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ABSTRACT: By combining nanosphere lithography with oblique angle deposition, large-area
asymmetric compound Ag nanohole arrays with nanorods inside the hole were patterned on
substrates. The technique enabled the production of complex nanohole arrays with controlled
hole diameter, thickness, and rod structure inside the hole. The compound asymmetric Ag
nanohole structures showed strong polarization-dependent optical properties, and a new
extraordinary optical transmission (EOT) mode with tunable resonance wavelength at the
near-IR region was observed. The transmission at the new EOT wavelength region can
increase from 27% of nanohole to 69% of the compound structure, and these structures can
achieve a refractive index sensitivity as high as 847 nm RIU™". The tunable EOT wavelength
and strong polarization-dependent optical properties make the structure ideal for ultrathin

optical filters, polarizers, surface-enhanced spectroscopies, etc.

KEYWORDS: extraordinary optical transmission, compound asymmetric nanohole array, nanorod in nanohole,

Y-shaped nanorod in nanohole, tunable transmission

B INTRODUCTION

In recent years, asymmetric plasmonic structures have attracted
considerable attention' > because of their unique optical
properties such as strong optical nonlinearity*~” and Fano
resonance,””*”'% which involve the coupling of continuum
states to the discrete state of oscillating systems. In particular,
nanohole (NH) arrays with asymmetric hole structures,'"'* or
combined with other asymmetric nanostructures,”'” have been
widely reported due to their improved structural design
freedom and novel optical properties. Among these asym-
metric hole arrays, periodic nanorod (NR) and nanohole
asymmetric compound structures are of interest.”~"" NH
array structures possess both localized surface plasmon
resonance (LSPR) and surface plasmon polaritons (SPPs),
while NR arrays exhibit two LSPR modes, i.e., the transverse
and longitudinal modes. A combined NR and NH compound
asymmetric structure should demonstrate novel optical
properties. For example, tilted NRs grown on NH arrays
demonstrated strong polarization-dependent optical properties
and a new extraordinary optical transmission (EOT) mode in
ref 16. The transmission spectrum of NH arrays with tilted
NRs grown on them is similar to that of the corresponding
plain NH arrays when the incident light polarization is
perpendicular to the long axis of the NRs, with two EOT peaks
caused by the surface plasmon resonance at the Ag—air and
Ag—glass interfaces. When the incident light polarization is
parallel to the long axis of the NRs, a new EOT peak appears at
a longer wavelength than the normal EOT peaks. This EOT
wavelength red-shifts with NR length, demonstrating a tunable
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optical property. Furthermore, according to finite difference
time domain (FDTD) calculations,""” planar NR in NH
(NRinNH) structures also possess strong polarization-depend-
ent optical properties and a new tunable EOT mode but with
higher transmission when compared to that of tilted NRs
grown on NH structures in ref 16. In addition, an epsilon-near-
zero (ENZ) property was also presented at the new EOT
resonance wavelength with the same tunability."> The local E-
fields around the NRs are greatly enhanced at the new EOT
wavelength, rendering these structures potentially useful for
surface-enhanced spectroscopies, such as surface-enhanced
Raman scattering'® and surface-enhanced infrared absorp-
tion.'””" Experimentally, these structures have been realized
with E-beam lithography and focused ion beam lithography.
Polarization-dependent optical properties'””' and nonlinear
optical properties”***® have been demonstrated with these
methods; however, scanning beam lithography techniques (E-
beam lithography’*™*’ and focused ion beam lithogra-
phy** ") traditionally used to fabricate metasurfaces suffer
from high cost, low throughput, and require sophisticated and
expensive equipment. These limitations hinder industrial
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application, inspiring interest in a nanofabrication technique
able to mass-produce these complex nanostructures over
square centimeter areas at a low cost.

Nanosphere lithography (NSL), which utilizes a self-
assembled monolayer of polystyrene nanospheres (PSNSs)
on a solid substrate surface to form a mask with subsequent
evaporation and/or etching processes to fabricate nanostruc-
ture arrays, is now recognized as a low-cost, high throughput,
scalable, and reproducible nanofabrication technique.”””” This
method provides an economical alternative to scanning beam
lithography techniques.”* Large-area NH arrays can be
fabricated by combining NSL with electron-beam deposi-
tion.>>¢ During the deposition, metal vapor flux normal to the
substrate condenses into the crevices of the pre-etched PSNS
monolayer,”” forming NH structures. By tilting the substrate at
the proper angle and using the gap between two nearby
nanospheres, NRs can also be fabricated.”® These two steps
can be combined to form compound NRinNH structures,
which may possess intriguing optical properties.

In this work, we have successfully fabricated large-area
asymmetric compound nanorod in nanohole (ACRH)
structures by combining NSL and oblique angle deposition
(OAD). Aspects of the compound NH array geometry such as
the period of the lattice, hole diameter, and rod length can be
controlled precisely by varying the size, etching duration of the
PSNS, and the tilt angle during the metal deposition,
respectively. The resulting compound NH arrays have shown
a high degree of optical tunability, strong polarization-
dependent optical properties, a new EOT mode, and Fano-
like resonances, all of which were predicted by FDTD
calculations. The tunability of the plasmonic properties of
the ACRH structures was systematically investigated, and the
improved sensitivity of these structures for refractive index
sensing was also verified experimentally.

B EXPERIMENTS

Fabrication Procedure for ACRH Structures. Materials.
Briefly, S00 and 750 nm PSNSs (Polyscience, Lot# 679675 and
Lot# 687640) and ethanol (Sigma-Aldrich, 98%) were used to form
the nanosphere monolayers on cleaned glass slides (Gold Seal, Part#
3010). Sulfuric acid (Fisher Scientific, 98%), ammonium hydroxide
(Fisher Scientific, 98%), and hydrogen peroxide (Fisher Scientific,
30%) were used to clean the substrates. Silver (Plasmaterials, 99.99%)
and titanium pellets (Kurt J. Lesker, 99.995%) were purchased as the
evaporation materials. Methanol, acetone, 1-hexanol (Tokyo Chem-
ical Industry Co., >98%), chloroform (J.T. Baker, 99%), tetrachloro-
methane (Sigma-Aldrich, 99.9%), and toluene (Fisher Scientific,
99.8%) were purchased for refractive index sensing measurements. All
chemicals and materials were used without further purification.
Deionized water (18 M2 cm) was used throughout the experiments.

Fabrication of the ACRH Structures. The general fabrication
procedure is outlined in Figure 1. Prior to monolayer formation, the
glass substrates were cleaned with sulfuric acid, ammonium hydroxide,
and hydrogen peroxide. All substrates were then thoroughly rinsed in
deionized water. Substrates that were not coated with monolayer were
then dried with N, gas. The uniform PSNS (diameter L = S00 and
750 nm) monolayers with a monocrystalline domain larger than 1 X 1
cm’ (see Supporting Information (SI), Section S1) were prepared on
glass substrates via an air—water interface method as shown in Figure
1a.%’ Then, reactive ion etchings (Trion Phantom III RIE/ICP) were
performed to shrink the size of the PSNS to various smaller diameters
D while maintaining their lattice spacing L (Figure 1b). The etched
PSNS monolayer-coated substrates were loaded into a custom-built
electron-beam deposition system and mounted on a substrate holder
with one motor to control the polar rotation angle 6 (the angle
between the substrate surface normal and the vapor deposition
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Figure 1. Fabrication scheme: (a) A PSNS monolayer with a diameter
L = 500 or 750 nm was formed on a clean glass slide; (b) the
monolayer was O, plasma-etched to a smaller diameter D; (c) a 3 nm
thick Ti thin film was deposited at 6 = 0° followed by (d): ® 10 nm of
Ag NR layer deposition (6 = 53°) and @ 10 nm Ag NH layer
deposition (6 = 0°). Both steps @ and @ were repeated five times to
form a S0 nm ACRH layer; (e) the top half of the image shows the
ACRH structure after removing the PSNS layer with Scotch tape. The
ACRH structure was predicted with an in-house MATLAB program.
The bottom half of the image shows the definition of ¢.

direction). The vacuum chamber was pumped down under a base
pressure of <107 Torr, and the monolayer-coated substrates were
positioned to face normally to the vapor deposition direction. The
deposition rate and vapor thickness on the substrate were monitored
by a quartz crystal microbalance facing the source. A 3 nm thick Ti
layer was deposited to promote the adhesion of the subsequent Ag
layer (Figure 1c). Ag nanostructures were prepared with a deposition
configuration shown in Figure 1d. First, @ was changed to S3° to
deposit NRs. To ensure that the vapor would pass through the gap
between two adjacent nanospheres to form a NR structure on the
substrate, a laser diffraction apparatus was used to align the
monocrystalline monolayers (area > 1 cm?) in the direction of ¢ =
90°, @ is defined as the angle formed by a projection line of the
incident vapor (red dashed arrow in Figure le) and an imaginary line
that passes through the center of one row of PSNS (black-dashed line
in Figure le) (see SI, Sections S2 and S3 for details). A 10 nm thick
Ag layer was deposited at a deposition rate of 0.05 nm/s to form the
NR structure. Then, another 10 nm thick Ag layer was deposited at &
= 0° to form the NH structure. These two steps were repeated five
times to achieve a final Ag nanostructure thickness of 50 nm. Multiple
depositions were used to increase the thickness of the deposited
material incrementally (10 nm) to minimize the shadowing effects
due to the films** previously deposited during NR fabrication. This
deposition strategy also facilitated connectivity of the NRs and the
NHs and ensured that the NHs were circular instead of elliptical (see
SI, Section S4). The monolayer template was removed using Scotch
tape after the Ag deposition, and the substrates were successively
rinsed in toluene, acetone, and 2-propanol to remove PSNS residue.

Optical and Morphological Characterization. The morphol-
ogy of the resultant ACRH structures was characterized by atomic
force microscopy (AFM, Park Systems NX-10 AFM). The AFM
images were analyzed using XEI software (XE Image Processing
Program, XELInk). The optical transmission spectra of the structures
were measured with an ultraviolet—visible spectrophotometer (UV—
vis, Jasco-750). A 40X objective lens was added between the incident
light and sample surface to focus the incident light on a smaller area.
Polarization-dependent spectra were achieved by adding a matched
set of polarizers to the Jasco system via a home-built mounting and
alignment system (see SI, Section SS).

Numerical Calculation. An in-house MATLAB program was
used to predict the Ag pattern on the substrate based on the
deposition configuration in Figure 1d.*' The program predicted the
thickness distribution of the Ag film on the substrate by considering
the shadowing effects from 36 nearest-neighbor PSNSs. An example

https://dx.doi.org/10.1021/acsami.0c06936
ACS Appl. Mater. Interfaces 2020, 12, 37435—37443


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06936/suppl_file/am0c06936_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06936/suppl_file/am0c06936_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06936/suppl_file/am0c06936_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06936/suppl_file/am0c06936_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06936?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06936?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06936?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06936?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c06936?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

of a calculated NRinNH structure with L = 500 nm and D = 340 nm
is shown in Figure le. The definitions of rod length I and width w, the
diameter of the hole D (same as the diameter of the PSNS after
etching), and the periodicity L (same as the original diameter of the
PSNS before etching) are shown in Figure le.

A commercial software package (FDTD Solutions v 8.16.931,
Lumerical Solutions Inc.) was used to calculate the transmission
spectra (T(1)) and electric field (E-field) distributions of the ACRH
structures. The AFM images of the fabricated structures were used as
the calculation models in the FDTD software. Two or three
rectangular unit cells were set as the calculation area with periodic
boundary conditions in the two lateral dimensions (see SI, Section
S6). Perfectly matched layer boundary conditions were used on the
top and bottom surfaces of the calculation domain. “Frequency-
domain field and power” and “frequency-domain field profile”
monitors were set up to determine the T(1) and E-field distributions,
respectively. The optical parameters for the Ag and glass (SiO,)
substrates were taken from Palik’s handbook.*

B RESULTS AND DISCUSSION

Effects of the Hole Size D on ACRH Structure
Geometry. Figure 2a—f shows representative AFM images

i A

(c)563 nnd

Figure 2. Representative AFM images and MATLAB calculations for
the ACRH structures (L = 750 nm) with different PSNS etching time
t and diameter D. (a) t = 400 s, D = 621 nm, (b) t = 500 s, D = 612
nm, (c) t=600s, D = 563 nm, (d) t = 650s, D = 532 nm, (e) t = 700
s, D = 520 nm, and (f) t = 800 s, D = 444 nm. The white shaded areas
in the calculated images show the elliptical shadows of four PSNS
when 6 = 53° and ¢ = 90°.

with L = 750 nm for monolayers etched at different ¢ or with
different D. The corresponding pattern calculated by
MATLAB is in the immediate right to each AFM image, and
the white shaded areas are the projected elliptical shadows
generated by four adjacent nanospheres at 6 = 53°. The NRs
can only grow into the unshaded brown and cyan areas. As D
decreases, one observes the evolution of three distinct patterns:
D > 563 nm, connected NR in NH (NRinNH) structures
(Figure 2a,b); 563 nm > D > 520 nm, Y-shaped NR in NH
(YinNH) structures (Figure 2c—e); and D < 520 nm, small
elliptical NH structures (ENH) (Figure 2f). High-magnifica-
tion AFM images and detailed analyses of morphology are
presented in the SI, Section S7. As shown in Figure 2a,b, when
D = 621 and 612 nm, the elliptical shadows of the adjacent
spheres in the simulated patterns partly overlap and result in a
well-separated, narrow, and nonshaded area. Thus, very thin

and well-defined NRs were formed inside the NHs as
evidenced in AFM images. When D further decreased but
remained >563 nm, the overlap area between the neighboring
projected shadows decreased, the nonshaded area became
larger, and w became wider while [ decreased marginally.
Figure S10a summarizes both [ and w versus D extracted from
AFM images. As D increases, [ slowly increases while w
decreases gently. Thus, the aspect ratio of the rod A = I/w
increases with increasing D, as shown in Figure S10b. The
overlap area between the neighboring projected shadows
decreased significantly when D decreased to 563 nm. Thus, the
curved edge of the elliptical shadows as well as the spherical
shape started to play an important role in the determination of
the shape of the nonshaded area. Since the etched spheres
preserved spherical shape, some deposited vapors were able to
slip underneath the slightly overlapped projected shadows and
formed a Y-shape at the tip of the NRs at = 53° (Figure 2c, D
= 563 nm). However, because the two Y-branches were formed
through the deposition below the projected shadows, the tips
were sharp. When D decreased to 532 nm, the projected
shadows were tangent to each other, and two Y-branches with
sharp tips were formed via a similar strategy. However, gaps
formed between adjacent elliptical shadows when D decreased
to 520 nm. The two branches of the Y-shape were determined
by the gap, and the branches connected to the other edge of
each NH. At this condition, it was expected that an elliptical
NH array would be formed on top of the NH array. The
structure was the overlap of two NH arrays; the bottom one
was circular while the top was elliptical. When D = 444 nm,
Figure 2f, one end of the projected elliptical shadow was
tangent to the two neighboring circular NHs, and the
nonshaded area covered almost half of the NH. Resultantly,
the pattern was a smaller, elliptically shaped hole. In this case,
the pattern can still be treated as the overlap of two NH arrays,
similar to Figure 2e. From the AFM analysis in Figure S10c, we
also noticed that the thickness of the NRs and NHs for all
structures stayed almost unchanged (hg &~ 47 + 4 nm for NRs
and hy; ~ 50 + 1 nm for NHs).

In addition to D, ¢ is another important factor that could
strongly influence the final patterns. Figure S11 shows some
calculated patterns for the same D but at different ¢. As ¢
changed from 90 to 60°, the NRs gradually tilted and then
finally connected to the edge of the NHs to form a grating-like
structure. Therefore, two key factors are important to form
large-area NRinNH structures: a large-area single domain
PSNS monolayer and the azimuthal alignment of the domain
orientation to the vapor deposition direction.

Polarization-Dependent Transmission Spectra T(A,¢)
and E,-Field Distributions. The representative polarization
angle-dependent transmission spectra T(4,¢p) of the NRinNH
structures are presented in Figure 3a,b. Here, the light incident
angle is 0° and the polarization angle ¢ is defined as the angle
between the polarization direction of the incident light and the
long axis of NRs. In comparison, the Tyy(4) of the pure NH
arrays with the same L and D are also plotted as dashed curves
in the corresponding figures. Their spectra were also
summarized together in Figure S12 with corresponding AFM
images. Regardless of the D, the Tyy(4) spectra possess two
EOT peaks (P, and P,) caused by the surface plasmon
resonance at the Ag—air and Ag—glass interfaces and two
Wood’s anomaly dips (D;, D,), which are well characterized in
the EOT community.”> Compared to Tyyu(4), the T(1,¢) for
the NRinNH structures show richer spectral features. The
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Figure 3. (a, b) are the T(4,¢b) of the NRinNH structures shown in
Figure 2a,b, and the black-dashed curves are the Tyy(4) of the
corresponding NH array. (c) Comparison of the experimental (solid
curves) and FDTD calculated T(4,¢)) (dashed curves) of the L = 750
nm and D = 612 nm NRinNH structure. (d) and (e) are the E,-field
distributions at 4p; and Ap of (c) at the Ag—glass interface.

most notable difference is that the spectra show strong ¢-
dependence due to broken symmetry. The trend for T(4,¢)
with different D is similar: (1) When ¢ = 0°, three dips, DJ°,
DY°, and DY°, were observed in the broad wavelength region of
P, in Tyu(4). (2) A new peak P; also appeared in the infrared
wavelength region when ¢ = 0°. For D = 621 nm, P; appeared
at a wavelength larger than 2500 nm, while for D = 612 nm, A;
blue-shifted to ~2450 nm. Though the addition of an NR in
NH reduces the perforated ratio PR (PR = 1 — A, /A, where
A, is the total area of the film and A, is the metal covered
area), i.e., the PR changes from 0.579 for the NH with D = 599
to 0.511 nm for the NRinNH structure with D = 612 nm, the
transmission T around Ap; is highly increased when compared
with that of Tyy(A). For example, T at Ap; = 2450 nm
increased from ~0.4 of Tyy(4) to nearly 0.8, as shown in
Figure 3b. Apparently, since the transmission enhancement F
(= T/PR) at Ap; for the NRinNH exceeds unit (1.47), the
same as that of the NH at Ap,, the P; peak should be noted as a
new EOT mode. (3) When ¢ changed from 0 to 90°, the dips
DY°, D}°, and D?° gradually disappeared and P, gradually
recovered to a broad peak with a larger integrated transmission
as the T around Ap; remained almost unchanged. (4) When ¢
= 90° a small dip (Ds) in the wavelength region of P, in
Tau(4) appeared, and the overall T(4,90°) was similar to
Txu(4) but with broader spectral features. Such wide-band and
polarization-dependent properties can be applied to optical
filters and polarization-modulation based optical components
or sensors, respectively.

The spectral features in T(4,¢p) of the NRinNH structures
also vary with D. Figure S13a,b directly compares the T(4,0°)
and T(4,90°) for different D. The wavelengths of different
resonances A, are plotted against D in Figure S13c. As D
increases, the Ap%, Ap%, and Ap% red-shift: the Ap% changes
slowly, the Ap% increases gradually, and the Ap% red-shifts
significantly.

To further understand the T(4,§)) of the NRinNH
structures, FDTD calculations were performed based on

representative AFM images. Figure 3c shows a comparison
of the experimental (solid curves) and calculated (dashed
curves) T(4,¢) at ¢ = 0 and 90° for a D = 612 nm sample, and
the corresponding experimental and calculated peak and dip
wavelengths are summarized in Table S1 in the SI Section S10.
Overall, the calculated results agree with the experimental
spectra except that the dips in the calculated spectra are
sharper and stronger. At ¢ = 0°, except for an extra dip at A =
2208 nm, the spectral features of D3°, D§°, D?°, and P, are all
well predicted by FDTD calculation. The additional small dip
in the calculated results may be caused by imperfections of the
selected AFM region used in the calculation. These
imperfections were amplified by periodic boundary conditions
in the calculation, and their effects on optical properties cannot
be ignored. To better understand the origin of the spectral
features, Figure 3d,e plots the local E-field distributions at the
Ag—glass interface at Ap%. Based on discussions of similar

structures in ref 15 and other references,'®'”** the new EOT
peak P; was induced by the coupling of the LSPR of the NR
and an in-phase resonance of the rim of the NH, which is
consistent with what is shown in Figure 3d: a strong dipole
resonance of the NR and the high local electric field (the
maximum |E/El* = 1077 and the average |E/E,|* = 3.7 over a
unit cell) are demonstrated. In part, this also explains why the
F at Ap; exceeds unity for the NRinNH structure. Only a strong
dipole resonance of the NR is evident for Ap%, as shown in

Figure 3e. This implies that the dip is mainly caused by the
LSPR of the NR, and weak coupling between the NR and the
NH may exist. This result is also supported by the strong
polarization dependence of T(4,¢) at Ap». In addition, the

maximum and average field enhancement |E/El* over a unit
cell at different 4, are plotted in Figure S14. The |E/E,|* at Apte

shows the highest value, which indicates that the dip Dy could
be very useful for surface-enhanced spectroscopy or plasmonic
sensors.

The dips D3° and D}° were different from P, and D{° since
they appeared in the EOT peak (P,) of the NH array and
correspond to a high energy resonance position, suggesting
that they may be related to higher-order plasmon resonances
(see SI, Section 10). It has been theoretically predicted that the
higher-order resonances of a metal nanoring can be excited at
normal incidence through asymmetric coupling with a
nanodisk.”*® The excitation of higher-order modes is
rationalized in terms of plasmon hybridization,m’ﬁ'7 which
adds a dipolar character to the multipolar modes and facilitates
their coupling with the incident field. However, to date, the
excitation of higher-order modes of the ring have been
manifested indirectly as Fano-like interferences*® when a
multipolar resonance spectrally overlaps with broad dipolar
resonance.”’ The E,-field distribution shown in Figure S16a
indicates that the resonance at Ap% has an octupolar field

distribution. This octupolar mode is induced by the
asymmetric coupling of the NH with the dipole resonance of
the NR along the long axis of the NR. The higher-order modes
normally have narrow line shapes, and the resonance position
of this octupolar mode is directly above the super-radiant SPP
mode P,. Thus, the Fano-like dip DJ° is the result of the
interference between the narrow octupolar mode of the
NHinNR and the super-radiant SPP mode in the compound
hole array.® The E,-field distribution at D$° shows coupling
between the dipole mode of the NRs and another higher-order
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mode of the NHs, the hexapode mode, which is also induced
by the asymmetric coupling of the NHs with dipole resonance
of the NRs. Thus, D}° is the result of interference between the
dipole—hexapode mode and the relatively wide SPP mode.
Additionally, D§° shows stronger maximum and average |E/ E0|2
than that of D{° (Figure S14) because Ap is closer to Ap,.

At ¢ = 90° both the calculated and experimental spectra
exhibit a broad peak with a small dip at Ap. = 1220 nm. The

E, -field distribution at Ay shown in Figure S16c demonstrates

a bonding mode of dipole NRs and quadrupole NHs along the
rod width direction. Based on the above discussion, D*° is
observed as a result of the destructive interference between the
spectrally overlapping broad SPP resonance and the narrow
dipole—quadrupole bonding mode of the NHinNRs."

For the YinNH structure (563 nm > D > 520 nm), the
T(A,¢) also depends strongly on ¢, as shown in Figure 4a,b.

D=532nm

-(a) ) D =563 nm -(b)

D!

g—0° 20° 40° ¢ —— 60° ——80° ——90°
0.0 L4 L . . 0.0 Lk . A L
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength A (nm) Wavelength A (nm)

0si(c) P P 9=0 | ()] e

500 1000 1500 2000 2500 02 0 02
Wavelength A (nm) X (pm)

Figure 4. (a, b) are the T(4,¢)) of the YinNH structures shown in
Figure 2c,d: the black-dashed curves are the Tyy(4) of the
corresponding NH array. (c) Comparison of the experimental
(solid curves) and FDTD calculated (dashed curves) T(A,¢) of the
L =750 nm, D = 532 nm YinNH structure shown in Figure 2d. (d)
E,field distribution at Ap» of (c) at the Ag—glass interface.

(1) At ¢ = 0°, the three dips, DJ°, D}°, and D?°, were observed
on top of P,, and an EOT, peak P; appeared. Unlike the
spectral features of NRinNH structures, the dip D$° only
appeared as a shoulder, and it almost merged into the spectral
feature of D?°, while the dip DJ° became more pronounced
and sharp. (2) When ¢ changes from 0 to 90°, the dips D3°,
DY°, and D?° started to disappear while a new dip D%
appeared suddenly at ¢» > 30°, which could correspond to a
resonant mode in the direction perpendicular to the long axis
of the rods. When D decreased from 563 to 532 nm, Ap». red-

shifted significantly from 1000 to 1222 nm. FDTD calculations
were performed to probe the cause of D3%. The calculated
T(A,¢) of D = 532 nm are shown in Figure 4c. The overall
spectral shape of the calculated results agrees with that of the
experimental results except for two small dips around 4 = 1100
and 1900 nm when ¢ = 90°. These two extra dips were excited
due to the use of the periodic boundary conditions of the
imperfect AFM area as we mentioned previously. Similar to the
spectra of NRinNH structures, the dips DY°, DY°, DY, and the
peak P, have the same physical origins, but the dip D3*° is

significantly different from the dip Dg’°. The E,-field
distribution at Ap». at the Ag—glass interface shown in Figure

4d suggests a strong dipole resonance of the two branches of
the “Y” rod along the light polarization direction. This
resonance also occurs near P,; thus, the dip D5 is caused
by the interference of the dipole mode of the rods with the
SPP mode of the NHs. This also explains the red shift of Ap».

with decreasing D: the distance between the ends of the two Y-
branches increased from ~180 to ~260 nm when D decreased
from 563 to 532 nm, thus Ap». red-shifted.

In addition, the PR is 0.382 for the YinNH (D = 563 nm).
This value is smaller than 0.491 for the NH with similar D (D
= 552 nm) and 0.511 for the D = 612 nm NRinNH, but the F
is 1.84, which is significantly larger than F of the NH (1.70, D
= 552 nm) and NRinNH (1.47, D = 612 nm) (see Table S2).
The high F is due to two effects. First, regarding the
conventional EOT phenomenon, the reduction of PR in NH
array causes an increased F due to tunneling through surface
plasmons.””*" As shown in Table S2, our experiment on NH
arrays shows that the F at Ap, increased from 1.38 to 2.03 when
PR decreased from 0.628 to 0.325. Second, a strong localized
E-field would further enhance the transmission since P3
originates from the localized plasmon resonance. Similar to the
NRinNH structure, the large E-field enhancement |E/El* at
Aps for the D = 563 nm YinNH shown in Figure S17 indicates a
strong localized surface plasmon resonance strength at Ap;,
which contributes to the high F (for a detailed discussion, see
the SI, Section S11). The large electric field enhancement at
Apy for the YinNH structures may be beneficial for sensing
applications. The resonance positions of all of the peaks and
dips and their causes are also summarized in Table S1 in the SI
Section S10.

Figure S shows the typical ¢-dependent T(4,¢) of the ENH
structure (D = 444 nm). The EOT peak P, vanished due to the
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Figure 5. T(4,¢0) of the ENH structure shown in Figure 2f.

lack of strong localized resonance of the nanostructures inside
the NHs. The T(4,¢) is very close to the corresponding
Tyu(4) but with different EOT P, wavelengths when the
incident light is parallel to the long axis (shorter wavelength)
or short axis (longer wavelength) of the ENH, similar to plain
elliptical NH arrays reported in the literature.”

To compare the overall polarization dependence T(4,¢p) of
the three different structures, we plotted Tps in polar
coordinates in Figure 6 for different D. The dip Ds was
chosen because Ts not only represents the greatest difference
in T(4,¢) at different ¢ but also shows the highest local
electric field. For the ENH structure, we plot T(2000 nm, ¢)
in Figure 6 as a reference. The polar plots of Tps are dumbbell-
shaped quadratic symmetric curves and show minimums of T
at ¢ = 0 and 180°, indicating strong LSPR absorption along
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Figure 6. Polar plot of Tp; of different D. The dashed lines are sine
square fitting results.

the NR direction regardless of structure (except for ENHs).
Similar to previous studies for in-plane dipole mode
resonance,””*7>® the polar plots of Tps can be fitted well
with squared cosine curves, T = Ty — a**cos(¢)> where a is
the polarizability of the long axis of the structure.”* The dashed
curves shown in Figure 6 are the fitting results. As D decreased
for the NRinNH structures (566 nm < D < 621 nm), T(0°)
decreased while T(90°) stayed almost unchanged, thus AT =
T(90°) — T(0°) gradually increased. The corresponding fitting
parameters, (T, a*), are (0.79, 0.33) for D = 621 nm, (0.82,
0.46) for D = 612 nm, and (0.82, 0.60) for D = 578 nm.
Essentially, T, stays almost unchanged while a* decreases with
D, thus, the ratio T"%az

0

increased monotonically with D.

2
Ty—a

Notice that the smaller the ratio, the stronger the ¢-

0
dependence. For the YinNH structures (520 nm < D < 563
nm), both T(0°) and T(90°) decreased with D, and the
corresponding fitting parameters T, and a” are (0.80, 0.63) for
D = 563 nm and (0.60, 0.48) for D = 532 nm, i.e., the ratio
2
T"% almost remained ~0.2 when D changed. For the ENHs
0
(D = 444 nm), T(2000, ¢) = 0.211—0.008* cos(¢h)?,

2
Ty—«a

ie., ~ 0.96, the ¢)-dependence was not significant.

The effect of L on the optical properties of ACRHs was also
investigated, and the corresponding AFM images and T(4,¢)
at L = 500 nm with different D are shown in the SI, Section
S12. Similar to when L = 750 nm, the overall morphology
changes from NRinNH, to YinNH, then to ENH, and the
T(A,¢) showed similar ¢-dependence with decreasing D. The
main difference in optical properties is the absolution
wavelengths A, of the resonance features. Figure S21a shows
a comparison of T(4,0°) and T(4,90°) for the NRinNH
structures with the same D/L (~0.8) ratio. Compared to
samples at L = 750 nm, the T(4,¢)) at L = 500 nm possesses
similar spectral features but with all of the resonance positions
blue-shifted because of the reduction of L and D. The longer
the wavelength of the resonance, the greater the blue shift. The
dip DY° shows the largest blue shift among all of the visible
resonances, from 2300 nm at L = 750 to 1360 nm at L = 500
nm. The peak P, blue-shifted from >2500 to 1832 nm when L
decreased from 750 to 500 nm. Figure S21b compares the
YinNH spectra for L = 500 and 750 nm with the same D/L
(~0.7) ratio. Trends similar to those shown in NRinNH
structures are observed: the T(4,¢p) of L = 500 nm possesses
similar spectral features to those when L = 750 nm with all of
the resonance positions blue-shifted. Since the peaks and dips
all blue-shift with decreasing L, Ap; is now within the
measurement region, and a relatively complete peak shape

can be observed. This is beneficial for analyzing the influence
of structure parameters on Ap;. 4, of different D at L = 500 nm
when ¢ = 0° are summarized in Figure S22. We can see that
Ap3 shows a high tunability: it can be tuned to red-shift from
1832 to 2218 nm when D decreases from 403 to 351 nm. The
P; of YinNH structures have a longer resonance wavelength
when compared to that of NRinNH structures because the two
Y-branches increase the effective length of the NR.

Refractive Index Sensing Performance of the NRinNH
and YinNH Structures to Be Used as an Index Sensor.
One of the notable applications for NHs is refractive index
sensing,52’57_59 i.e., these structures can be used to sense the
refractive index n change of their environment. Since the dip
DY?° possesses a strong local field enhancement (~7 and 2700
for the maximum and average |E/Eyl* in Figure S14), it is
expected that this dip shows improved sensitivity.***®" The
sensing performance of two typical ACRH structures, the
NRinNH (L = 750 nm, D = 612 nm) and the YinNH (L = 750
nm, D = 532 nm), has been characterized by immersing the
samples in different organic solvents with indices of refraction
varying from 1.36 to 1.50 (in SI, Section S13). Figure S24
shows the evolution of T(4, 0°) of the two samples for solvents
with n = 1-1.50 and A, versus n, where 4, was extracted from
the experimental spectra by Fano-fitting”*~®* (details in SI,
Section S13). All of the Ay—n relationships are linear, and the
slope represents the refractive index sensitivity (RIS). D$°
shows the fastest red shift and has the highest RIS among all of
the resonances. The sensitivity of DI° of the YinNH structure
is much higher (almost double) than that of the NRinNH
structure. The improved sensitivity of D° can be attributed to
several reasons: first, the higher local field enhancement of
YinNH when compared to that of NRinNH (SI, Section S11)
helps to improve the sensitivity. Second, the increased sensing
area of the YinNH structure enhances the sensitivity. The
YinNH structure has more sensing area than that of the
NRinNH, such that there is more interaction volume between
the plasmonic structure and the dielectric environment.
Finally, the dip DJ° possesses the largest resonance wavelength
Ao among all of the resonances. The positive relationship
between 4, and the RIS is well-documented in Saison-
Francioso et al®® and other literature reports.”*”** This is
shown in Figure S26, where RIS is plotted as a function of 4, in
air.

The new EOT peak P; possesses a larger resonance
wavelength compared to that of dip D°, and P, has both
strong local field enhancement and high transmission, so it
may provide another spectral characteristic for improved
refractive index sensing. The sample with a smaller L (500 nm)
was measured to investigate the RIS of the new EOT peak P°,
as shown in Figure 7a. Since the RIS of D?° for YinNH is
higher than that of the NRinNH structure (Figure $24), we
only measured the RI performance of the YinNH structure (D
= 351 nm). All of the spectral features of T(4, 0°) red-shift
substantially when n increases, as shown in Figure 7a. The
resonance wavelengths versus n are plotted in Figure 7b. Based
on linear fitting, the RIS of DY° is around 847 nm/RIU, which
far exceeds the sensitivity of its corresponding pure NH sample
shown in Figure S27. Due to the additional peaks caused by
the molecular absorption of the solvents at 1 > 1500 nm, 43°
is only recognizable for one solvent. But based on the existing
results, we can still estimate that the RIS of P$° is very high
because Ap3° shifts from lower than 2000 nm to larger than
2500 nm within 0.5 unit change in 5, indicating that the RIS of
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P3° should be higher than 1000 nm/RIU. Further study of the
sensitivity of P3 can be carried out using a smaller L to scale
down the structure. The T(4,¢) of the three samples used in
the refractive index sensing experiments in different solvents
are shown in the SI, Section S13.

In conclusion, adding NRs or Y-shaped NRs in the NH can
highly improve the RIS of the NH array. It should also be
noted that the samples used here for the refractive index
sensing measurement were not optimal; better performance
can be achieved if the structure parameters are carefully
selected. The resonances with high sensitivity such as D?° and
P}° can be tuned to the wavelength range of interest by
adjusting the periodicity of the array. Utilizing the ¢-sensitivity
of the samples, further data processing can be applied to
improve the figure of merit (FOM, calculated as RIS/FWHM,
full width at half-maximum).””

B CONCLUSIONS

By encapsulating the unique merits of both NSL and OAD into
one methodology, we find that asymmetric compound NH
structures, including nanorod in nanohole, Y-shaped nanorod
in nanohole, and elliptical nanohole, can be efficiently
fabricated over large areas. The fabrication strategy described
herein permits precise variation in the geometries of the
formed compound nanostructure arrays, including the lattice
periodicity, hole diameter, and rod length, by controlling the
size of the PSNS, the etching duration of the PSNS, and the tilt
angle during the metal layer deposition, respectively. The
nanorod in nanohole and Y-shaped nanorod in nanohole
structures possess a new EOT mode at the NIR region, which
can be tuned to red-shift or blue-shift by D or L, and this
feature offers a high degree of optical tunability. Taking
advantage of the EOT, the tunable wavelength, as well as its
polarization sensitivity, these structures may be efficacious
substrates for near-perfect absorbers, bandpass filters,”””° or
surface-enhanced Raman scattering spectroscopy. These results
are important not only for understanding the interference of
different plasmon modes in plasmonic systems but also for
developing numerous plasmon-based optical and optoelec-
tronic devices.
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