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hybrid nanoantennas have provided a unique capability to control S g
light at the nanoscale beyond the diffraction limit, which has — s i

fabrication of these nanoantennas has largely relied on the use of
nanolithography techniques that are time- and cost-consuming, [**

impeding their application in wide-ranging use. Herein, we report a juss

versatile methodology enabling the repetitive replication of these

nanoantennas from their silicon molds with tailored optical features for infrared bandpass filtering. Comprehensive experimental and
computational analyses revealed the underlying mechanism of this methodology and also provided a technical guideline for
pragmatic translation into infrared filters in multispectral imaging.

.
enabled powerful optical manipulation techniques. However, the |, —
[—
e
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B INTRODUCTION
Bandpass filters that allow through a specific band of light

wavelengths serve as a critical optical element of spectral
imaging for broad applications including space-based imaging,
remote sensing, military target tracking, land mine detection,
diagnostic medicine, and environmental monitoring.l_5 The
bandpass filters are typically composed of coupled half-
wavelength resonators and multilayer mirrors using alternating
dielectric thin films with high and low refractive indices to
form a Fabry—Perot optical cavity.”” Effective bandpass
filtering occurs through the constructive interference of light
when a phase difference coincides with incoming and reflected
light waves.® Narrow bandpass filtering with tunable spectral
selectivity occurs using hybrid metal—dielectric plasmonic
nanoarchitectures (i.e,, nanoantennas) with various structural
configurations such as metal disks, metal holes, metal coaxial
apertures, split-ring resonators, coherent perfect absorbers, and
quasi-three-dimensional (quasi-3D) crystals.”™'® These plas-
monic nanoantennas enable a surface-plasmon-enhanced light
transmission through a subwavelength aperture (.. extra-
ordinary optical transmission).'”

Traditionally, the fabrication of these plasmonic nano-
antennas has primarily relied on the use of conventional
nanolithography techniques by exploiting either electron-beam,
focused ion-beam, nanoimprint, or interference lithography on
a rigid, flat wafer.'"®™' Despite great successes over the past
decades, these approaches are limited by the laborious,
complex, and time-consuming nature of the nanolithography
techniques, thereby impeding their application in wide-ranging
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use. Recently, we demonstrated a proof-of-concept method-
ology that enables the physical transfer of quasi-3D metal—
dielectric hybrid nanoarchitectures from their donor Si molds
to a foreign receiver substrate (e.g., photodetectors) in a time-
and cost-effective manner.””> However, this method, as well as
any other similar method, has never been applicable to infrared
(IR) filters due to the inherent extreme brittleness of IR-
transparent dielectric spacers, such as SU-8 (i.e., fracture strain
=2-3%).”

Here, we unlocked this material limitation to establish
mechanically and optically reliable IR filters built upon quasi-
3D metal—dielectric hybrid nanoantennas using an SU-8
dielectric spacer. The entire fabrication process of the IR filters
occurred at room temperature with a temporary stress-
absorbing layer, such as poly(methyl methacrylate)
(PMMA), to prevent the extremely brittle SU-8 dielectric
spacer from having mechanical damage. Following a complete
removal of the stress-absorbing layer, the resulting IR filters
offered a capability of spectral filtering in the IR region with
respect to the peak transmission and full width at half-
maximum (fwhm). We investigated the effect of their
structural designs on IR bandpass filtering and also validated
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Figure 1. Schematic illustrations for the fabrication process of a single unit of a quasi-3D metal (i.e,, Au)—dielectric (i.e,, SU-8) nanopost.

the experimental results with computational analysis using the
finite integration technique (FIT) and finite element method
(FEM).

B RESULTS AND DISCUSSION

Repetitive Replication of Quasi-3D Plasmonic IR
Filters. Figure 1 schematically illustrates the fabrication
process of the IR filters, which begins with a Si mold that
contains preformed quasi-3D nanoposts or nanoholes via a
lithographic patterning. The fabrication process of the Si mold
is also schematically illustrated in Figure S1 with the detailed
experimental procedures in the Materials and Methods section.
First, thin films of Ni (10 nm)/Au (50 nm) were deposited on
the Si mold using an e-beam evaporator, followed by the
deposition of SU-8 (600 nm)/PMMA (1 ym) via spin-casting.
Next, the entire structure was immersed in a bath of Ni etchant
(TFB, Transene) to selectively etch the underneath Ni layer,
and then rinsed with distilled water. A water-soluble tape
(Aquasol) was attached on the top surface of the PMMA layer,
and then gently peeled off, allowing the remaining thin films
(i.e, Au/SU-8/PMMA) to be cleanly delaminated from the Si
mold. Both the water-soluble tape and the PMMA layer were
then removed by placing on a bath of water and acetone
sequentially. The underlying mechanics of this defect-free
debonding process are discussed in the following section.
Finally, the resulting structure (i.e., Au/SU-8) was transferred
to a desired receiver substrate.

Here, the SU-8 layer was used not only to serve as an IR-
transparent dielectric spacer through which the light can
transmit at a wavelength of 3—10 sm but also to be thinly spin-
coated in the submicrometer range (i.e., <600 nm thick).”>*°
The minimum achievable thickness of the SU-8 layer was
approximately 150 nm which is at least 26-fold thinner than

that of other dielectric materials such as Ecoflex (i.e., >4 ym
thick) using a diluent thinning agent such as SU-8 2000
Thinner (MicroChem, Inc.) and Thinning Ecoflex Silicones
(Smooth-on, Inc.), respectively (Figure S2a). Therefore, the IR
filters using an SU-8 dielectric spacer enabled advances in
providing a stable transmission spectrum over the counterpart
using an Ecoflex dielectric spacer (Figure S2b) despite their
similar optical transparency in an IR regime (Figure S2c).

Figure 2a shows schematic diagrams of a single unit of a
metal (i.e., Au)—dielectric (i.e, SU-8) IR filter configured into
quasi-3D nanoposts (left panel) and nanoholes (right panel),
respectively. The geometrical parameters of the IR filters are
denoted as follows: periodicity (p), diameter of the Au disks
(d), height or depth of the quasi-3D nanoposts and nanoholes
(t,), thickness of the perforated Au film (t,), and thickness of
the dielectric spacer (t3). Figure 2b presents a series of optical
and scanning electron microscopy (SEM) images of the
transferred quasi-3D nanoposts (left panel) and nanoholes
(right panel) on a double-side polished (DSP) Si wafer
(UniversityWafer), respectively. The results exhibited no
evidence of visible damage or defects across the entire surface
of the IR filters. The enlarged tilted-angle and cross-sectional
views of the SEM images (bottom panels) highlight the clear
physical separation at the gap between the SU-8 spacer and the
Au arrays without degradation. Importantly, the donor Si mold
was intact throughout the entire process, allowing it to be
reused for multiple replication of the IR filters with a piranha
cleaning after each use (Figure S3). The replicability of the Si
mold can obviate the need for iterative implementation of e-
beam lithography that has been typically required for current
approaches.

Underlying Mechanism of the Defect-Free Replica-
tion Process. The defect-free replication of the IR filters, even
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Figure 2. (a) Schematic diagrams of a single unit of quasi-3D nanoposts (left panel) and nanoholes (right panel). (b) The corresponding optical
and SEM images of the transferred quasi-3D nanoposts (left panel) and nanoholes (right panel) on a receiver substrate.

with the extremely brittle SU-8 spacer, is attributed to the use
of the temporary stress-absorbing layer (i.e., PMMA) that is
capable of efficiently accommodating induced strains under
mechanical deformations (i.e,, debonding process). Figure 3a
(left panel) presents the FEM results displaying the
distribution of principal strain (&) for a 3 X 3 array of quasi-
3D nanoposts (p = 3 um; d = 1.2 um; t,, = 50 nm; £, = 250
nm; t; = 400 nm) with (top panel) and without (bottom
panel) a PMMA layer (1 ym) under the debonding process at
the minimum required peeling force of 40 mN. The inset
images present that the maximum strains (&,,,,) of 7% and 4%
appeared at the edge of the quasi-3D nanoposts and nanoholes
where the stresses are concentrated, respectively. The
corresponding FEM results for the entire debonding process
are shown in Movie S1. For comparison, Figure S4 shows the
corresponding FEM results in the presence of the interfacial
adhesion (200 MPa) using a single unit of quasi-3D nanopost
(left panel) and nanohole (right panel) with the Si mold. The
€max Of the quasi-3D nanoposts was <1.8% with the presence of

the PMMA layer, which is below the fracture limit of the SU-8
spacer (¢ = 2—3%),”® whereas the &, of the quasi-3D
nanoposts increased up to 7.1% with the absence of the
PMMA layer, which thereby may lead to cracking through the
SU-8 dielectric spacer. The corresponding results for a 3 X 3
array of quasi-3D nanoholes (p = 3 ym; d = 1.2 um; t,, = SO
nm; £, = 330 nm; ¢4 = 230 nm) are shown in Figure 3a (right
panelg, producing consistent outcomes. The €, of the quasi-
3D nanoholes decreased from 3.7% to 1.2%, by more than 3-
fold, with the presence of the PMMA layer. These results
confirm that the PMMA layer is effective at protecting the
brittle SU-8 spacer from fracture throughout the debonding
process. This is mainly attributed to the increased bending
stiffness of the entire structure with the presence of the PMMA
layer. Figure 3b presents the bending stiffness (blue dotted
line) and the &, (black dotted line) of the quasi-3D
nanoposts (left panel) and nanoholes (right panel) as a
function of the PMMA thickness, respectively. The bending
stiffness dramatically increased from 0.3 to 28 X 10* GPa-um*
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Figure 3. (a) FEM results displaying the distribution of ¢ for the quasi-3D nanoposts (left panel) and nanoholes (right panel) with (top panel) and
without (bottom panel) the presence of a PMMA layer during debonding. (b) The corresponding bending stiffness (blue dotted line) and &,
(black dotted line) of the quasi-3D nanoposts (left panel) and nanoholes (right panel) as a function of the PMMA thickness.

with the increased PMMA thickness from 0 to 2 um, which
also resulted in an exponential decrease of the ¢,,,, for both the
quasi-3D nanoposts and nanoholes. The green-filled area in
these graphs indicates a zone where a defect-free debonding
process occurred at €, below the fracture limit of the SU-8
spacer (£ = 2—3%).”’ The results also indicate that the PMMA
layer is required to be thicker than at least 1 and 0.4 ym for the
defect-free debonding of the quasi-3D nanoposts and nano-
holes, respectively. Representative images of a damaged IR
filter that includes a PMMA layer thinner than these thresholds
are shown in Figure SS.

Figure S6a shows the schematic illustration of a 3 X 3 square
array of the quasi-3D nanoposts (left panel) and nanoholes
(right panel) under debonding from an edge, respectively. The
dashed lines denote the surface topology along the i—i’ and j—
j’ directions. The corresponding FEM results in Figure S6b
reveal the local strains of the quasi-3D nanoposts (left panel)
and nanoholes (right panel) with (black dotted lines) and
without (red dotted lines) the presence of a PMMA layer (1
um). Without the PMMA layer, the peak strains were sharply
localized at the edges of the quasi-3D nanoposts and nanoholes
along both directions. The localized peak strains were
attenuated along the direction of applied peeling force (i.e.,
the i—i’ direction), while they were unchanged in its

perpendicular direction (i.e., the j—j’ direction). Overall, the
localized peak strains along the i—i’ direction were larger than
those along the j—;j’ direction, all of which were beyond or near
the fracture limit of the SU-8 spacer (¢ = 2—3%).”’ These
results imply that cracks were initiated most likely at the edge
of where the peeling force was applied, and then propagated
along the i—i" direction more than the j—j’ direction, as also
evidenced in Figure SS5. With the PMMA layer, the sharp
localization of peak strains at the edges of the quasi-3D
nanoposts and nanoholes was alleviated due to the stress-
absorbing effect. This also resulted in a substantial reduction of
the localized peak strains, by at least 57%, below the fracture
limit of the SU-8 spacer along the both directions. These
observations were consistent with experimental observations,
providing an important insight into identifying optimal
conditions for the defect-free debonding of various quasi-3D
nanoarchitectures with high-fidelity.

Application in IR Bandpass Filtering. Figure 4a shows
experimental (red dotted line) and computational (blue dotted
line) results for the transmission filter effect of the quasi-3D
nanoposts (left panel) and nanoholes (right panel), respec-
tively. The transmissions of these IR filters were measured at
normal incidence using a Fourier transform infrared (FTIR)
spectrometer (Nicolet $700) in a wavelength range of 2.5—

https://doi.org/10.1021/acsami.1c03932
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c03932/suppl_file/am1c03932_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c03932/suppl_file/am1c03932_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c03932/suppl_file/am1c03932_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c03932/suppl_file/am1c03932_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03932?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c03932?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a

Quasi-3D Nanoposts

-

—e— Measurement

—e— Simulation

o N M » ®» O

Normalized Transmission

o O O o o

3 4 5 6 7 8 9
Wavelength (um)

10

b 40

S*’ w
o 3]

Pitch (um)

N
)

2.0

C 40

w w
o 3]

Pitch (um)

N
)

2.0

3 4 5 6 7 8 9
Wavelength (um)

Normalized Transmission

Pitch (um)

Pitch (um)

Quasi-3D Nanoholes

0.0
3 4 5 6 7 8 9
Wavelength (um)

10

4.0

w
3}

w
o

N
)

2.0

4.0

uoISSIWSUBL| PazZIewIoN

w
5}

g
=}

25

2.0

3 4 5 6 7 8 9
Wavelength (um)

Figure 4. (a) Experimental (red dotted line) and computational (blue dotted line) results for the transmission filter effect of the quasi-3D
nanoposts (left panel) and nanoholes (right panel). (b) 2D surface plots for the normalized transmission of the quasi-3D nanoposts (left panel) and
nanoholes (right panel) as functions of wavelength and periodicity (p). (c) Corresponding results of the IR filters that contain a PMMA spacer as a

control comparison.

10.0 ym. An unpolarized FTIR beam was used to measure the
transmission. The numerical simulations were performed using
a 3D FIT solver (CST Microwave Studio), as detailed in the
Materials and Methods section. The results show that
bandpass filtering occurred within an IR range at the peak
wavelengths of 4.9 and 5.3 ym for the quasi-3D nanoposts and
nanoholes, respectively. The corresponding fwhm’s occurred at
the peak wavelengths of 1.4 and 1.3 um, respectively. The
experimental and computational results were in agreement
with a discrepancy of less than 7% (peak wavelength) and 2%
(fwhm), which may come from imperfection and variation in
the fabrication of the Si molds. In addition, the repetitive
transmission spectra measured across the area (1 X 1 cm?) of
the transferred quasi-3D nanoposts and nanoholes showed
very good uniformity with only small variations in spectra.
Figure 4b shows the 2D surface plots of normalized
transmission for the quasi-3D nanoposts (left panel) and
nanoholes (right panel) as functions of wavelength and
periodicity (p), respectively. The results exhibited a clear
spectral shift of the transmission peak toward a longer
wavelength for both the nanoposts (from 3.2 to 6.0 ym) and
nanoholes (from 3.3 to 6.3 um) as the p increased from 2 to 4

pum. For instance, relatively weak absorptions occurred at
wavelengths of 3.3, 6.2, 6.6, and 8 yum. The peak wavelength
and fwhm of these IR filters were tunable through the
adjustment of their geometrical parameters such as d, t,,
and fy within the ranges of 3—6 pm and 0.5-2.5 um,
respectively (Figure S7). Here, the t, is a critical parameter to
determine a Fabry—Perot optical cavity through which
multiple light reflections occur between the perforated Au
film and the Si top surface.’” The peak wavelength is
susceptible to any change of the gap space (f, = t, — t,,)
between the perforated Au film and the Au disks which results
in the spectral shift of a localized surface plasmon resonance
wavelength.”® Specifically, a red-shifting of the peak wavelength
occurs as the t, decreases or the f,, increases due to an excited
electric field at the edge of the Au disks via a localized surface
plasmon resonance.”” Therefore, any residual deposition of Au
to the sidewall of the quasi-3D nanoposts and nanoholes
apparently affects the performance of the IR filters due to the
reduced gap space (t,) (Figure S8). Figure 4c shows the
corresponding results of the quasi-3D nanoposts (left panel)
and nanoholes (right panel) that contain a PMMA spacer (1
um thick) as a control comparison, respectively. The results

tm}
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show that strong spectral interferences (i.e., the absorption of
IR radiation) occurred at wavelengths of 3.3, 5.8, 7.0, 8.3, and
8.7 ym due to the stretching vibration of C—O—C and C-H
bonds in the PMMA spacer, thereby hindering IR bandpass
filtering.””

H CONCLUSION

The key findings of this study revealed the underlying
mechanisms of a new method enabling the repetitive
replication of quasi-3D plasmonic IR filters from their Si
molds, even with the presence of an extremely brittle IR-
transparent spacer such as SU-8. The fundamental under-
standing of the underlying fracture mechanics enabled the
multiple reuse of the donor Si molds without degradation,
thereby overcoming the key challenges of current approaches
that typically involve the iterative implementation of nano-
lithography techniques. The high replicability of the Si molds
could lead to a significant reduction of cost and time for the
production of various IR filters of interests. The quality,
reliability, and performance of the resulting IR filters were
validated through experimental and computational analyses,
suggesting a route for their pragmatic application in multi-
spectral imaging systems.

B MATERIALS AND METHODS

Fabrication of the Donor Si Mold. The fabrication of a donor Si
mold began by producing an array of circle-shaped apertures (i.e.,
nanoposts or nanoholes) on a Si wafer via a photolithographic
patterning using a photoresist (MicroChemicals). A thin layer (20 nm
thick) of Cr was then deposited to serve as a mask layer using an e-
beam evaporator. A predominately anisotropic CF,/O, plasma
reactive ion etch (RIE) was applied to generate an undercut at the
RF power of 100 W with CF, (13 sccm) and O, (2 sccm) gases under
the pressure of 45 mTorr. Finally, the Cr mask layer was removed by
immersion in a bath of a Cr etchant (Transene 1020) for 30 s to
complete a Si mold. The orthogonal pitches of both the 2D gratings
. (pitch along x-axis) and the p, (pitch along y-axis) were fixed at 3.0
um (p, = p, = p). The diameter of the circular nanoposts or nanocholes
was fixed at 1.2 ym.

Numerical Simulation of Transmission. Numerical simulation
was performed using a commercial 3D FIT solver (CST Microwave
Studio).* This simulation was to obtain the transmission spectra of
the nanoantennas and therefore to understand the underlying physics
and optics including the Fabry—Perot optical cavity, guided-mode
resonance, localized surface plasmon resonance, and surface
plasmonic resonance.”’ ™" As schematically illustrated in Figure 1,
parts a and b, we implemented a single unit cell with appropriate
boundary conditions that include (1) a perfect magnetic conductor
(PMC for short, H, = 0) in the x—z plane, (2) a perfect electric
conductor (PEC for short, E, = 0) in the y—z plane, and (3) a
transverse electromagnetic (TEM) plane wave propagating in the z-
direction. The direction of polarized incoming light was set to be
parallel to the x-axis. We obtained the wavelength-dependent complex
S-parameters, S, where the subscripts i and j represent the waveguide
ports at the Si substrate and air, respectively. The simulated
transmission from j (air) to i (Si) was calculated by |Si]»|2. The
refractive index of Si was taken as ng = 3.42.>° The Au was defined by
the Drude model with the plasma frequency of w, = 1.38 X 10" Hz
and the collision frequency of w, = 5.71 X 1013 Hz.*® The values of
the real and imaginary parts of the permittivity in SU-8 and PMMA
were used from the literatures.”**’

FEM Analysis. The FEM analysis was performed using a
commercial ABAQUS/standard package (Dassault Systems).*® The
materials used in this study (e.g, Au, SU-8, and PMMA) were
modeled by C3D8R elements (8 nodes linear brick; reduced
integration solid elements). These materials were deformed by elastic
behavior with the mechanical modulus (E) of 77.2, 4.1, and 3 GPa

and the Poisson’s ratio () of 0.42, 0.22, and 0.37, respectively.*' ~*
The pulling force (40 mN) to initiate the delamination was applied at
a corner of the IR filters, as shown in Figure 3.

FTIR measurements. The normal-incidence transmission was
measured using an FTIR spectrometer (Nicolet $700) in a
wavelength range of 2.5—10.0 ym using a KBr beam splitter and a
mercury—cadmium telluride (MCT) detector. The transmission
spectra were recorded with a resolution of 4 cm™. A square pinhole
(1 mm X 1 mm) was used to measure the structural uniformity of the
IR filters across a large area (1 X 1 cm?).
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