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ABSTRACT Surface plasmons that propagate along cylindrical
metal/dielectric interfaces in annular apertures in metal films, called
cylindrical surface plasmons (CSPs), exhibit attractive optical charac-
teristics. However, it is challenging to fabricate these nanocoaxial
structures. Here, we demonstrate a practical low-cost route to
manufacture highly ordered, large-area annular cavity arrays (ACAs)
that can support CSPs with great tunability. By employing a sol—gel
coassembly method, reactive ion etching and metal sputtering
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techniques, regular, highly ordered ACAs in square-centimeter-scale with a gap width tunable in the range of several to hundreds of nanometers

have been produced with good reproducibility. Ag ACAs with a gap width of 12 nm and a gap height of 635 nm are demonstrated. By finite-difference time-

domain simulation, we confirm that the pronounced dips in the reflectance spectra of ACAs are attributable to CSP resonances excited in the annular gaps.

By adjusting etching time and Ag film thickness, the CSP dips can be tuned to sweep the entire optical range of 360 to 1800 nm without changing sphere

size, which makes them a promising candidate for forming integrated plasmonic sensing arrays. The high tunability of the CSP resonant frequencies

together with strong electric field enhancement in the cavities make the ACAs promising candidates for surface plasmon sensors and SERS substrates, as, for

example, they have been used in liquid refractive index (RI) sensing, demonstrating a sensitivity of 1505 nm/RIU and a figure of merit of 9. One of the CSP

dips of ACAs with a certain geometry size is angle- (0—70 degrees) and polarization-independent and can be used as a narrow-band absorber. Furthermore,

the nano annular cavity arrays can be used to construct solar cells, nanolasers and nanoparticle plasmonic tweezers.

KEYWORDS: annular gap array - coaxial plasmonic structures - cylindrical surface plasmons - nanosphere lithography -
self-assembly monolayer of nanospheres - SERS substrates - refractive index sensors

onfined to metal/dielectric inter-

faces, surface plasmons can afford

strong electric field enhancement
within the penetration depth of the evanes-
cent wave, which is essential to increase
most of light-matter interactions.'* One
significant and promising application of sur-
face plasmons is used as chemical and
biological sensors,>~® which has been in-
tensively investigated in the past decades.
According to propagating characters, sur-
face plasmons are classed as two kinds:
surface plasmon polaritons (SPPs) (or pro-
pagating surface plasmons) and localized
surface plasmons (LSPs), which show dis-
tinct sensing performance. SPPs excited on
continuous planar Au or Ag films can afford
an extremely small detection limit exceed-
ing 107> refractive-index units (RIU).° In
contrast, LSPs formed in nanoarchitectures
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are less sensitive to refractive index changes
with a sensitivity of about 1400 nm/RIU,” at
least an order of magnitude lower than
SPPs. However, LSPs can be directly excited
in nanostructures, while SPPs usually need
to be excited by other components with
relatively large size. Thus, LSPs seem much
more suitable for bulk sensitive applica-
tions. In addition, LSPs afford more tunabil-
ity than SPPs,'®~"® which is desirable for
some biosensing applications, such as sur-
face enhanced Raman spectroscopy (SERS).?
Nevertheless, higher tunability and sensitiv-
ity of LSPs based nanosensors are desired for
many sensing applications.

In recent years, cylindrical surface plas-
mons (CSPs) excited in a nanoscale coaxial
Au or Ag structure have attracted a wide
research interest,"* 23 and these nanoscale
plasmonic coaxial (NPC) structures capable
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of supporting CSPs have been applied to construct
thresholdless nanolasers,>* nanoparticle trapper,® col-
or filter,?® quarter-wave plates in visible range,*” etc. A
CSP can be directly excited as a guided mode in a NPC
structure with modes far smaller than the CSP wave-
length; moreover, the CSP wavelength can be con-
tinuously tuned by adjusting the geometry size of the
coaxial structure, even increasing to infinitely large
when the annular gap width decreases to infinitely
small.?273° As a special case of SPPs, CSPs not only can
be directly excited in NPC structures but also exhibit
great tunability, which are two merits of a LSP. Hence,
compared to previously reported LSP and SPP based
sensors, NPC structures would show comprehensive
performance as surface plasmon sensors. However, it is
still hard now to produce NPC structures with narrow
annular gaps though researchers are making efforts to
overcome this challenge'*? So far, the most widely
adopted fabrication procedures to produce NPC struc-
tures all involves focused ion beam (FIB) or electron
beam (EB) lithography method which is time-consuming
and thus not suitable for mass manufacture.333* In
addition, the FIB/EB lithography method has a limita-
tion of about 10 nm in the produced annular gap width
for a thin metal film.>* Creating a 10 nm-width gap in a
thick metal film (more than 150 nm) is challenging for
this method.

Without using FIB/EB lithography method, two kinds
of coaxial structures fabricated by other methods have
been reported. One is plasmonic core/shell nanorod
arrays produced in an anodized aluminum oxide tem-
plate by electrochemical grown method.>*¢~3% The
fabrication method is simple and with good reprodu-
cibility, and an extremely small gap (<10 nm) between
a rod and shell can be formed. However, the guided
mode supported in this kind of array which shows an
extremely high sensitivity of about 32000 nm/RIU
needs to be excited by a prism. Another kind is vertical
oriented coaxial structure arrays fabricated by a series
of complex procedures, including atom layer deposi-
tion (ALD) and nanosphere mechanical polishing mon-
itored by a scanning electron microscope (SEM) that
needs precision controlment.>**° Thus, this method is
also not suitable for mass fabrication. Most impor-
tantly, no CSP related properties of the two kinds of
coaxial structures have been reported. Therefore,
to fabricate NPC structures that can support tunable
CSPs, a low cost, reproducible method that is suitable
for mass fabrication and capable of producing narrow
gaps in thick films is highly desired. As a low-cost nano-
fabrication method, nanosphere lithography (NSL)
method has been widely applied to produce a variety
of two-dimensional periodic plasmonic structures with
large tunability and good reproducibility recently.! 142
Combined with the ALD method, even a 10 nm gap is
realized by NSL method.” Thus, we focus on utilizing the
NSL method to construct NPC structures for sensing.
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In this work, we report a novel route for the high-
throughput, reproducible fabrication of periodic arrays
of annular cavities (ACAs) with controlled gap width,
depth and gap radius by the NSL method. The fabrica-
tion mechanisms, parameters and their influence on
geometry size of produced ACAs are discussed. Poly-
styrene (PS) spheres ranging from 250 to 690 nm in
diameter have been demonstrated to fabricate high-
quality, large-area ACAs with great geometry size
tunability. Multiple surface plasmon resonances can
be directly excited in the resultant ACAs by incident
light. Using finite-difference time-domain (FDTD) si-
mulation, we confirmed that the pronounced dips in
the reflection spectra of ACAs are attributed to CSPs.
Furthermore, an optimal range of fabrication param-
eters and influence of geometry size on CSP dips were
investigated. Also angle- and polarization-dependent
properties of CSP dips in ACAs with varied geometry
size were measured. In the end, we investigated the
sensing performance of ACAs as liquid refractive index
(RI) sensors and as SERS substrates for adenine detec-
tion. An RI sensitivity of 1505 nm/RIU and a figure of
merit (FOM) of 85 were obtained.

RESULTS AND DISCUSSION

Fabrication Mechanisms and Morphologies of Fabricated
ACAs. To fabricate ACAs, we used the NSL method,
which involves hexagonal packing of PS spheres with
partially infiltrated silica gel, oxygen reactive ion etch-
ing (RIE) and silver (Ag) film deposition. As depicted
schematically in Figure 1a, the fabrication process
consists of three steps. PS spheres were self-assembled
into a monolayer of hexagonal arranged arrays using
the sol—gel coassembly method,*? silica gel in solution
was infiltrated in the interstitials of these spheres
spontaneously, which resulted in PS sphere arrays
partially embedded in silica gel, as shown in
Figure 1a and Figure S1a,b (Supporting Information).
This monolayer periodic PS sphere and silica gel
composite film will be referred to as PSC film in the
following text. The infiltrated silica gel plays a signifi-
cant role in the formation of annular cavities in the
followed fabrication process. Overall geometry sizes of
the ACAs are characterized in 1b. SEM images of the
fabricated ACAs are shown in Figure 1c—e,g,h, in which
the cap-like Ag patches coated on partially etched PS
spheres formed the inner edges of the gaps and their
outer edges were defined by mesh-like Ag film on silica
gel. The formed gap width can be as small as ~12 nm
(see Figure 1d,e), whereas the gap height is larger
than 100 nm for D = 250 nm. Height of the fabricated
annular gap can reach approximately 635 nm with an
average gap width of ~30 nm for D = 690 nm (see
Figure 1g). Highly ordered ACAs with areas in square-
centimeter range can be produced by this method (see
Figure 1f,i). The geometry sizes and area of ACAs can be
further improved by employing optimized fabrication
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Figure 1. Annular cavity arrays (ACAs). (a) Schematic of the fabrication process for ACAs using a sol—gel nanosphere
coassembly method together with RIE and metal sputtering techniques. Initially, a monolayer of a periodic PS sphere array
partiallyimmersed in a thin layer of silica gel (the thickness of the silica gel is less than the sphere diameter) was prepared on a
glass slide using a sol—gel coassembly method; then, isotropic etching of the PS spheres was performed using O, RIE to form
annular gaps between the residual PS particles and surrounding silica gel, making the gap width proportional to the etching
time. A layer of Ag film was then sputtered on the top surface of the etched PSC film. (b) Model of vertical cross section of the
fabricated ACAs characterized by a film thickness d, gap outer radii R, gap inner radii r, silica gel infiltration height Hs, etched
PS height Hp, cavity depth Hc and sphere diameter D (equal to the lattice constant of the hexagonal array). SEM images of
the vertical cross section of ACAs fabricated with (c) RIE etching time t = 10 min, d = 150 nm and D = 690 nm, (d) t = 220 s,
d =100 nm and D =250 nm, and (g) t = 15 min, d = 635 nm and D = 690 nm; scale bar is 100 nm. (e) Top-view SEM image and
(f) photograph of Ag ACAs shown in (d); scale bars are 100 nm and 5 mm. (h) Large-area highly ordered ACAs with t = 15 min,
d =175 nm and D = 690 nm; the scale bar is 100 nm. (i) Photograph of ACAs fabricated on a slide with d = 200 nm and
D =690 nm. Six 2 mm squares exhibit different colors in the film corresponding to ACAs with different etching times t=3, 6,9,
12,15, and 18 min, i.e., different gap widths (R — r). The blue areas in the PSC film are treated with the same fabrication process
as the six squares except without any O, RIE etching treatment. The scale bar is 5 mm.

conditions. In addition, ACAs with varied gap widths
can be integrated in a minor area, as demonstrated in
Figure 1i, which was fabricated from the same PSC film
with different etching time using a square etching
mask but underwent the same metal sputtering pro-
gress, i.e., has the same Ag film thickness.

Influence of Fabrication Parameters on Geometry Size. To
produce a gap with a high depth-width ratio between
the PS spheres and surrounding silica gel, etching
parameters were selected to etch the PS spheres
isotropically while keeping the silica gel unchanged.
Upon the initiation of oxygen etching, an annular gap
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formed along the borderline between PS spheres
and silica gel. As the etching time t increased, the
gap broadened in width and deepened in depth while
the shape of the top part of the residual PS par-
ticles was approximately semispherical, as shown in
Figure 2a—c and Figure S1c—h. Morphologies of the
ACAs with varied t and d were examined by SEM, as
shown in Figure 2d—I. As t increases, r decreases and
R remains constant. Both R and r as well as the gap
width (R — r) decreased when increasing d for a
wide range of t. The inner cap-like Ag patches are
slightly higher in height than the outer net-like Ag film,
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Figure 2. SEM images of the etched PSC film and ACAs with D = 690 nm. (a—c) Top view of the PSC film after oxygen RIE
etching with t = 6, 10, and 15 min, respectively. (d—f) Top view of ACAs fabricated from the etched PSC film shown in (a—c)
with d =150 nm. (g—i) Top view of ACAs fabricated from the etched PSC film shown in (a—c) with increased d. (g) t =6 min, d =
270 nm; (h) t = 10 min, d = 375 nm; and (i) t = 15 min, d = 635 nm. (j—I) SEM images show vertical cross section of the ACAs
shown in (g—i), respectively. The scale bar is 100 nm in all SEM images.

with a height difference of ~60 nm for t = 6 min, i.e.,
(Hp + d) — (Hs + d) ~ 60 nm, whereas they are nearly
the same height for t = 10 min and slightly lower for
t = 15 min with ~50 nm, i.e, (Hs + d) — (Hp + d) ~
50 nm. During the RIE etching process, Hc decreases
by ~16 nm per/min (see Figure S1c—e). In conclusion,
R is dependent on d, Hs, and D, whereas r is mainly
determined by t, d, Hs, and D. The gap width (R — r) is
determined by t, d, Hs and D. The height difference of
the cap-like patches and net-like film are determined
by t. Hc is dependent on t and, to a lesser extent, d.

To simplify discussion, infiltration degree of silica
gel F, which determines the morphologies of PSC films
and partially determines the resulted ACAs, defined as
F = Hs/D, was held constant (F =~ 0.768) by using the
same fabrication parameters to fabricate PSC films in
this work. Thus, for a particular value of D, that is
diameter of PS spheres, geometric features of the
fabricated ACAs are only determined by fabrication
parameters t and d, and they could be tuned precisely
over a wide range.

Measured and FDTD Simulated Reflectance Spectra of ACAs.
A typical measured reflectance spectrum of the ACAs
(t =10 min) at normal incidence is shown in Figure 3a.
The noncontinuous point at A =915.6 nm is due to the
combination of two spectra ranging from 350 to
1050 nm and 950 to 2500 nm, respectively. Three
pronounced reflection dips located at wavelengths
A =483, 664 nm (692 nm in simulation) and 1432 nm
(1416 nm) are observed, which cannot be interpreted
by the well-known surface plasmon theories, such as
surface plasmon polariton Bloch wave (SPP-BW) or
dipolar resonance of nanoparticles. To explore the
nature of these dips, FDTD simulations were con-
ducted using models with geometric size identical to
those of the measured samples in experiments by
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commercial software (East FDTD, Dongjun technology,
Shanghai, China).

Simulated reflectance spectrum also exhibits three
dips, shown in Figure 3a, which is in good agreement
with measured results. The slight discrepancy of the
simulated dips at 692 and 1416 nm with measured
ones is attributed to the minor geometric differences
between the ideal simulation model and measured
sample. Aside from three pronounced dips, there is
another dip at A = 592 nm in the simulation spectrum,
which is attributed to Wood's anomaly (WA) as it is
close to the theoretical value of (1, 0) WA at Ag/air
interface given by Aga = 27t(e)%/G(1, 0) = 597.5 nm
(G(1, 0) is the (1, 0) reciprocal vector of the hexagonal
lattice). In addition, a shallow dip at 650 nm induced by
the (1, 0) SPP-BW mode at Ag/air interface has been
observed, which corresponds to the shallow dip at
A =616 nm in the measured spectrum. Most of the
measured reflectance spectra of ACAs exhibit a dip
around A = 620 nm regardless of etching time and Ag
film thickness while the dip due to Wood's anomaly
does not appear in the measured reflectance spectra.

In addition, reflectance spectra of ACAs at normal
incidence with varied polarization directions are also
simulated. Results indicate that polarization direction
of normal incident light do not affect the reflectance
spectra of ACAs, see Figure S2; that is, domain orienta-
tion of hexagonally arranged annular cavities do not
affect the reflectance spectra.

Scalable Fabrication Parameters on PS Sphere Diameter.
Reflectance spectra of ACAs fabricated from 250 nm-
diameter PS spheres with t =220 s and d = 100 nm (see
Figure 1d—f) were also measured and simulated.
As presented in Figure 3b, the first CSP dips are located
at wavelengths of 600 and 800 nm when d is 50 and
100 nm, respectively. Because the fabrication parameters
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Figure 3. Measured and FDTD simulated optical properties of Ag ACAs. (a) Measured and simulated reflectance spectrum of
ACAs with D = 690 nm (lattice constant of the hexagonal array), Hs = 530 nm, Hp = 500 nm, Hc = 400 nm, R = 270 nm, r ~
238 nm, d = 275 nm. (b) Measured reflectance spectra of ACAs fabricated from 250 nm-diameter PS spheres with d = 50 nm
and d = 100 nm in air and in ethanol, and simulated reflectance spectrum of ACAs with d = 100 nm, t =220 s and D = 250 nm.
(c—e) Simulated electric field intensity enhancement factor distributions (normalized to electric field intensity of incident
light) on a vertical cross section of the ACAs model used in (a) at 1 =483, 692 and 1416 nm, respectively, and (f) on a horizontal
cross section of the ACAs model at = 1416 nm, H = 363 (corresponding to the longitudinal coordinates in (e)). (g—j) Charge
density distributions calculated from the electric field distributions shown in (c—f). Unit of the axes in (c—j) is 1 nm.

of this ACA with D = 250 nm are proportional (250 nm/
690 nm = 0.362) to that of ACAs with D = 690 nm
(t=10 min and d = 275 nm), we scale down the model
used to simulate ACAs with D =690 nm, t = 10 min and
d =275 nm to simulate the reflectance spectra of ACAs
with D =250 nm, t =220 s, d = 100 nm. The simulated
results correspond well with the measured results
(see Figure 3b). Hence, the geometric size of ACAs
could be approximately scaled down through decreas-
ing D (with D in range of 250—690 nm) and using
fabrication parameters proportional to D. In this work,
to explore the characters of ACAs in optical (both the
visual and NIR) domains, ACAs with D = 690 nm were
mainly investigated. Thus, when not specifically indi-
cated, D = 690 nm throughout this paper. Large-area
SEM images of ACAs with D = 250 nm are shown in
Figure S3.

FDTD Simulated Electric Field and Charge Density Distributions
in ACAs. To reveal the origin of the three pronounced
dips, an electric field distribution was simulated at each
dip wavelength and is presented in Figure 3c—e in the
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form of the intensity enhancement factor, =
logso(|E|*/|Eo|?), where |Eo|? is the incident wave inten-
sity. A strong electric field enhancement (max
|E[*/|Eo|* = 1065, at A = 1416 nm) was observed in the
cavity gaps at each dip wavelength. In addition, the
number of electric field enhancement nodes, i.e., re-
sonance nodes, along the cavity depth direction in-
creased as the wavelengths of the dips decreased,
similar to a Fabry—Perot interference that has formed
in the depth direction of the cavity. To distinguish
these dips, we named them the first, second and third
dip according to the number of nodes along the cavity
depth direction; for example, the dip at A = 1416 nm
with one node was named the first dip. However, two
nodes may also occur along the gap depth direction
when other types of surface plasmon resonances are
excited, such as the excitation of dipolar resonance
or SPP-BW in periodic metal/dielectric structures (see
Figure S4d). To know whether these dips are related to
SPP-BW, reflectance spectrum and electric field distri-
bution of a single annular cavity at normal incidence is
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simulated, as shown in Figure S5. Wavelengths of the
reflectance dips and electric field distributions at these
dips are the same as that of ACAs, only the first CSP dip
shows a slight shift (~30 nm). Moreover, strong electric
field enhancements still exist as evidenced by electric
field distributions of ACAs at 30° incidence for both TE
(s polarized wave) and TM (p polarized wave) polariza-
tion at wavelengths of the three pronounced dips (see
Figure S6). Thus, the three dips are not induced by
SPP-BW. In addition, cross-section charge density dis-
tributions at the three dips are calculated by solving
divergence of the simulated electric field distributions
shown in Figure 3c—f, see Figure 3g—j.

Physical Origin of the Pronounced Dips Presented in Reflec-
tance Spectra. According to the above simulation re-
sults, the three surface plasmon resonances in the ACA
are independent to periodicity and not dependent
on incident angle at least in the range of 0—30°. In
addition, considered the geometry size dependent,
angle and polarization resolved optical reflectance
spectra of ACAs which will be discussed below in detail,
we confirm that the dips in reflectance spectrum of the
ACA are attributed to CSP, and optical responses of
ACAs are mainly dominated by CSPs. Furthermore,
features of optical reflectance spectra, electric field
and charge density distributions of ACAs with varied
fabrication parameters (6 min < t < 15 min) were
compared with that of annular aperture arrays (AAAs),
which capable of supporting CSPs and have been
investigated intensively. As a result, all of them are
quite similar (compare Figure 3, Figures S7 and S8 with
Figure S4).

Optimal Range of Fabrication Parameters for ACAs to Support
(SPs. Influence of the fabrication parameters (t, d) on
the formation of CSP resonances was experimentally
examined for the case of a PSC film with D = 690 nm,
as shown in Figure 4a,b. Because gap width (R — r)
decreases as d increases, the annular gap will close
when d reaches a certain value which is small for short
etching time. For an etching time t = 3 min, the first CSP
dip disappeared when d reached ~175 nm (see Figure
S9a,b), which resulted from the nearly closed annular
gaps of the ACA. When t increased to 18 min, the
formed annular cavities featured a large gap width and
large height difference between both sides of the
cavities because most part of PS spheres was etched,
resulting in not strong CSPs and not good reflectance
spectra (see Figure S9c,d and S10). Therefore, the op-
timal range of etching time is 6—15 min for the
PSC films used here. With t in this range, there are
several dips at ~610, 780, and 910 nm in the measured
reflectance when d is 25 and 50 nm. The dips at ~610
and 910 nm correspond to the (1, 0) SPP-BW mode at
the Ag/air interface and the (1, 0) SPP-BW mode at the
Ag/silica interface, respectively, whereas the origin of
the dip at ~780 nm is uncertain, and this dip did not
shift as d increased. When t increased to 75 nm, the
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second CSP dip appeared at a wavelength of approxi-
mately 460 nm, whereas the first dip located at
approximately 800 nm that is identifiable from other
dips. Nevertheless, these CSP dips are shallow and
broad due to the weak confinement of the gaps. Until
d increased to 125 nm or larger, CSPs were effectively
confined in the annular gaps, confirmed by the CSP
dips that were steady in shape; furthermore, reflec-
tance of the first CSP dip reached ~0.1 or less, depend-
ing on the particular geometry size. Thus, d = 125 nm
was sufficient to form CSP dips with good performance
for PSC with D=690 nm and tin the range of 6—15 min.
Proportionally, to effectively confine SPs in the gaps in
PSC film with D = 250 nm, the required minimum
d would be 45 nm, and it was confirmed by the mea-
sured reflectance spectrum of ACAs with d = 50 nm
(see Figure 3b).

Dependence of Reflectance Spectra of ACAs on Geometry
Size. Dependence of the CSP dips on geometric size of
the ACAs in metal films with Drude-like dispersion has
been investigated. Referring to size dependent laws
of CSPs excited in AAAs, which are concluded in the
literature, 2734445 \ve infer that the wavelengths of
CSP dips of ACAs would be linearly dependent on the
film thickness d and dependent on Randr. In particular,
they would increase infinitely as 1/(R — n'> when
Rand rapproach each other. To verify these inferences,
reflection spectra of ACAs with varied geometry size
(d, r, and R) were simulated. The simulation results
indicated that as Ag film thickness d increased, wave-
lengths of the CSP dips linearly increased (Figure 4c).
With a decrease in the gap width (R — 1), i.e., R increases
or r decreases, wavelengths of CSP dips increased in an
approximately linear manner but tended to nonlinear-
ity when (R — r) approached ~20 nm (Figure 4d and
Figure S11). In addition, wavelengths of the CSP dips
were also dependent on (R + r). CSP dips shifted to
shorter wavelength as (R + r) decreased, which was
confirmed by both simulation and experiments in
cases where D decreased from 690 to 250 nm (see
Figure 3a,b).

The experimentally measured reflectance spectra
of ACAs with varied film thicknesses (d, r and R) are in
coincidence with simulation results, which further
confirms that the dips of ACAs are mainly ascribed to
CSPs. As shown in Figure 4e and Figure S12, the
measured CSP dips shifted to longer wavelength, and
new dips continuously formed in the shorter wave-
length as film sputtering time increased, ie., d in-
creased, for t in the range of 6—15 min. Wavelengths
of CSP dips are nearly linear in d when t = 10 min (for d
in the range of 125—375 nm) and t = 15 min (for din the
range of 125—600 nm), whereas they were nonlinear
for t = 6 min (for d in the range of 125—270 nm), as
plotted in Figure 4f. The CSP dip could be tuned in a
larger range with an increased film thickness. As noted
previously, increase of d in a metal sputtering process
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Figure 4. (a) Plot of the measured wavelengths of the first (squares) and second (circles) CSP dips of ACAs with various
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constant and (d) only changing R while keeping the Ag film thickness d and r unchanged. (e) Measured reflection spectra of
ACAs (etching time t = 10 min) with various Ag film thicknesses. The feature at a wavelength of 920 nm is caused by the
combination of two spectra, which cover the short and long wavelength ranges, respectively. (f) Wavelengths of the CSP dips
of ACAs with etching time t = 6 (green), 10 (cyan), and 15 min (red) and increased Ag film thickness. Circles, squares, triangles
and hexagrams represent the first, second, third and fourth CSP dips in a measured reflectance spectrum, respectively.

would always accompanied by a decrease in the gap
width (R — r), a major decrease in R and a minor
decrease in r, as shown in Figure 2| at a cross section
of t = 15 min. Thus, the shift of CSP dips in the experi-
ments is attributed to the combined effect of changes
in Ag film thickness d and gap width (R — r). However,
as (R — r) cannot be quantitatively record conveni-
ently in experiments, we used film thickness d here to
represent the combined effect of both variations of d
and (R — r) because the two variables are correlated in a
degree. For the case of t = 10 min and t = 15 min, the
gap width is sufficiently large (larger than ~25 nm) that
the CSP dips on the inner and outer wall of cavities
have less coherence for d in the measured range. For
t = 6 min, the gap width is approximately 100 nm
and ~20 nm (measured from SEM image) before and after
sputtering a layer of 275 nm-thick Ag film, respectively,
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which resulted in a strong coherence between the CSPs on
both cavity walls, i.e., a small change in the gap width
induced a large shift in the CSP dips. By ACAs, we first
experimentally demonstrate the following: (i) multiple
CSP resonances are excited in optical range, and (ii) a
nonlinear dependency between the CSP resonant fre-
quencies and gap width when the gap width is ap-
proaching 20 nm, which have been demonstrated by
calculation and simulation in the previous reports.?%3°

As shown in Figure 3b, the first CSP dip can also be
tuned to the visible wavelength range by decreasing
D, which makes ACAs more flexible to various applica-
tions because the first and second CSP dips exhibit
different characteristics, such as near-field electric
field distribution patterns, full width at half-maximum
(fwhm) and angle-resolved properties, as discussed
below.
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Figure 5. Measured angle- and polarization-resolved reflectance spectra map of ACAs with (a—d) t = 15 min, d = 275 nm,
D =690 nm and (e,f) t =220 s, d = 100 nm, D = 250 nm. (a,c) TE polarization with angle resolutions of 2° and 5° for the short
wavelength range (550—1050 nm) and long wavelength range (950—2000 nm), respectively. (b,d) TM polarization with angle
resolutions of 2° and 5° for the short wavelength range (550—1050 nm) and long wavelength range (950—2000 nm),
respectively. Black arrow drawn in (b) indicate the evolution of the dip attributed to the (1, 0) SPP-BW mode at the Ag/air
interface with angle of TM polarized incident light. (e,f) TE and TM polarization with an angle resolutions of 2° in the

wavelength range of 550—1050 nm, respectively.

Angle and Polarization Resolved Reflectance Spectra of ACAs
with Varied Geometry Size. Evolution of reflectance spec-
tra of ACAs with angle and polarization was experi-
mentally investigated. As presented in Figure 5a—d, for
ACAs with t = 15 min, d = 275 nm in the wavelength
range of 550—2000 nm, the first CSP dip remains fairly
constant as the angle of incident light varied from 0° to
70° for both TE and TM polarized light, whereas the
second and third CSP dips are only retained in the
range of 0° to ~30° for TE and TM polarized light. As
the angle of incident light increased, new dips induced
by the SPP-BW mode arose and appeared in the reflec-
tance spectra maps (in the range of 400—1000 nm), as
indicated by a black arrow in Figure 5b. The wave-
lengths of these dips are dependent on both the
periodicity of the arrays, i.e., D, (see Figure S13) and
the angle of the incident light. Other dips around the
second CSP dip arose in the spectra when the angle of
incident light was larger than ~20°. These dips are
attributed to the multipolar resonances of the cap-like
Ag patches that were induced by the retardation effect.

As the thickness of Ag film increased, angle- and
polarization-resolved reflectance properties with the
same etching time did not change significantly, only
the CSP dips were retained at a slightly larger angle
range for both polarized incident lights (see Figure S13,
t = 15 min, d = 525 nm). In contrast to the Ag film
thickness, etching time show much more impact on
those properties. For ACAs with t = 6 min and t = 10
min, the wavelengths of the first CSP dips shifted
slightly as the angle of incident light varied in 0—70°
for TM polarization while these dips were retained in a
shorter angle range of 0—40° for TE polarization (see
Figure S13). The reason for these differences might be
ascribed to the height difference (Hp — Hs = O fort=6
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and 10 min, whereas Hp — Hs < 0 for t = 15 min) of the
inner cap-like Ag patches and net-like Ag film (see
Figure 2 j—I); this topic should be further investigated.
The second and third CSP dips also disappear when
the incident angle is larger than a particular degree
~20—30°, depending on the particular geometry size,
for incident light of both TE and TM polarization.
Compared to t = 10 min, dips that arise by Wood's
anomaly and SPP-BW are more obvious for t = 6 min,
which may be attributed to the more outstanding peri-
odic features (Hp — Hs > 0). The angle- and polarization-
resolved reflectance spectra of ACAs with D = 250 nm,
t =220 s, and d = 100 nm were also demonstrated
with its first CSP dip located at A = 800 nm (Figure 5e,f).
The dip was slightly red-shifted as the incident angle
increased for TM polarization because the inner
patches were slightly higher than the outer net-like
Ag film (see Figure 1d). To conclude, the geometry size
of the ACAs impacts their angle- and polarization-
dependent characters, and the angle-related perfor-
mance of each CSP dip in a reflectance spectrum is
different. The wide-angle (at least 0—70°) and polariza-
tion-independent properties of the first CSP dip lo-
cated in the visual and NIR ranges can be obtained in
ACAs with optimized geometric parameters.

Liquid Refractive Index Sensing. To explore the influ-
ence of the geometry size of ACAs on the liquid
refractive index (RI) sensing performance, reflectance
spectra of ACAs fabricated with etching time t = 6, 10,
and 15 min together with different Ag film thicknesses
in liquids of varied refractive indices were measured.
The measured wavelengths of the first and second
CSP dips were nearly linearly correlated with Rl in the
range of 1.3000—1.4725 for all of the samples with
different t and d (see Figure 6a,b). The refractive index
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Figure 6. Measured refractive index sensing characters of ACAs. (a) Responses of the first CSP dip of ACAs (t = 10 min,
d =375 nm) immersed in liquids of different refractive indices. (b) Measured wavelengths of the first (red) and second (blue)
CSP dips of ACAs (t = 10 min, d = 375 nm) versus refractive indices and their linear fit lines. (c) Measured refractive index
sensitivity of ACAs with t = 6 (blue), 10 (cyan) and 15 min (red) as a function of film thickness d. Circles reresent the measured
first CSP dips and triangles represent the measured second CSP dips. (d) Measured reflectance spectra of ACAs (t = 6 min,
d =175 nm) versus refractive indices. Partially overlap of the dip attributed to the (1, 0) SPP-BW mode at the Ag/air interface
and one of the CSP dips at ~630 nm forms two dips with reduced fwhm and thus result in a high FOM.

sensitivity (RIS) also increased linearly with Ag film thick-
ness for different t (6, 10, and 15 min), but the slopes of
RIS to Ag film thickness decreased as t increased, as
shown in Figure 6c. According to the electric field
distribution of ACAs (Figure 3c), ACAs are mainly sensitive
to liquids that are infiltrated in the annular gaps, and the
locations in the gaps sensitive to liquid Rl are different for
different CSP dips. Characteristics that are commonly
used to evaluate the performance of Rl sensors are
RIS, contrast ratio (CR, calculated as (Rmax — Rmin)/
(Rmax + Rmin)), and FOM (calculated as RIS/fwhm). The
highest RIS measured was 1505 nm/RIU with CR = 82%
and FOM = 9 for ACAs with t = 10 min,d =375 nm, and
the RIS can further increase by increasing d. Ag film
thickness was not further increased in experiments due
to the detection limit of optical spectrum analyzer
used.

Moreover, the FOM of ACAs can be easily tuned to
85, which is larger than the typically reported values of
no more than 30.2 Two ways are usually adopted to
achieve high FOM: (i) decrease the fwhm of the dip or
peak and (ii) increase the RIS. Due to the detection
wavelength range of OSA, it is desirable to obtain high
FOM with appropriate RIS for Rl sensors, i.e., minimize
the fwhm. Fano resonance is an effective approach
to decrease the fwhm of SP dips or peaks.'?4¢—>3
Recently, a SP-based Rl sensor with an FOM as high
as 105 through Fano resonance of the RA anomaly
mode and F—P-like mode has been reported (with dip
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fwhm = 10 nm).2 Similarly, we also find in reflectance
spectra of ACAs that the dip induced by the (1, 0)
SPP-BW mode at the Ag/air interface, and one of
the CSP dips would overlap each other partially at a
particular geometry size, which can decrease the fwhm
of the involved CSP dip and the SPP-BW dip and thus
dramatically increase the FOM. An ACA sample with
an FOM value as high as 85 was demonstrated, with
fabrication parameters of t = 6 min, d = 175 nm,
D = 690 nm. As shown in Figure 6d, the fwhm of the
SPP-BW-induced dip (dip wavelength = 620 nm) was
decreased to 7 nm and the dip RIS = 597 nm/RIU.
Compared to the complex measurement configuration
in ref 8, which required polarized light with a tilted
incident angle of 37.5° to achieve the high FOM, ACAs
only need to measure the reflection spectrum at
normal incidence with nonpolarized light. In addition,
considering the angle-independent properties of the
CSP dips, the RIS of liquids would also be independent
of incident light. Nevertheless, the CR of this narrowed
dip is reduced to only 7%, which may not adequate for
some practical applications. A compromise between
CR and FOM could be achieved by adjusting the
coupling strength between the SPP-BW mode-induced
dip and the CSP dip. A dip with CR = 45% and FOM =30
(dip RIS is 609 nm/RIU) is demonstrated in Figure S14d,
and the ACA sample structure parameters are t =
15 min, d = 600 nm, and D = 690 nm. Compared with
other nanostructures with similar sensing principles,
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Rl sensing characters of ACAs are quite competitive for
their comprehensive performance of large RIS, FOM
and CR, and most importantly, they all can be tuned in
a wide range.

Used as SERS Substrates. ACAs as SERS substrates were
also demonstrated. Adenine, a common biological
molecule, was chosen to demonstrate the SERS en-
hancement ability of ACAs. Generally, an enhancement
factor was used to evaluate the performance of SERS
substrates; however, considering the surface area of
ACAs and the per mm? number of molecules absorbed
on the ACAs, it is difficult to estimate accurately. Thus,
the limit of detection (LOD) of adenine was measured
and compared with ref 7 to qualitatively demonstrate
the SERS enhancement ability of ACAs. As wavelength
of the exciting laser is 514.5 nm, one of the CSP dips
was tuned to 514.5 nm by adjusting the film thickness
in the fabrication process (see Figure S15). Figure 7a
shows the measured SERS signals, and no SERS signals
were detected from the ACAs immersed in solution
with an adenine concentration of 1 x 1078 M. Intensity
of the purine stretch at 731 cm™"' shift was used to
estimate the LOD (Figure 7b). Thus, LOD of the ACA
sample for adenine is less than 1 x 1077 M (100 nM),
which is close to the value of 75 nM obtained in ref 7.
This result can be attributed to the large mode volume
with high electric field enhancement in the gaps. Ag
film on slides with the same sputtering parameters
immersed in 1 x 10~* M were used as a comparison,
but no SERS signals were detected from this film.
After absorbing adenine molecules on the ACA surface,
a maximum red shift of 7 nm of the CSP dip was ob-
served for ACAs immersed in solution with a concen-
tration of 1 x 107 M.

Compare with Other Methods and Structures. Compared
to the FIB/EB method, the proposed NSL method is
low-cost and high-productivity (producing large area
samples) while it shows the same ability in fabricating
annular gaps with gap width ranging from ~10 nm to
several hundred nanometers as the FIB/EB method has.
In addition, NSL method exhibits some advantages in
producing narrow annular gaps in thick metal films.
Compared to the Au nanorod array,®*® ACAs exhibit
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less sensitivity in biosensing but with significantly
reduced size as CSPs can be directly excited by incident
light in a wide incident angle in every single annular
cavity, regardless of incident light polarization. Also
CSPs in ACA can be tuned in a larger range than the
tunable range of the guided surface plasmon in
Au nanorods. In contrast to ACAs, vertically oriented
coaxial tubes arrays,>**° fabricated by layer by layer
film deposition and polishing method, can separate the
coaxial tubes easily and make them in different materials
with the cost of more complex fabrication procedures.
Although they are major used as electrode-related appli-
cations now, vertically oriented coaxial tubes arrays might
have potential to support CSPs, with optimal design, and
may have similar performance as ACAs.

CONCLUSIONS

We have demonstrated a practical route to manu-
facturing ACAs with tunable reflection dips that origi-
nate from CSPs. By employing a NSL method with a
sol—gel coassembly method and RIE and metal sput-
tering methods, highly ordered ACAs in a square-
centimeter-scale with tunable gap width ranging from
several to hundreds of nanometers have been pro-
duced with good reproducibility. The experimental
ACAs possess several attractive properties: a strong
electric field enhancement in the cavity gaps at CSP
resonant wavelengths, great tunability of the multiple
CSP resonant wavelengths that can sweep the entire
visual and NIR wavelength range and angle- and
polarization-independent properties of the first CSP
dip at a particular geometry size. These properties
make them applicable to multiple applications, such
as surface plasmon sensors and SERS substrates, which
we have demonstrated in this work and exhibit im-
proved performance compared to that of previously
reported nanostructures, and visual and NIR absorbers,
solar cells, nanolasers, nanoparticle plasmonic twee-
zers, nanoreactive cavities and optical filters. In addi-
tion, because the tunability of ACAs can be achieved
without changing the sphere size, ie., tuning the
RIE etching time and sputtered Ag film thickness,
ACAs with the same periodicity but different optical
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properties (i.e., different structure parameters, such as
etching time, gap width and film thickness) can be
manufactured on a minor chip using the integrated
circuit (IC) fabrication process, which means that inte-
grated plasmonic sensing chips based on ACAs can be
produced conveniently in industry. Furthermore, ACAs

METHODS

Fabrication of Silver ACAs. Initially, a monolayer of hexagonally
arranged composite PS sphere/silica gel arrays was formed by a
sol—gel coassembly method previously reported by Hatton
et al.,*® but we adjusted the solution concentration to obtain
a large-area monolayer of PSC. Standard glass slides were
cleaned with a volume ratio of 3:7 solution of H,0,:H,50, for
1 hat 90 °C, followed by rinsing with Dl water and drying with N,
gas. The slides were treated with oxygen plasma under mild
conditions (Harrick Plasma Cleaner, PDC-002, USA) for 10 min
before use. Six milliliters of DI water was added to 20 ulL of
polystyrene microsphere suspension with a sphere diameter of
690 nm (10 wt %, Bangs Laboratories Incorporated, USA) and
20 uL of hydrolyzed tetraethyl orthosilicate (TEOS) solution
(98%, Sigma-Aldrich), and the resulting solution was treated
with sonication for 5 min at room temperature to form the
mixed suspension for assembly. For the 250 nm PS sphere, the
volume ratio for DI water, PS suspension and TEOS solution is
6 mL:10 #L:10 uL. The TEOS solution consisted of a 1:1:1.5 ratio
by weight of TEOS (98% Aldrich), 0.1 M HCl, and ethanol (99.9%),
respectively, and was stirred at room temperature for 1 h prior
to use. A piece of cleaned slide was vertically immersed into the
mixed suspension and fixed. Then, the suspension was placed
in an oven for evaporation with the temperature set at
45 °C + 1 °C. After the suspension was evaporated, a monolayer
of PSC film was formed on the slide. Then, the slide with PSC film
was treated with O, reactive ion etching (RIE) (150 W, 80 sccm)
to partially remove the PS spheres. The residual PS morphology
was dependent on the etching time t. For PS spheres in a
690 nm diameter, different t values were applied, such as 3, 6,9,
10, 15, and 18 min. For samples made from PS spheres with a
250 nm diameter, t was 220 s. The RIE etched PSC film was
sputtered with a layer of Ag film (0.025 Torr, Ar, 2.5 sccm), and
the sputtered film thickness d was monitored by a quartz
oscillator at an Ag deposition rate of ~0.4 nm/s. A 300 xm-thick
Al,O5 slice with a 2 mm x 2 mm square opening aperture was
used as an RIE mask for selective etching of the PSC film.
The morphology of the fabricated samples was characterized
by scanning electron microscopy (JSM 7610F, JEOL, Japan).
A thin layer of Pt film was sputtered on the samples to in-
crease conductivity of the sample surface prior to SEM
characterization.

Optical Characterization. Reflection spectra of ACAs covering
the range of 360—2500 nm were measured by optical spectrum
analyzers (OSAs) (Ocean optics, USB 2000, 360—1100 nm,
NIRQUEST256, 950—2500 nm; and Yokogawa AQ6370,
600—1700 nm, Japan) and a 200-um-core diameter reflectance
probe (Ocean Optics). The data for the respective wavelength
regions were combined to yield one reflectance spectrum
covering 360—2500 nm. A white light source (Yokogawa
AQ4305, 50 W, Japan) was coupled to six fibers in the reflec-
tance probe and was normally projected to the surface of ACAs,
with the reflected light collected by another fiber in the middle
of the six fibers and sent to the OSA for recording. All spectra
were normalized with respect to the spectrum measured from
the Ag film, which was produced under the same sputtering
conditions on a clean slide. A Yokogawa AQ6370 was used
to measure the reflection power with high sensitivity. The
angle-resolved reflection spectrum was measured using an
angle-resolved measuring system (R1-A-UV, Fuxiang, China).
The resolution of the angle in the measurement is 2° for the
400—1100 nm range and 5° for the 950—2500 nm range.
Polarization controllers (550—1500 nm, 650—2000 nm) were
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might have the potential to be used as basic elements
for integrated photonics chips, similar to transmitters
for ICs. Improving the monolayer sphere arrangement
technique and efficiency could further promote ACAs
based devices adaptable to industry manufacture pro-
cess for widespread use.

introduced to control the polarization of the incident light. The
transmission spectra of ACAs shown in Figure S16 were mea-
sured by a Cary 5000 (VARIAN, America) with a spot size of 1 mm
in diameter.

FDTD Simulation. The simulation area consisted of one com-
plete sphere and four quarters of spheres with periodic bound-
ary conditions in the y and z directions in a plane parallel to the
substrate, perfectly matched layer boundaries in the x direction
perpendicular to the substrates, and a spatial grid of 3 nm in
the x, y and z directions. A linearly polarized light pulse was
impinged on the ACAs from the air side at normal incidence
(along the x direction). In all simulations, the dielectric constants
of the glass substrates, PS spheres, silica gel and air were set as
2.25, 2434, 2.25 and 1, respectively, and the Drude—Lorentz
model was used to fit the dielectric constant of Ag in the
300—2500 nm range. For a single annular cavity model, per-
fectly matched layer boundaries in the x, y and z direction were
used.

Raman Spectroscopy. A newly fabricated ACA (d ~ 125 nm,
t =15 min) on a slide was cut into several pieces with width of
3 mm and immersed in adenine solutions with a concentra-
tionsof 1 x 10781 x1077,1x107%1x 107> and1x 10°*M
for 1 h prior to SERS measurements. The samples were rinsed
with DI water for 5 min and N,-dried. A Labram HR800
measuring system equipped with a 514.5 nm argon-ion
laser as an excitation light source was used to conduct
the SERS measurement. A 20x objective lens was used to
focus light on the sample with an incident light power of
approximately 2 mW. The spot size is tens of micrometers.
The accumulation time for the SERS signal is 45 s for all
measurements.

Refractive Index Sensing. On the basis of the reflectance
spectra measuring system, liquids were dripped on the ACA
samples and then covered with a coverslip. After each measure-
ment, the sample was rinsed with ethanol and air-dried. The
reflection spectra were also normalized with respect to a
measurement of bare Ag film on clean slides with the same
deposition parameters.
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