 40 pm.
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Figure B12. Sample using 4 mL of glass cleaner in 250 mL of DI water. Scale bar: 40
pm.

Figure B13. Polycrystalline microsphere array from self-assembly (a) SEM image of 
single crystal area of microsphere array (b) Far-field optical image (c) diffraction pattern

illuminated with a He-Ne laser beam.
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