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Multispectral analyzers based on nanostructured plasmonic
spectral filters can potentially find a wide range of applica-
tions. However, spectral filters based on the widely reported
microhole or ring arrays suffer from relatively wide filtering
bands, resulting in a relatively low spectral resolution. In
this work, we fabricate high-performance spectral filters
based on vertically standing micropipes on a silver film.
An infrared spectral microscope is used to investigate the
properties of these micropipe spectral filters. The results in-
dicate that the micropipe spectral filters have a full width at
half-maximum ∼5 times smaller than the microhole filters
at the same wavelength. Micropipe spectral filters are ex-
pected to significantly improve the spectral resolution of
multispectral analyzers. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.004479

Two-channel spectral analyzers have been commercialized for
monitoring indoor air quality by using two Fabry–Perot band-
pass filters to catch the infrared absorption features of formal-
dehyde and carbon monoxide at two wavelengths [1–3]. A mul-
tispectral analyzer using multiple band-pass filters will expand
its capability to detect more chemicals for a wider range of ap-
plications. However, the existing band-pass filters are based on
the interference of lights passing through multiple layers of
films with periodically modulated refractive index [4]. The tun-
ing of the band-pass wavelengths relies on the adjustment of
film thicknesses [5]. Each band-pass wavelength requires a
series of fabrication processes, including photolithography, re-
active ion etching, and deposition of films. In practice, it is
extremely challenging to fabricate a multispectral analyzer by
adopting this approach. In recent years, novel approaches to
achieve spectral selectivity based on plasmonic antennas [6,7],
deep-subwavelength resonant apertures [8,9], and silicon nano-
wires [10] have been proposed. As an alternative approach,
it was found that nanostructured plasmonics can be used to
construct band-pass filters [11–14]. The structures of these fil-
ters are as simple as an array of periodically ranged subwave-
length holes or rings in a gold or silver film. The central
wavelength of the band-pass filters is determined by the perio-
dicity of the subwavelength structures, instead of the film

thickness. This interesting feature allows us to fabricate millions
of band-pass filters across the spectrum from visible to far infra-
red in one cycle of microfabrication. However, the full width at
half-maximum (FWHM) of these band-pass spectral filters is
relatively large, approximately 20% of the band-pass central
wavelength [15]. Multispectral analyzers made of these spectral
filters have poor spectral resolution and difficulty catching the
spectral features of absorption. Although reconstruction algo-
rithms can be used to improve the spectral resolution by
exploiting the spectral redundancy of closely spaced filters in
the spectrum [16], it is still crucial to construct plasmonic
spectral filters with a narrow FWHM.

In this work, we find that narrow band-pass filters can be
constructed by using subwavelength micropipes that are verti-
cally standing on a silver film and arranged in a periodic order.
The micropipes are fabricated in a liftoff process to simplify the
fabrication procedure. The fabricated micropipe arrays have a
spectral FWHM of ∼4% central wavelength, ∼5 times smaller
than that of the standard microhole arrays. It is expected that
multispectral analyzers made of these micropipe spectral filters
will have a much higher spectral resolution.

We previously showed that a miniaturized spectral analyzer
in mid-infrared (MIR) can be constructed by using plasmonic
microhole arrays in gold (Au) thin film as multispectral filters
[15]. The band-pass transmission spectrum of the filters can be
shifted in MIR (3–13 μm) by simply tuning the periodicity of
the hole arrays. However, the transmission spectrum of the mi-
crohole filters has a relatively large FWHM that is typically
around 20% of the central wavelength. The miniaturized spec-
tral analyzer built on these plasmonic multispectral filters suf-
fers from a spectral resolution much poorer than the Fourier
transform infrared (FTIR) spectroscopy. Consequently, the po-
tential of the plasmonic spectral analyzer to find applications is
compromised. Interestingly, Degiron et al. [17] reported that
the transmission spectrum of metallic microhole filters will nar-
row down by increasing the hole depth due to the fact that the
surface-plasmons (SPs) on the top and bottom surfaces are de-
coupled for deeper holes. However, it is challenging to use
physical vapor deposition (PVD) systems to deposit a film with
thickness close to micrometer scale. Fortunately, we found in
the simulations and experiments that a periodical micropipe
structure on the metallic film will also decouple the SPs on
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the two surfaces, similar to the microhole arrays in a thick film.
Finite difference time domain (FDTD) simulations were per-
formed using Lumerical FDTD solution with a time step of
0.05109 fs and an auto non-uniform mesh accuracy of 2.
Periodic boundary conditions were applied at the x and y boun-
daries and perfectly matched layers (PMLs) at the z boundaries.
The simulation results show that as we increase the height of
the micropipes on a 100 nm thick silver film from 0 nm (cor-
responding to holes) to 400 nm [Fig. 1(a)], the FWHM of the
zero-order peak narrows from ∼1.5 μm down to ∼300 nm
[Fig. 1(b)]. When the height is larger than 400 nm, the am-
plitude of the transmission peak starts to drop, which is not
desirable. Figures 1(c) and 1(d) show their simulated E-field
distribution of the periodic microhole and micropipe struc-
tures, respectively. It shows clearly that the SPs on the top
and bottom surfaces of the microholes are physically coupled,
while for micropipes, the SPs on the two surfaces are
decoupled.

To fabricate the micropipe array structure, we adopted an
optimized lift-off process with deep undercuts by utilizing a
copolymer electron beam resist (methyl methacrylate and
methacrylic acid, AR-P 617, AllResist GmbH). See the
Experimental section for details. Briefly, we spin-coated and
pre-baked twice the copolymer on a Ge wafer, forming a total
thickness of 600 nm. A 180 nm thick layer of CSAR62 resist
was then spin-coated on the top of the 600 nm thick copolymer
resist. Electron beam lithography was carried out in the e-beam
system (RAITH EBPG5200 HS) operating at the accelerated
voltage of 100 keV. The beam current was set at 1 nA with the
spot size of ∼4 nm. The doses were chosen at 210 μC∕cm2

according to our experimental test. The exposed samples were
developed in a pure methyl isobutyl ketone (MIBK) solution at
room temperature for 40 s. A layer of 150 nm thick silver metal
was deposited in the Denton sputtering machine under the
sputtering power of 50 W with an Ar gas flow rate of 25 sccm
and chamber pressure of 5.2 mTorr. The silver target was fixed
at an angle of 45° respective to the rotating sample surface so
that the metal film could be uniformly deposited at the sidewall

of the resist cylinder array and the substrate surface. The metal-
coated sample was then immersed in the acetone solvent for
about 5 min to lift off the unwanted metal at un-exposed areas.
The process flow is illustrated in Fig. 2(a), and the scanning
electron microscopic (SEM) image of the fabricated periodic
micropipe structure is shown in Fig. 2(b). The periodic micro-
pipe structure was then covered with a layer of Ge before the
FTIR measurements.

We measured the transmission spectra of fabricated micro-
pipe arrays with a microscopic FTIR spectroscope. The light
source launched from the backside of the sample and the de-
tector was placed on the front side. The height of the micro-
pipes was ∼400 nm. The ratio of the micropipe inner-diameter
versus the period of the micropipe was fixed at 1:2. As the
period increased from 1.5 μm to 3 μm, the spectral peak shifted
from ∼5 μm to ∼11 μm, as shown in Fig. 3(a). The transmit-
tance of each array was measured separately, which means that
the measured results were localized transmittance that equals to
the ratio of transmitted light intensity through one array to the
incident light intensity only on this array. We also performed
FDTD simulations for these micropipes as shown in Fig. 3(b).
The simulation results are largely consistent with the experi-
mental results except that the transmission peaks in the mea-
sured spectra are clearly smaller as the period of the micropipe
array reduces. This is because the proximity effect of electron
beam exposure becomes stronger for smaller sizes, resulting in
an inner diameter smaller than designed. A smaller ratio of
diameter to period will reduce the transmission amplitude.
For comparison, we also fabricated an array of microholes in
silver film with the same thickness on Ge substrate. The hole
diameter versus the hole period was set at 1:2. We found that
FWHMs of the micropipe transmission peaks were all reduced
∼5 times in comparison with the microholes with the same
period [Figs. 3(c) and 3(d)]. The high-order harmonic trans-
mission peaks visible in the microhole arrays were also largely
suppressed in the micropipe arrays. It shows that micropipe
arrays are potentially better alternatives as plasmonic multi-
spectral filters for a miniaturized spectral analyzer.

To visualize the wavelength selectivity of the new micropipe
array filters, we imaged the spatial transmittance distribution of
the four arrays at the specific wavelengths of their peak posi-
tions: 5.29 μm, 7.01 μm, 8.80 μm, and 10.69 μm, respectively.
The micropipe arrays were all fabricated on the same chip, and
each array had an area of around 50 × 50 μm2. The transmit-
tance window 15 × 15 μm2 was used to scan over the whole
chip at a step of 2 μm. The transmittance at each wavelength
was coded in a colorful image, as shown in Fig. 4. At each res-
onance wavelength, the transmittances of the other arrays are

Fig. 1. (a) Schematic of microholes and micropipes based multi-
spectral filters. (b) Simulated transmission spectra of microhole array
and micropipe arrays with different heights, where the period and
diameter are fixed at 2 μm and 1 μm, respectively. Simulated E-field
distribution inside the (c) holes and (d) pipes.

Fig. 2. (a) Fabrication process flow of the micropipe array. (b) SEM
tilt view of the micropipe array.
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extremely low, which is consistent with the measured transmis-
sion spectra in Fig. 3(a). All the measurements illustrate the
fabricated four MIR filters based on micropipe arrays can filter
light efficiently with quite low crosstalk between each other.

In this work, we demonstrated a simple liftoff process to
fabricate vertically standing micropipes. The periodically
spaced micropipes on the silver film are narrow band-pass spec-
tral filters due to surface plasmonic resonances. The FWHM of
these filters is ∼5 times smaller than that of the microhole
arrays at the same wavelength due to the decoupling of the plas-
monic resonance at the top and bottom surfaces. As a result,
multispectral analyzers based on micropipe filters are expected
to have a much higher spectral resolution.

Experimental. We used a liftoff process to fabricate the ver-
tically standing micropipes, which requires deep undercuts in
the resists. Poly-methyl methacrylate (PMMA) is an electron-
beam-sensitive resist that has higher sensitivity for lower
molecular weight [18,19]. The widely used strategy to create
undercuts for liftoff is to use two layers of PMMA with the
top and bottom layers having a large and small molecular
weight, respectively [20,21]. However, the sensitivity tunability
of PMMA is relatively small, and it is therefore difficult to
create deep undercuts [22].

In this work, we create deep undercuts in a bilayer-resist
structure consisting of CSAR62 on top of a copolymer [methyl
methacrylate (MMA) and methacrylic acid, AR-P 617,
AllResist GmbH] [23–25] by exploiting the highly tunable
sensitivity of the copolymer to electron beam exposure. In com-
parison with the polymer composed of MMA alone, the
copolymer has methacrylic acids randomly distributed in the
polymerization chain. Every two methacrylic acids, if adjacent
to each other in the polymer chain, will form a 6-ring via
dehydration by thermal treatment at elevated temperature.
The 6-ring is much easier to break by electron beam exposure
compared to the aliphatic chain in PMMA. After electron beam
exposure, the copolymer will break into pieces of small mole-
cules that can be dissolved in developers. We systematically
measured the development rates of the copolymer and the
CSAR62 resists developed in pure MIBK solution for 40 s.
As the baking temperature increases from 220°C to 260°C,
the concentration of 6-rings becomes higher; as a result, the
development rate of the copolymer is increased by 2 to 4 times
for the different exposure doses. In contrast, the CSAR62
possesses a relatively stable development rate. This contrast
in development rate allows us to create a deep undercut in
the bilayer resist with CSAR62 on top of the copolymer
composed of MMA and methacrylic acid.

The deep undercut facilitates the success of the liftoff pro-
cess. The profile of the undercut determines the final three-
dimensional film structure. To examine how the dosage affects
the undercut profile, we spin-coated a bilayer resist consisting
of 200 nm thick CSAR62 resist on top of 600 nm thick copoly-
mer. An array of bilayer resist cylinders was created by e-beam
exposure with the doses ranging from 180 μC∕cm2 to
230 μC∕cm2. Since the CSAR62 and copolymer are positive
resists, we exposed the area outside the cylinders that are about
600 nm in diameter. The proximity effect may cause a non-
uniform energy deposition. To correct this non-uniformity,
Monte Carlo simulations were performed to ensure uniform
energy deposition. The e-beam exposed patterns were then
developed in MIBK for 40 s and 50 s, respectively. The cross
section of each resist cylinder was examined with SEM. The
undercut size is defined as the difference in radius of the
top CSAR62 and the neck of the bottom layer. The angle is
the one between the side wall and the substrate surface. As
the dosage ramps up, both the undercut size and the angle lin-
early increase. At the dose of 220 μC∕cm2, the angle crosses
90°. At the dose of 230 μC∕cm2, the undercut is more than
230 nm and the radius of the bottom layer cylinder is less than
140 nm, which is too thin to remain standing up against the
surface tension of the MIBK developer. The development time
has little impact on the undercut size and the angle. The for-
mation of large undercuts and vertical resist pillars gives us a lot

Fig. 3. (a) Experimentally measured spectra of 400 nm high micro-
pipe arrays with period from 1.5 μm to 3 μm where the ratio of diam-
eter to period is 1:2. (b) Corresponding simulated results of micropipe
arrays. The decline in transmittance for smaller periods can be
explained by the cylindrical waveguide theory [17]. (c) Measured
transmission spectra and their FWHMs of periodic micropipe and mi-
crohole arrays where their period and diameter are both 2 μm and
1 μm, respectively. (d) FWHMs of experimentally measured transmis-
sion peaks of microhole and micropipe arrays with periods from
1.5 μm to 3 μm, respectively.

Fig. 4. Mid-infrared transmission 2D maps of the micropipe array
filters are plotted at four different wavelengths: (a) 5.29 μm,
(b) 7.01 μm, (c) 8.80 μm, and (d) 10.69 μm. Scale bar: 30 μm.
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of flexibility in how to deposit materials and what material
structures to create.
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