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P
lasmonic absorbers,1,2 especially in
near- and mid-infrared (IR), are of great
interests due to their broad applications

for biochemical sensing,3,4 imaging,5 en-
ergy conversion,6 medical diagnostics,7 etc.
Plasmonic thin IR absorbers have been
achieved in various nanostructures, includ-
ing split-rings,8,9 coupled nanoparticles,10,11

metal�insulator�metal (MIM) structures,12�18

etc. Many of them have a single plasmonic
resonant wavelength,12,13,17,18 and many have
a low absorption (below 50%).8�11,19 Most of
them require electron-beam lithography (EBL)
that has limitations in small area, slow speed,
and high cost by its serial writing nature,8�16

and others were fabricated by self-assembly
based methods, such as nanosphere lithogra-
phy and the like,18,19 that currently lack nano-
scale fabrication precision.
Here we present a different structure of

an efficient plasmonic IR absorber, termed
“nanobar shaped disk-coupled dots-on-
pillar antenna-array” (Bar-D2PA), which is an

advance of our previous circular D2PA.20

The key advantages of bar-D2PA are the
following:(a) one of the simplest high-
performance light absorbers to fabricate,
leading low-cost and wide applications; (b)
multiple resonance peaks; (c) tunable ab-
sorption and transmission, with options of
high (over 80%) absorption or high trans-
mission; and (d) the high-field regions are
accessible to the analytes to be sensed
(rather than inaccessible in many current
IR sensors).

RESULTS AND DISCUSSIONS

Bar-D2PA Structure and Operation Principle.
The bar-D2PA comprises a dielectric (or
semiconductor) bar-shaped pillar array of
subwavelength dimensions on a substrate
with a metallic bar disk on top of each pillar,
a perforated metallic backplane at the pillar
foot, and metallic nanodots on the pillar
sidewalls (Figure 1a,b). Themetallic structures
are arranged to have nanogaps between
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ABSTRACT We report the structure, performance and large-area

fabrication of a thin plasmonic infrared absorber, termed “bar-

shaped disk-coupled dots-on-pillar antenna-array” (bar-D2PA). The

bar-D2PAs, which are simple to fabricate, demonstrate the follow-

ing, experimentally: (i) a different light-absorption resonance for

each polarization with the resonance peak tunable by the bar-to-

backplane gap and the bar size; (ii) for the geometry tested, the

reflection is nearly constant at ∼10%, but the transmission and

absorption highly depend upon the bar size and the gap between the bar and the backplane (e.g., the absorption of 77% (30%), the transmission of 9%

(62%), and the resonance peak at 3.12 μm (3.04 μm) for the polarization along 700 nm long (185 nm short) axis and a 20 nm gap); (iii) a smaller gap

significantly enhances the normalized extraordinary transmission, and (iv) the extraordinary transmissions become larger as the polarized bar side is in

deeper subwavelength. The bar-D2PAs were fabricated in large area using nanoimprint lithography, etching plus one metal deposition that forms all metal

structures in one step with excellent self-alignment and self-assembly. The design and fabrication can be extended to broad plasmonic applications.

KEYWORDS: plasmonic nanostructures . nanobar absorber . disk-coupled dots-on-pillar cavity antenna array (D2PA) .
nanoimprint lithography . infrared biochemical sensing . enhanced absorption . extraordinary transmission
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them. The entire complex metallic structures can be
formed in one simple metal evaporation, as discussed
below. The metallic disks and backplane form 3D
cavities, which can trap the light inside with a high

efficiency. The nanogaps between the metal compo-
nents offer high local electric field.

Fabrication. The bar-D2PA is fabricated completely
by nanoimprint lithography (NIL).21 Once a nano-
imprint mold is made, the bar-D2PA fabrication is
one of the simplest for nanoplasmonic structures, with
the following key steps: (i) NIL and Cr liftoff to pattern
a Cr nanobar array on a substrate (Figure 1c,d), (ii)
reactive ion etching (RIE) to transfer the Cr array into
the bar-shaped dielectric pillar array (Figure 1e), and
(iii) after removing the Cr etching mask, metal (Au in
this work) evaporation on the pillar array (Figure 1f).

The Au metal evaporation forms all the complex
metallic structures (disks, backplane, and nanodots) of
D2PA in one single step, and also self-aligns them to
the correct positions: each bar metal disks are exactly
aligned to each holes in the backplanewith a fixed gap,
and nanodots on the pillar sidewalls are aligned inside
the nanogap.20 The self-assembly of nanodots is from
the instability of an Au ultrathin film on a nonwetting
surface.

Nanofabrication of NIL Mold. We fabricated the NIL
mold for bar-D2PA by a process termed “liftoff using
a compositional-resist stack” (LUCS),22 which patterns
rectangle nanobar into SiO2 substrate by combining
two cycles of orthogonal NILwith a gratingmold,metal
mask liftoff, and RIE (Figure 2). The grating mold in the
second NIL cycle has a different line width and some-
times even a different period, making the final patterns
of rectangle bar array with the same or different period
in two orthogonal directions.

Figure 1. Schematics and NIL-fabrication process of plas-
monic bar-D2PA antenna arrays. (a) Schematic plasmonic
antenna, consisting of a fused silica nanobar pillar on fused
silica substrate, a top Au nanobar disk, an Au nanohole
backplane, and Au nanodots on pillar sidewalls. (b) Sche-
matic charge couplingwith applied electricfield (red arrow).
(c�f) Key fabrication steps: (c) NIL using a nanobar mold on
fused silica, followed by oxygen RIE residual layer; (d) Cr
nanobar liftoff; (e) RIE and Cr removal to form fused
nanobars; and (f) Au evaporation to create self-aligned
nanobar Au disks and Au backplane.

Figure 2. Fabrication schematics of a nanobarmold by NIL and LUCS: (a) Compositional resist stack (imprint resist/SiO2/ARC)
deposited on Si substrate; (b) first NIL and RIE top resist residual layer to define bar length; (c) RIE thin SiO2 and stripping
imprint resist by solvents; (d) deposition of second layer imprint resist and NIL to define bar width; (e) Cr shadow evaporation
to cap resist gratings; (f) oxygen RIE into ARC layer; (g) stripping imprint resist; (h) Cr evaporation and liftoff; (i) Si RIE and Cr
removal.
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Briefly for the mold fabrication, the compositional
resist stack (200 nm imprint resist, 15 nm SiO2, and
150 nm cross-linked polymer ARC) was sequentially

imprinted using 4 in. grating molds (optical image
Figure 3a), and further patterned by O2 RIE to form
bar-shaped nanoholes (scanning electron micrograph

Figure 3. Fabrication process of a nanobar mold: (a�f) Side-view (tilted 45�) SEM images of (a) as-imprinted trilayer resist,
with the optical image of master mold shown as insert; (b) imprinted second layer resist gratings (Cr coated) crossing SiO2

gratings on top of ARC; (c) ARC nanobar openings after oxygen RIE; (d) ARC nanobar openings after stripping imprint resist
with acetone; (e) Cr nanobars on Si after liftoff; and (f) Si nanobars after RIE and Cr etching. (g�i) Fabricated nanobar mold:
(g) optical image, (h) large-area top-view SEM image, and (i) zoom-in top-view SEM image, with the cross-sectional image
shown as insert.

Figure 4. Optical and SEM images of fabricated plasmonic bar-D2PA absorbers: (a) Optical image of 1 in. bar-D2PA absorber
chip; (b) cross-sectional view showing the vertical cavity, the overhang, and the self-assembled nanodots; (c) side-view (30�
titled); (d) large-scale top-view SEM image.

A
RTIC

LE



WANG ET AL. VOL. 8 ’ NO. 3 ’ 2618–2624 ’ 2014

www.acsnano.org

2621

(SEM) Figure 3a�d). Then Cr liftoff and RIE created the
nanobars into the Si mold substrate (Figure 3 e-i).
Finally, the etching mask materials were removed
from the Si mold substrate by oxygen plasma, CR-7
(Cyantek) and RCA-1 solution (NH4OH:H2O2: DI water =
1:1:5, 80 �C, 20 min), and then the mold was diced
and coated with an antisticking mold release agent
(Nanonex NXT-110). The NIL and LUCS based method
allows uniform patterning and flexible design of var-
ious nanobar geometries and dimensions (Supporting
Information Figure S1), which are all desirable for
optimizing the IR plasmonic sensors.23

Bar-D2PA Absorber Fabrication. Using the fabricated
950 nm period bar-mold, we patterned nanobar pillars
(700 nm long, 185 nm wide, and 70 nm high) on 1 in.
square fused silica chips by NIL, Cr liftoff, and RIE. The
silica chips were thoroughly cleaned by oxygen plas-
ma, CR-7 and RCA-1, and then deposited with 50 nm
thick Au to form bar-D2PA antennas (Figure 4a,b)
with a 20 nm disk-to-backplane gap (Figure 4c). The
Au deposition (0.5 Å/s) created a ∼15 nm Au over-
hang on silica pillar perimeters and also Au nanodots
(5�10 nm diameter) on the sidewall (Figure 4c,d). The
bar-D2PA sensors with nominal gaps (the distance

between the metal disk and backplane) of 5 and
35 nm were formed using nominal pillar heights of
55 and 85 nm and an Au film thickness of 50 nm.

Performance of Bar-D2PA IR Absorbers. Polarization along

Bar Long-Axis. The transmission and reflection spectra
(T, R) of the bar-D2PAsweremeasured in air using Fourier
transform infrared spectroscopy (FTIR) (schematic Figure
5a, experimental data Supporting Information Figure S2).
The absorption spectra were obtained by A = 1 � T � R

(Figure 5b). For light polarized along bar long-axis, the
measuredoptical spectra of bar-D2PA (700/185nm inbar
length/width) with a 20 nm gap show a resonance peak,
λk, at 3.12 μm (3210 cm�1), a narrow line width (full-
width-half-maxium (fwhm)) of 0.34 μm (a high Q-factor
λk/fwhm = 9.2), R = 13.8%, T = 9%, and A = 77.2% at
resonance. For a 35 nm gap, which means a weaker
coupling between themetal bar and the backplane than
the 20 nm gap, the bar-D2PA's resonance wavelength
was blue-shifted significantly to 2.89 μm (3460 cm�1),
shifting 230 nm (15.3 nm shift per each nanometer
change in the gap), and the peak absorption was nearly
unchanged at 76% (Figure 5b,c). For a nominal 5 nmgap,
λk was indeed red-shifted by 230 nm to 3.35 μm com-
pared to a 20 nm gap, but the peak absorption was

Figure 5. FTIR measured IR performance of plasmonic bar-D2PA with light polarization along the long-axis: (a) schematic of
measurement; (b) FTIR-measured absorption spectra of three chips with 5 nm (black dot lines), 20 nm (red solid lines), and
35 nm (dark-cyan dash-dot lines) cavity gaps, with the cross-sectional SEM images shown as insert; (c) dependence of
resonance wavelengths and absorption peaks on cavity gaps.

Figure 6. FTIRmeasured high transmission of bar-D2PAwith light polarization along the short-axis: (a) schematic to show the
electric field parallel to the short axis of bars; (b) FTIR-measured reflection (blue lines), transmission (green lines), and
absorption (red lines) spectra for absorbers with 20 nm (solid lines) and 35 nm (dash-dot lines) cavities.
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reduced to 58% (Figure 5b,c). The absorption reduction
could be caused by the electrical shorting between the
disk and the backplane by Au nanodots in the gap.

The absorption of bar-D2PA (>76% in a nonshorting
cavity) is 2�8 times higher than a single layer of Au
single-bars (10% at 3.6 μm)3 or bar-arrays on an
insulator substrate (∼30% at 1.7 μm).4 The markedly
increased absorption of the bar-D2PA absorbers is
attributed to the efficient light collection and trapping
by the cavity antennas of the bar-D2PA.20 Compared to
conventional metal�insulator�metal (MIM) plasmo-
nic structures,12�14,17,18 the bar-D2PA has the highest
electric field region open to deposited molecules for
sensitive detection (from Zhang and Chou, unpub-
lished data), while the MIM has the highest field region
inaccessible.

Polarization along Bar Short-Axis. For incident light
polarized along bar short-axis (Figure 6), λk is 3.04 and
2.95 μm and fwhm is 0.94 and 0.92 μm for the 20 and
35 nm gaps, respectively (Figure 6). Again, a smaller
gap red-shifts the resonant peak, but the shift is smaller

than in the long-axis case. The shift of 90 nm corre-
sponds to 6 nm in wavelength per nanometer change
in gap. In addition to the gap-dependent resonance
peaks for polarizations in both bar directions, a
gap-independent absorption of ∼60% at 2.72 μm
(∼3675 cm�1) was observed, which is attributed to
the absorption of fused silica substrate.24

Interestingly, for short-axis polarization, the peak
transmission was very high, i.e., 61.9% and 86.3% for
20 and 35 nm gap, respectively, although the bar holes
are completely blocked; namely, there is no geometric
straight light path between two sides of the bar-D2PA.
Furthermore, even considering the areas uncovered by
Au, which are on the pillar sidewall and in the shadow
of the metal bar overhang (hence, no straight path for
being accessed by incoming light), the extraordinary
normalized-to-area transmission is 1590% and 1250%
for 20 and 35 nm gap, respectively (Table 1). Such an
extraordinary light transmission over the blocked holes
in a thin metal film has been observed previously in
round D2PA structures and is attributed to the antenna
nature of D2PA.25 Compared with the transmission for
the light polarized in the long axis (700 nm), the
transmission in the short axis (185 nm) is about 6�7
times higher for the given nanogaps.

The experimentally determined mid-IR optical
properties of bar-D2PA are summarized in Table 1.
Interestingly, the reflection stayed relatively constant
at ∼10%, but the transmission and absorption are
highly polarization-dependent: high absorption (low
transmission)with long-axispolarizationwhilehigh trans-
mission (low absorption) with short-axis polarization.

TABLE 1. Experimentally Determined Optical Response of

Bar-D2PA with a Nonshorting Cavity

polarization

cavity gap

(nm) T R A

normalized

T

λk

(μm)

fwhm

(μm)

Q-

factor

long axis 20 9.0%13.8%77.2% 230% 3.12 0.34 9.18
(700 nm) 35 10.0%14.0%76.0% 145% 2.89 0.40 7.23
short axis 20 61.9% 7.9%30.2% 1590% 3.04 0.94 3.23
(185 nm) 35 86.3%12.5% 1.2% 1250% 2.89 0.92 3.14

Figure 7. Calculation of resonance tuning of bar-D2PAby bar lengths/widths using FDTD simulation. (a) Model of a bar-D2PA
unit cell for the simulation (20 nm nanogap, with a single 10 nm nanodot in cavity). (b and c) Simulated absorption as a
function of the bar lengths (bar width fixed as 185 nm): (b) simulated absorption spectra, and (c) dependence of resonance
wavelengths λk, fwhm's, Q-factors (λk/fwhm), absorption peaks, and transmission peaks on nanobar length. (d and e) Tuning
of IR performance by changing barwidths (bar length fixed as 700 nm): (d) calculated absorption spectra, and (e) dependence
of λk, fwhm's, Q-factors, absorption peaks, and transmission peaks on nanobar width. In the simulation, the polarization is
always assumed along the bar long-axis.
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Such polarization-sensitive spectra indicate plasmonic
bar-D2PA can behave as either a bar-antenna or a
nanohole, which can be useful in subwavelength
lithography,26 nano-optics (filters, polarizers, etc.) and
imaging,27 biomolecular sensing,28 and many others.

Simulation. The bar-D2PA properties were further
studied using a finite-difference time-domain (FDTD)
tool (Lumerical Solutions, Inc.), and a 3D model
(Figure 7a) with experimental structural and material
parameters and established optical constants.29,30 Lat-
eral periodic boundaries, vertical perfectly matched
layer (PML) and normal incidence plane-wave polar-
ized along bar long-axis were used. One Au nanodot of
10 nm diameter was assumed on the pillar sidewall.

The simulation (Figure 7b,c) also shows the effects
of bar length (300�900 nm) on bar-D2PA's absorption
and transmission with fixed 185 nm bar width and
20 nmgap: (a) the absorption is high (>75%) from a low
transmission (<20%); (b) λk linearly increases from
1.78 to 4.54 μm at a slope of ∼4.6; (c) fwhm increases
from 180 to 580 nm at a slope of 0.6; and (d) the
Q-factor (λk/fwhm) slightly reduces from 10.2 to 7.8 but
is still quite large. When increasing bar-width from
100 to 600 nmwith a fixed length 700 nm (Figure 7d,e),
λk can be tuned from 3.09 to 4.45 μmat a slope of∼2.7.
However, larger bar-width leads to decreased absorp-
tion (e.g., only 43% at 600 nm width) due to enhanced
transmission (57%), a wider resonance (∼1.6 μm fwhm),
and significantly dropped Q-factor (from 10 to 2.8, >70%
reduction) (Figure 7d,e). Clearly, a bar-D2PAwith a narrow
bar-width (e.g., < 200 nm) is advantageous for sensi-
tive and selective biochemical detection,23,31�34 which

requires widely tunable, narrow, and high-absorption
resonance. The simulation is also in good agreement
with ourmeasured results (e.g., A, T, R, λk = 87.3%, 7.9%,
4.8%, 3.20 μm in simulation and 77.2%, 9.0%, 13.8%,
3.12 μm in experiment for 20 nm gap). The high
absorption can be attributed to D2PA structure itself,
which has demonstrated >95% absorption with a
round pillar.35

CONCLUSIONS

We demonstrate a plasmonic bar-D2PA IR absorber
with an ultrathin active layer (∼120 nm) and its large-
area fabrication completely based on NIL without any
e-beam writing. The bar-D2PA structure shows unique
mid-IR light response with polarization-dependent
plasmonic resonances. With long-axis polarization,
we demonstrate a high-IR absorption (77%), a large
resonance tuning by vertical disk-backplane gap
(230 nm in wavelength from 15 nm gap change), and
a flexible and long-range (1.8�4.5 μm) resonance
tuning by nanobar length (300�900 nm). On the other
hand, with short-axis polarization, an extraordinary
normalized-to-area transmission of 1590% (20 nm
cavity) is realized. These demonstrated plasmonic
properties in flexible resonance tuning, polarization-
sensitive high absorption/transmission, etc. are very
useful to various applications, such as molecular
detection,20,31 imaging, cancer therapy,36 and so on.
The NIL and LUCS based fabrication method make our
approach ideal for large-scale production, and can be
extended to other complex structures such as fish-net
structures and split-rings, among others.

METHODS AND MATERIALS
Fabrication of Nanobar Mold. Nanoimprint was carried out

using Nanonex NX-2000 imprinter at 130 �C and 200 psi for 5
min. The imprint resist (NXR-1025, Nanonex Corp.) was 200 nm
thick by spin-coating, and the underlayer polymer ARC (XHRiC-
16, Brewer Science, Inc.) was baked 30min at 180 �C prior to use
with a thickness of ∼150 nm after baking. The Cr cap on resist
grating was deposited by a bidirectional shadow evaporation
(2 nm each side, ∼70� from wafer normal) to cover only the
resist grating top but not in the trench. To liftoff Cr nanobarmask,
the Cr-deposited Si wafer was rinsed with solvents (acetone and
2-propanol), soaked in RCA-1 for 15min, rinsedwithDIwafer, and
N2 dried. After Si nanobar etching, the wafer was cleaned with
oxygen plasma (15 min), soaked in CR-7 (Cyantek) to strip Cr,
cleaned in RCA-1 solution for 20 min, and coated with an
antisticking mold release agent (Nanonex NXT-110).

Fabrication of Bar-D2PA. The imprint procedure was the same
as above, and the residual layer was etched by oxygen plasma
prior to Cr mask evaporation. The evaporated Cr nanobars were
lifted off by acetone spray-gun rinsing. The fused silica nanobar
pillars were etched by CF4/H2 RIE (33/7 sccm, 50 mTorr, 300 W).
The fused silica chips were cleaned by CR-7 Cr etch (Cyantek),
oxygen plasma, and 15min RCA-1 before Au deposition. The Au
layer was deposited at a rate of 0.5 Å/s (Temescal BJD-1800,
chamber temperature∼60 �C after evaporation) and normal to
fused silica chips.
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