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We demonstrate the continuous fabrication of large-area flexible metamaterial films via roll-to-roll

(R2R) nanoimprint lithography (NIL) technique that can be conducted in an ambient environment

at high speed. The plasmonic metal-insulator-metal structure is successfully fabricated by R2R

NIL to continuously pattern the sub-wavelength scale metal disk array on flexible substrates. The

patterned metal disks having varying diameters and sub-micron spacing with few defects lead to

the desired broadband IR filtering performance at the designed dual-band, which correlates well

with simulation analysis. Our method realizes a simple and high-throughput fabrication of

plasmonic metamaterials for scalable and flexible optoelectronic and photonic applications. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4767995]

Sub-wavelength scale patterns are of great interest for a

variety of optoelectronic and photonic applications ranging

from wire-grid polarizers1 to photonic color filters2 as they can

tune the optical properties in desired wavelengths depending

on the pattern geometry and structural configuration.3 In par-

ticular, the metal-insulator-metal (MIM) architecture having

the top metal layer patterned in sub-wavelength scale can

implement such light-interacting metamaterials4,5 by inducing

the surface plasmon polaritons (SPPs) at metal-dielectric inter-

faces.6,7 Accordingly, these patterned MIM structures have

been intensively investigated such as plasmonic nanoanten-

nas,8,9 plasmonic sensors,10,11 optical absorbers,12 and micro-

bolometers.13 However, the fabrication of patterned MIM

structures over a large area by conventional methods involving

photo-, ion-, or e-beam lithography presents technical limits in

scalability as well as fabrication throughput, and has prohibi-

tive costs for practical applications. Providing a breakthrough

solution to these issues, nanoimprint lithography (NIL) tech-

nology realizes low-cost fabrication of micro/nano-scale pat-

terns with great reproducibility and excellent precision.14

Aiming to achieve further scalable and faster processing, we

have previously introduced continuous, large-area fabrication

of micro/nano-scale pattern structures through roll-to-roll

(R2R) NIL technique.15 In the R2R NIL process, a flexible

micro/nanostructured mold wrapping around a roll makes a

conformal contact to another roll where a substrate typically

coated with UV-curable resist is attached and produces a faith-

ful replica pattern as the rolling proceeds under a slight pres-

sure, followed by the instant UV curing to crosslink the resist

material and set the patterns. This R2R NIL process enables

the continuous creation of large-area micro/nanopatterns on

rigid and flexible substrates at high speed and low cost.16,17

In the present work, we capitalize this simple, high-

throughput, and fully scalable process to the continuous

fabrication of a SPP-driven metamaterial array on flexible

substrates. Specifically targeting dual-band infrared (IR) fil-

ters (covering 6-8 lm and 10-12 lm wavelengths), we design

the Al-SiO2-Al MIM structure with the top Al layer pat-

terned into subwavelength size circular disk patches having

varied diameters in the range of 2-3.2 lm.18 Using the R2R

NIL patterning process, such Al disk patterns with few

defects are continuously fabricated on the SiO2/Al layers

deposited on polyethylene terephthalate (PET) substrates.

The broadband IR filtering characteristics are investigated

through Fourier transform infrared (FT-IR) spectroscopy

measurement, and the results agree well with the 3D simula-

tion based on COMSOL MULTIPHYSICS modules.

The overall fabrication procedure is illustrated in Figure

1(a). First a MIM stack of Al (100 nm)/SiO2 (200 nm)/Al

(100 nm) was sputter-coated on a large area PET substrate.

Next, a UV-curable epoxy-silsesquioxane (SSQ)19 was contin-

uously coated over the substrate, and then a R2R NIL process

is employed to produce continuous patterns in the UV cured

SSQ (Figure 1(b)). Finally, the top Al layer of the MIM stack

was etched by using the patterned SSQ masking layer. In this

process, a large-area flexible mold having hole patterns with

600 nm depth was first fabricated by stamping a 4in.-wafer

scale Si pillar master onto a polydimethylsiloxane (PDMS)

pad (Figure 1(c)), and the process can be repeated to cover

larger areas. The fabrication of the Si master mold follows a

similar procedure that can be found elsewhere.20 The PDMS

pad bearing the negative replicas of the Si master was

wrapped around a roll in the 6 in.-compatible R2R NIL appa-

ratus that was previously described.17 The UV-curable epoxy-

SSQ resist was diluted in propylene glycol methyl ether

acetate (PGMEA) and coated as an uniform thin film on the
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MIM-stacked PET substrate by using a motorized 6 in.-com-

patible coating module. A 2 min soft-baking at 50 �C removes

the PGMEA solvent from the SSQ thin film, and the roll bear-

ing the SSQ-coated substrate and supported by an underlying

rubber cushion layer was put in conformal contact with the

roll bearing the PDMS stamp for the subsequent R2R NIL

process.

The R2R NIL process was conducted at the speed of as

fast as 1 m/min to imprint the SSQ patterns. As demonstrated

in Figure 1(d), the R2R NIL process successfully patterns

the SSQ layer, and the following etching process faithfully

defines the Al disk array on the MIM stack-coated flexible

PET substrate. Since the uncured SSQ remains a viscous liq-

uid film after the coating and soft-baking, it can be readily

drawn to fill the hole patterns in PDMS by the capillary force

induced by the confinement of the PDMS microstructure at

contact21, and the resulting disk patterns can be formed with-

out the aid of excessive pressure at ambient temperature and

environment. The UV light (Omnicure S1000, EXFO)

instantly cures the imprinted SSQ layer before it is released

from the PDMS mold. This gentle but rapid patterning mech-

anism of the R2R NIL process for the room-temperature

UV-curable resist is the pivotal feature that realizes

“continuous” patterning, and, therefore, improves the fabri-

cation throughput and scalability. Furthermore, due to excel-

lent conformal contact between the polymer substrate and

the PDMS mold, the residual layer of SSQ after imprinting

could be controlled to an almost negligible thickness in this

process and easily removed by a slight reactive ion etching

(RIE) if needed.19 The subsequent wet or dry etching of the

top Al layer22 completes the final MIM structure comprising

the Al disk patterns on the SiO2/Al layers (Figure 2).

Figure 2(a) demonstrates the fabricated MIM pattern on the

flexible PET substrate with few defects. The enlarged top

view (Figure 2(b)) reveals that the Al disks with four differ-

ent diameters of 2, 2.4, 2.8, and 3.2 lm are arrayed with 300,

500, 700, and 900 nm spacings. The final pattern geometry is

almost identical to that of the original design (depicted in the

upper right of Figure 2(b)), which ascertains the excellent

reliability and precision of the overall fabrication including

the continuous R2R NIL process. Here, it is noted that the

remaining SSQ mask having the thickness of less than 50 nm

(see the inset to Figure 2(b)) may work as a protection

against environmental insults owing to the SSQ’s good phys-

ical/chemical robustness23 and does not affect the IR absorp-

tion properties of the structure.

The IR reflection spectrum of the fabricated sample

is measured by the FT-IR spectroscopy (Spectrum GX,

Perkin-Elmer, with the incident IR wavenumbers swept from

4000 cm�1 to 400 cm�1) and is displayed in Figure 3 along

with the 3D simulation (COMSOL MULTIPHYSICS) plot calculated

using the original geometry for the same wavelength regime.

The desired broadband IR filtering characteristics with two

broadened bandwidths in approximately 6–8 and 10–12 lm

wavelengths is validated experimentally and is confirmed to

be in fairly good agreement with the result obtained from the

FIG. 1. (a) Illustration of the overall fabrication procedure of the MIM-based plasmonic metamaterial structure. The SSQ pattern was continuously created on

the MIM-deposited PET substrate by the R2R NIL process, which is schematically depicted in detail in (b). The flexible large-are PDMS mold having the hole

pattern shown in (c) is rolling over a SSQ-coated Al/SiO2/Al/PET substrate under conformal contact, imprinting the SSQ dot pattern with a very thin residual

layer as indicated in (d).
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simulation. Moreover, these properties are independent of

the polarization due to the circular shapes of metal pattern11

as well as of the IR incident angle owing to the strong cou-

pling between the SPP modes of the metal pattern and under-

lying dielectric layer.7

The disk patterns with multiple diameters in a unit cell

allow the plasmonic MIM array structure to operate in a wide

IR range, which is attributed to the superposition of individual

resonance dips determined by each disk diameter, thereby

yielding overall broadening effect.24 Similar plasmonic wide-

band IR absorbers based on these principles have been dem-

onstrated by adopting the 2D MIM gratings8 or 3D square

patches9 with multiple sizes. The metal disk together with the

bottom metal layer and the dielectric defines a Fabry-Perot

resonator, and the wavelength k for the first-order resonance

is roughly given as k � 2nef f w,8 where neff is the effective

index of the MIM waveguide and w is the diameter of the

metal disks. This is confirmed by additional calculations; the

IR reflection spectra simulated from the identical MIM pattern

but with the uniform disk size (i.e., either 2, 2.4, 2.8, or

3.2 lm) show narrower dips corresponding to their respective

first- and second-order resonances, as summarized in Table I.

The resonances from each disk size remain almost invariant

regardless of the change in the period (not shown here), which

is consistent with the literature.5 In the IR reflection spectrum,

the reflection dips from neighboring narrow bands can overlap

and merge to form a broadened reflection band when the disk

resonators with different diameters are grouped into sub-

wavelength unit cell. We found that the overlap of the four

individual plots is nearly matching to the simulated spectrum

of the original mixed disk array (Figure 3). Consistently, in

the experiment, two broadened dips in the reflection spectrum

emerge at 6–8 and 10–12 lm wavelengths with the appearan-

ces of combined resonances from four different disk diame-

ters, which are suitable for dual-band IR filter applications.

In conclusion, we have demonstrated a practical meth-

odology for the continuous fabrication of plasmonic meta-

material films by utilizing the high-speed R2R NIL process.

Attributed to its rapid and continuous patterning principle,

the process throughput as well as scalability can be signifi-

cantly enhanced. As a specific example, we have success-

fully fabricated a dual-band IR filtering array in the form of

patterned MIM structures on flexible PET films by continu-

ously patterning the top metal layer into the disk array with

varying diameters. The fabricated metamaterial structure

exhibits the desired broadband IR filtering characteristics

contributed from the multiple resonance dips, which is also

verified by the 3D simulation analysis. Our method may

open a facile route to fabricating various metamaterial struc-

tures on scalable and flexible substrates at low cost and high

speed.

This effort was partially supported by the Air Force

Research Laboratory Contract FA9551-11-C-0033 and the

National Science Foundation.

FIG. 2. (a) The fabricated plasmonic metamaterial film comprising the Al

disk array faithfully patterned via the R2R NIL process on SiO2/Al/PET

substrates. The scalability and flexibility are exemplified in the inset to

(a). The enlarged top view (b) discloses the fabricated disk pattern geometry

that is almost identical to the original design described in the upper-right

corner. The inset reveals the remaining SSQ mask on top of Al disk patches.

FIG. 3. IR reflection spectrum measured from the fabricated sample by the

FT-IR spectroscopy (bold pink line) that is compared to the 3D simulation

plot calculated from the original design (normal blue line).

TABLE I. Simulation data of fundamental and second-order resonant wave-

length values for each diameter.

Disk

diameter [lm]

Fundamental

resonant mode [lm]

Second-order

resonant mode [lm]

2.0 9.87 5.62

2.4 10.56 6.07

2.8 10.87 6.64

3.2 11.28 7.11
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