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I
t is well known that light can only be
transmitted through thin films or perfo-
rated films, while being blocked by con-

tinuous (without holes) thick metal films.
However, this paper experimentally and
theoretically introduces a phenomenon
where light easily passes through an opti-
cally thick continuous film with topological
structure. In recent years, the field of light
tunneling through continuous metal films
has attractedmuch attention. Apart from its
fundamental interest, if this optical effect is
quantitatively established, itmay have great
potential for the next generation of photo-
nic devices and sensors. Furthermore con-
tinuous thick films with strong optical
transmission can be applied in cases need-
ing airtight/isolated environments, which
are difficult to realize for perforated films
and in cases needing stronger mechanical
strength than that of thin films.
Because of wide application prospects

and unique advantages, large efforts have
been made to achieve strong optical trans-
mission through continuous thick metal
films. It has been found that when light
illuminates metal films, surface plasmons

(SPs);collective excitations of surface elec-
trons induced by light;are excited at the
metal/dielectric interface.1�4 A planar
structure consisting of a thick metal film
sandwiched between two semi-infinite di-
electrics supports two independent sur-
face plasmon resonances (SPRs) at both
sides of the metal film, resulting in low
optical transmission, which is difficult
to actually use in practical applications.
Further research on the resonant optical
transmission through thin metallic films
with and without holes proved that the
presence of holes is not necessary for the
extraordinary optical transmission.5 Re-
cently, thick metal films with ridge gratings
have been theoretically studied, indicating
the possibility to obtain higher transmis-
sion by more effective SP excitation.6,7

Other than these impressive works, further
research (especially experimental studies)
in this still young yet very promising field
of optical transmission through contin-
uous thick films is still scarce, but novel
types of continuous thick metal films
with higher transmission performances
are highly demanded.
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ABSTRACT A continuous thick (g100 nm) Ag film is generally optically nontransparent, but here

we show that via a dedicated structuring it can be made transparent. The enhanced optical transmission

is realized by preparing metal films with a periodic array of hollow nanocones via an inexpensive and

versatile colloidal lithography technique. These topologically continuous films possess the structural

feature of sharp top tips and bottom nanoholes, leading to an effective resonance mode of coupling

between the surface plasmons around the holes and cone tips. This introduces a resonant optical

transmission that is much affected by the thickness and height of the hollow nanocones. Moreover, the

topologically continuous films are highly sensitive to the surrounding environment, indicating great

potential for plasmonic sensors. The experimental results are in good agreement with numerical

simulations. On the basis of the hollow element and enhanced optical performance, hollow nanocone array films can be used as photosensitive

microreactors, isolated cell culture bases, etc. This provides a combination of high optical sensitivity and chemistry in microcavities.
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Moreover, the generation and development of de-
sirable nanostructures are mainly due to advances in
nanofabrication methodologies. While scanning beam
techniques such as electron beam (EBL)8 and focused
ion beam lithography (FIB)9 are capable of precise
control over size, shape, and spacing of metallic nano-
structures, more recent research has focused on un-
conventional lithographic techniques that are capable
of patterning large areas (in macroscopic dimensions
of dozens of square centimeters or more) in parallel
at low cost. Colloidal lithography has been widely
exploited in the fabrication of surface plasmonic struc-
tures, possessing advantages of lower cost, higher
throughput, greater flexibility, and easier implementa-
tion. By using two-dimensional arrays of colloidal
spheres as templates, metal crescents, discs, holes,
and split-ring resonators have been prepared by the
various metal evaporation processes and reactive-ion
etching procedures.10�14

Here, on the basis of our previous work on develop-
ing colloidal lithography,15�17 we have developed a
method to prepare a structured silver film with a
hollow nanocone array. The topologically continuous
film is demonstrated to show greatly enhanced optical
transmission compared to a flat film with the same
thickness. The hollow nanocones possess sharp top
tips and bottom nanoholes, which are both prominent
places where strong SPRs can be excited.18�22 Due to
the contributions of SP energy from these two types of
structures, the SP field of hollow nanocones is not only
greatly enhanced but also redistributed inside the
hollow core (air) outside the dielectric substrate, result-
ing in a new kind of resonant optical transmission.
Furthermore, the effect of structural parameters on the
spectra and sensing performances is investigated,
showing precise control over the spectra and great
potential for plasmonic sensors. The experimental
results are in good agreement with numerical simula-
tions. Hollow nanocone array films (HNAFs) fabricated
by our efficient fabrication process are believed to lead
to a new class of optical applications and also can be
used as components in advanced photonic circuits and
as detecting substrates in medical diagnostics.

RESULTS AND DISCUSSION

Fabrication of Hollow Nanocone Array Films. Films with
highly ordered hollow nanocone arrays were fabri-
cated based on a well-developed colloid lithography
approach.17 Figure 1 outlines the fabrication process
and shows the schematic of a single hollow nanocone.
First, a photoresin film with a thickness of ∼2 μm was
spin-coated onto glass substrates. Then a hexagonally
close-packed colloidal monolayer was assembled on
the substrate by the interface method.23 Then reactive
ion etching (RIE) was carried out for 4 min to comple-
tely etch away the microspheres and construct the
photoresin film into a periodic cone array. Next, 100 nm

Ag was vertically deposited onto the substrate in a
thermal evaporator. Finally the samples were im-
mersed slowly into ethanol and laid flat on the bottom
for one hour. In case there still remained photoresin
film between the Ag film and the substrate, this could
be dissolved completely by ethanol, leaving the hollow
nanocone array supported on the glass substrate at its
original site. The period, height, and thickness can be
well controlled by the diameter of PS spheres, etching
parameters, and deposition duration (rate), respec-
tively, in the fabrication process. The method is versa-
tile, inexpensive, and capable of patterning large areas
in parallel at low cost and can be appliedwith only little
sophisticated equipment, yet with good control of the
main structural parameters.

When RIE processes with increasing durations are
carried out, the PS microsphere mask becomes smaller
and the photoresin film is etched into an array of
truncated cones with increasing heights (Supporting
Information Figure S1). If the RIE duration is increased
to 4 min, the PS mask is removed completely, resulting
in a periodic array of hollow nanoconeswith a height of
600 nm and diameter of 400 nm. Figure 2a shows that
the hollow nanocone arrays are fabricated uniformly
over a large area of hundreds of square micrometers.
Figure 2b and c provide a view at 45� of a highly
magnified scanning electron microscopy (SEM) image
and a 3D atomic force microscope (AFM) image of the
HNAF, which present well-defined cone shapes with
sharp tips and prove that the film is continuous and has
no pinholes over a large area. Figure 2d shows a SEM
image of the reverse side of the HNAF, where the red
arrow indicates the hollow-core construction. Cross-
sectional views of photoresin cones and Ag hollow
cones are shown in Figure 2e and f, respectively. It can
be seen in Figure 2f that the thickness of the deposited
Ag is 100�110 nm. Furthermore, the shapes of the

Figure 1. Outline of the process for fabricating hollow
nanocone array films. The central schematic shows a trans-
parent hollow nanocone to stress the relevance of the
central structural element.
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photoresin cones and Ag hollow cones are exactly the
same, proving that Ag vapor is uniformly deposited on
the cones, and the thickness (t in Figure 2h) in the
vertical direction is everywhere 100�110 nm (for
convenience, the thickness is regarded as 100 nm).
The surface characterization from AFM (Figure 2g)
shows that the height (h) is 600 nm and uniform. A
drawing of the hollow nanocone array as well as main
structural parameters of height (h), diameter (d), period
(p), and thickness (t) are shown in Figure 2h to make
the key structural elements clear. According to these
structural characteristics, HNAF represents a topologi-
cally continuous Ag film, furthermore possessing the
features of sharp top tips and bottom nanoholes.

By further prolonging the RIE duration, hollow
nanocones with decreasing heights and diameters
can be fabricated, which are shown in Figure 3. The
height changes significantly from 600 nm to 200 nm,
and the diameter changes much more slightly from
400 nm to 280 nm. All samples retainwell-defined cone
shapes with excellent uniformity. Besides, small gaps
can be observed between the Ag films and the sub-
strates, which results from the fact that the film depos-
its onto the substrate not over the entire area, because
there is a photoresin film between the Ag film and
the substrate before the dissolution procedure. For the
following investigation on sensing performance, these
gaps may allow species to be detected entering into
the hollow core due to capillary forces. Although with
gaps, the capillary force between Ag film and substrate
also stabilizes the whole structure to enable the follow-
ing measurements for dozens of times.

Resonant Optical Performance of Hollow Nanocone Array
Film. Figure 4a shows typical measured and simulated
zero-order transmission spectra for the HNAF and a

spectrum of a smooth Ag film with the same average
thickness (100 nm). The smooth and topologically
uniform films are illuminated vertically, and the inte-
gral light propagation distances through these two
films are both 100 nm (indicated by t in Figure 2h).
However, the spectra show a number of distinct fea-
tures based on the two films with different surface
conditions. At a wavelength of∼330 nm a narrow bulk
silver plasmon peak is observed that disappears as the
film becomes thicker. No other peaks are observed for
the spectrum of the Ag film (black curve), and the
transmission is nearly zero at longer wavelengths.
According to previous theoretical calculations, light
cannot pass through a flat silver film with a thick-
ness of 100 nm.24 But in Figure 4a, a sharp optical

Figure 2. Typical SEM images of (a) a hollow nanocone array for a large area and (b) themagnified HNAF. The SEM images (a,
b) are taken from a 45� tilting view. (c) 3D AFM images of the hollow nanocone array. (d) SEM image of the reverse side of the
HNAF. The red arrow in (d) indicates the hollow-core construction,; (e) and (f) are cross-sectional views of photoresin cones
and Ag hollow cones. The red dotted lines indicate that the shape does not change by the deposition process. (g) AFM profile
of the hollow nanocone array to show the uniform height. (h) Drawing of the hollow nanocone array and main structural
parameters of height (h = 600 nm), diameter (d = 400 nm), period (p = 700 nm), and thickness (t = 100 nm).

Figure 3. SEM images (45� tilting views) of hollow nano-
cones with a height/diameter of (a) 500/350 nm, (b) 400/
320 nm, (c) 300/300 nm, and (d) 200/280 nm. The insets
show the cross-sectional SEM images of the corresponding
samples. The scale bar in the inset corresponds to 500 nm
and applies to all the inset images.
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transmission peak at 577 nm is observed in the spec-
trum of the HNAF (red curve), proving a greatly
enhanced optical transmission. The resonant trans-
mission of the main transmission peak can be en-
hanced up to 40 times compared with that of the
smooth film, although the two films have the same
light propagation lengths. Moreover, the measured
profile (red curve) is in good overall quantitative
agreement with the simulated profile (blue curve).
The remaining discrepancy can be attributed to extra
energy losses in the metal due to increased surface
scattering due to the rough Ag surface and the inho-
mogeneity of the inter-nanocone separation. The good
agreement also indicates that inevitable defects based
on the colloidal lithography (CL) technique have little
influence on the optical performance. When a sample
possessing both a smooth Ag film and a HNAF is
illuminated by visible light (Figure 4b), the optically
thick smooth Ag film appears dark black while the
HNAF displays a green color, which is visible to the
naked eyes, as well as a well-defined boundary. This
result means that a continuous thick film of HNAF
allows appreciable light transmission at certain wave-
lengths. In addition, this sample also demonstrates that
the HNAF can be fabricated over a large macroscopic
area thanks to the feature of CL. Moreover, HNAF
islands with a random borderline are fabricated in
the Ag film with the same thickness (100 nm), showing
different apparent optical transmission comparing the
two different films (Figure 4c). This result illuminates
the great potential for resonant optical transmission to
be used in pattern displays. In addition, the spectra and
colors are the same no matter if the white light verti-
cally illuminates from the hole side or the tip side. The
property of greatly enhanced optical transmission at
certain wavelengths offers more opportunities for
thickmetal films (without holes) in related applications.

In thismetallic nanostructure, light scatteringmight
occur and create light propagation paths along many

directions. However, in this case the light also experi-
ences the corresponding intensity changes. If scatter-
ing would be themain reason for the enhanced optical
transmission, light at all wavelengths would pass
through the film, and the colors would not be the
same for samples illuminated from the hole side or
the tip side with the different surface morphologies.
This is not in agreement with the experimental results.
Furthermore, extraordinary optical transmissions
with well-defined maxima and minima are observed
through 150, 200, and 300 nm (the actual film thickness
on the side of the nanocones is higher than 100 nm)
HNAF (Supporting Information Figure S2), proving
again that optical scattering is not dominant. Hence
these analyses and experimental results imply that
more specific reasons should be responsible for the
anomalous optical transmission. SPRs;collective ex-
citations of surface electrons induced by light;are
considered to be responsible for this.

The great enhancement in light transmission is
predicted to arise from the improved SPR excited by
the unique structural features, and this is described in
Figure 4d. The solid nanocone array film of previous
work with the same main structural parameters as the
HNAF has nearly zero transmission in the visible range,
which is very similar to the smooth Ag film (Supporting
Information Figure S3). The novelty of the HNAF here is
the hollow-core construction, lending the HNAF the
two salient structural features of sharp top tips and
bottom nanoholes. For this unique hollow cone-on-
hole structure the following most simple and easily
understandable explanations of the specific optical
transmission can be given: According to previous
analysis and experimental results, strong SPRs could
be excited around the holes and along the film,18,19

resulting in extraordinary optical transmission (EOT).25

Moreover, the sharp nanocone tips are the pro-
nounced places where the SP energy is focused, mak-
ing the electric field intensity of nanocones much
stronger than that of other nanostructures.21,22 If then
the two types of nanostructures, both possessing
strong SPRs, are established in one HNAF, interactions
of these strong SPRs are expected to greatly enhance
the intensity of the SP field, which accounts for the
intriguing optical transmission through the thick topo-
logically continuous films.

To further understand and quantify the origin of
this phenomenon, finite-difference time-domain
(FDTD) simulations of spectra and distribution of the
normalized electric field intensity (|E|2/|E0|

2) have been
performed as shown in Figure 5 for the nanohole array
(an Ag coating with circular holes), hollow-cone array
(separated Ag hollow cones), and HNAF. The simulated
structures are described in the inset images in
Figure 5a, e, and i for the same corresponding main
structural parameters of these nanostructures. The
simulated distributions of |E|2/|E0|

2 are given at peak

Figure 4. (a) Measured (red curve) and simulated (blue dash
curve) transmission spectra of a HNAF and a 100 nmAg film
with the same thickness (black curve). (b) Optical image of
an HNAF sample with a small part of a smooth Ag film at the
bottom. (c) Optical image of an HNAF island surrounded
by a 100 nm smooth Ag film. The scale bar corresponds to
10 μm. (d) Description of one single unit of the hollow nano-
cone array and the predicted mechanism generating the
greatly enhanced optical transmission.
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wavelengths indicated by the red, yellow, and green
dots in the corresponding calculated spectrum. For the
simulated transmission spectra of the nanohole array
in Figure 5a, the peaks indicated by the red, yellow, and
green dots are assigned as the (1, 1), (1, 0) Ag/air trans-
mission peaks, and (1, 0) Ag/glass transmission peak
according to previous theoretical calculations.26 The SP
energy at the three peakwavelengths ismainly located
in the center of the nanohole and the Ag/glass inter-
face, Ag/air interface, and the Ag/glass interface, as
shown in Figure 5b�d, confirming the above assign-
ments. Figure 5e shows the calculated spectrum of the
hollow-cone array, which also displays three main
peaks. It can be seen in Figure 5f that the electric fields
at the peak wavelength indicated by the red dot are
distributed in regions around the tip and in the hollow
core. The other two peaks are generated by the SP
energy excited around the tip and at the glass/Ag
interface, which are respectively shown in Figure 5g
and Figure 5h.

The calculated spectrum of the HNAF in Figure 5i
shows amain transmission peak and twomuchweaker

peaks. The three peaks are indicated by red, yellow,
and green dots, respectively. The simulated optical
transmission of the main peak is more than 300 times
that of a smooth film with the same average thickness
(Supporting Information S3a). Furthermore, this value
of transmission is more than 3 times higher than the
theoretical result for the same thick film with ridge
gratings.5 Compared with the transmission spectra in
Figure 5a and Figure 5e, it is observed that the trans-
mission spectrum of the HNAF is well fitted by the
overlap between the transmission spectra of the nano-
hole array and the hollow-cone array, which is indi-
cated by the red dotted frame and yellow and green
dotted lines, respectively. The result demonstrates that
the transmission peaks of the HNAF are generated by
the coupling of the nanohole array base and the upper
hollow-cone caps. Moreover according to the simu-
lated distributions of SP energy, the electric fields of
the three peaks that experience themaxima aremainly
distributed in regions in the hollow core of the nano-
cone (Figure 5j), around the tip and air/glass interface
(Figure 5k), and limited at the Ag/glass interface

Figure 5. (a) Calculated transmission spectrum of the nanohole array. Simulated distributions of normalized electric
field intensity at the peak wavelengths indicated by the (b) red, (c) yellow, and (d) green dots in (a). (e) Calculated trans-
mission spectrum of hollow-cone array. Simulated distributions of normalized electric field intensity at the peak wave-
lengths indicated by the (f) red, (g) yellow, and (h) green dots in (e). (i) Calculated transmission spectrum of the HNAF.
Simulated distributions of normalized electric field intensity at the peak wavelength indicated by (j) red, (k) yellow, and
(l) green dots in (i). The red dotted frame and blue and green dotted lines in (a), (e), and (i) indicate the overlap of the
transmission peaks. The gray and blue parts of the inset images in (a), (e), and (i) represent the materials of Ag and glass
substrate, respectively.
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(Figure 5l). These redistributions of SP energy also fit
well to the expected results of the interaction of SPRs
excited by the nanohole base and nanocone caps.
Therefore a convincing explanation for the greatly
enhanced transmission is that the hollow cone and
nanohole could support partially localized SPRs
(LSPRs), and as the propagating surface plasmon po-
lariton (SPP) is excited along the film, the contributions
of both the LSPRs and SPP lead to redistribution and
enhancement in electric field, resulting in this intri-
guing phenomenon.

For the redistribution of SP energy, the most pro-
minent part is that of the main peak. Because both the
hollow cone and nanohole have strong SPRs located in
air at the wavelengths indicated by the red dots
(Figure 5b and Figure 5f), the interaction between
them causes a redistribution of the SP energy of the
HNAF in air and a much stronger localization and
enhancement outside the dielectric substrate. This fact
is responsible for the strong transmission peak at
∼540 nm. Furthermore, the field enhancement is not
exclusively confined to the Ag surfaces as it is for the
planar solid films, which greatly suppresses the sub-
strate effect. This result is very advantageous for the
sensing performance of the HNAF according to pre-
vious analysis,27 and we will study this in subsequent
work. For the peaks indicated by the yellow and green
dots, the specific distribution of SP energy of the
nanoholes (Figure 5c, Figure 5d) and hollow cones
(Figure 5g, Figure 5h) causes either a much smaller
enhancement of the electric fields derived from their
coupling (Figure 5k) or a confinement to a smaller area
(Figure 5l) than that in Figure 5j. Then the peaks
resulting from the electric fields in Figure 5k and
Figure 5l are emerging as two much weaker ones.

A deeper physical view can be developed based on
the above analyses and the SPR process if the HNAFs
are considered to be similar to nanohole arrays.When a
sample is illuminated from one side, a plasmon is
excited on this side due to the periodicity of the
nanostructures. This is the same for the HNAFs and
nanohole arrays. However, for nanohole arrays, the
plasmon would be transferred to the other side
through “optical tunneling” via the apertures, which
is realized by the strong LSPR on the edge of the
apertures. In contrast in this work the HNAFs are thick
and continuous (without holes), which would prevent
the transfer of the plasmon. Actually, the plasmon
experiences a nearly complete attenuation for the flat
metal film and solid nanocone arrays, eliminating the
transmission (Supporting Information Figure S3). But
for the HNAF, greatly enhanced LSPR can be excited in
the hollow core due to the composite cone-on-hole
structure (Figure 5j). The SP energy can be so strong
that the plasmon on the illuminated side would tunnel
through the thick continuous metal film to the other
side although without apertures. This plasmon, in turn,

radiates the energy to the far-field. This view is in
accord with previous findings that the presence of
holes is not necessary for the extraordinary optical
transmission, but they provide a lower attenuation
than continuous metal films.5 This conclusion is also
confirmed by the fact that the optical performances of
HNAFs are the same for the samples illuminated from
the hole side or the tip side. The independence from
the illumination direction is the same as the feature of
the EOT effects and also indicates that the plasmon on
both sides is a superposition, showing the possibility of
plasmon transfer. Overall, much more effective SP
excitations based on the cone-on-hole nanostructure
enable plasmon transfer to the opposite side, leading
to the greatly enhanced optical transmission.

Figure 6a and b show the measured and calculated
transmission spectra of the corresponding HNAFs in
Figure 2 and Figure 3, which can be directly compared.
The overall qualitative agreement between experi-
mental and simulated profiles is good, and the remain-
ing discrepancy can be attributed to extra losses in the
metal due to increased surface scattering, the roughAg
surface, and the inhomogeneity of the inter-nanocone
separation. The main transmission peak shows a blue-
shift and a reduction in transmission intensity with a
decrease of height and diameter. In addition, the trans-
mission peaks of hollow nanocones with heights/
diameters of 300/300 nm and 200/280 nm cannot be
recognized due to the low transmission, and the
optical transmission becomes similar to that of the
planar Ag film. According to previous reports,28 the
peak position is hardly affected by the hole diameter,
which can be neglected relative to the effect of the
heights. Therefore the peak positions are mainly de-
termined by the heights, which can be demonstrated
by means of the SP energy distributions (Figure 6c�e).
It is noted that comparing the simulations of hollow
nanocone arrays with reduced heights demonstrates
apparent differences in energy density and location. As
the distance between the tips and holes is decreased,
the interactions are getting stronger, leading to the
blue-shift of the main peaks in Figure 6b. However, the
maximumof the SP energy is drawn near the substrate,
as the height decreases and the condition of SPR is
more similar to that of 2D nanohole arrays. This brings
about the reduction in transmission intensity.

In summary, although a metal film of 100 nm thick-
ness is optically thick, coupling of lightwith theHNAF is
greatly improved based on the unique hollow feature,
enabling the realization of greatly enhanced optical
transmission through thick metal films. On the basis of
the resonant optical transmission, the hollow nano-
cone array films can be used as advanced materials for
microreactors making use of the local field intensity,
which may be increased up to an order of magnitude
for photoinduced reactions and monitoring, isolated
cell culture bases, etc., which are difficult to realize for
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thin films or perforated films. This provides a high po-
tential due to the combination of high optical sensi-
tivity and chemistry in microcavities.

Performance of Hollow Nanocone Array Films in Sensing.
For testing the performance in sensing, hollow nano-
cones with heights of 600, 500, and 400 nm were
immersed in a sequence of liquids with increasing
refractive index (RI), and the transmission spectra were
measured as shown in Figure 7. Moreover, the perfor-
mance of hollow nanocone arrays with lower heights
cannot be investigated because of unidentified peaks.
Significant red-shifts of the peaks are observed in
Figure 7a�c, which further shows different sensitiv-
ities. Figure 7d shows linear fits of the main transmis-
sion peaks in air as a function of solution refractive

index. Strictly linear responses are observed for all
three samples, which cannot be achieved for conven-
tional nanohole arrays. The sensitivities indicated by
the slope of the lines aremeasured as shown in Table 1,
in which the hollow nanocone array with 500 nm
height possesses the highest sensitivity. Moreover,
the values are much higher than those of ordered
two-dimensional (2D) nanohole arrays fabricated in a
previous report (400 nm/RIU),29 random 2D nanoholes
(71�270 nm/RIU),30,31 and nanoparticles and 2D nano-
particle arrays (76�200 nm/RIU).32,33

To express the sensitivity in a way equally appro-
priate for different morphologies and parameters of
metallic nanostructures with resonances in the spec-
tral range from visible to infrared, the relative RIS is

Figure 7. Transmission spectra of hollownanocone arrayswith heights of (a) 600 nm, (b) 500 nm, and (c) 400 nmmeasuredby
immersing samples in a sequence of liquids with increasing RI: methanol (1.33), ethanol (1.36), dichloromethane (1.42), and
toluene (1.49). (d) Linear fit for the hollow nanocone arrays with heights of 600 nm (square symbols, R2 = 0.99956), 500 nm
(circular symbols, R2 = 0.99890), and 400 nm (triangular symbols, R2 = 0.99931).

Figure 6. (a) Measured and (b) calculated transmission spectra of HNAFswith heights/diameters of 600/400 nm, 500/350 nm,
400/320 nm, 300/300 nm, and 200/280 nm. The transmission spectrum of a 100 nm planar Ag film is also shown in (a).
Normalized near-field electric field profile (|E|2/|E0|

2) simulated at themain peakwavelengths of hollow nanocone arrays with
heights of (c) 600 nm, (d) 500 nm, and (e) 400 nm.

A
RTIC

LE



AI ET AL . VOL. 8 ’ NO. 2 ’ 1566–1575 ’ 2014

www.acsnano.org

1573

introduced as reported by Shumaker-Parry and co-
workers.12 The relative RIS is the ratio of sensitivity in
eV/RIU to the light energy in eV at the resonance
wavelength multiplied by 100% and is defined by the
following equation:

RISrelat ¼ 1
ωr

� Δω(eV)
Δn

� 100% (1)

ωr is the resonance energywith units of eV, andΔω/Δn
is the bulk RIS with units of eV/RIU. The relative
sensitivity of hollow nanoncone arrays, calculated as
shown in Table 1, is higher than the highest relative
sensitivity of 38%/RIU measured for crescents,12 the
highest value of 40%/RIU for hematite-gold core�
shells or rices,34 and the highest relative sensitivity of
61%/RIU for films perforated with nanoholes.35 In
particular, the hollow nanocone arrays with a height
of 500 nm show the highest relative sensitivity.

The enhanced performances of robust linear re-
sponses and distinctions among the samples with
different heights can be demonstrated by means of
the SP energy distributions in Figure 6. The SP energy
of the hollow nanoncone arrays is mainly located in air,
resulting from the interactions of cone caps and nano-
hole array foundations. The results indicate the exis-
tence of a more localized and enhanced SP field
outside the dielectric substrate (in the hollow core)
and the full accessibility to the field enhancement
region for species to be detected, which can explain
the boost in sensitivity and excellent linear fitting.
Simulated results indicate that liquids could enter into
the hollow core due to capillarity forces (Supporting
Information Figure S4). Besides, the sensing perfor-
mance is considered to be the result of liquid on one
side of the attached part but on both sides of the
convex nanostructure (hollow nanocones) according
to the simulation results in Supporting Information
Figure S4. This unique feature of accessibility to de-
tected species from both sides of the hollow nano-
cones is also the exact reason for the enhancement in

sensing performance. As the distance between the tips
and holes is reduced, the interactions are getting
stronger, resulting in higher sensitivity for the sample
with 600 nm height than that of the one with 500 nm
height. However, due to the smaller distance, SP
energy of the one with 400 nm height is more affected
by the substrate, which causes a lower sensitivity than
that of hollow nanocone arrays with 500 nm height.
Therefore, the sample with a height of 500 nm is
most appropriate and shows the highest sensing
performance.

CONCLUSIONS

In summary, films with hollow nanocone arrays can
be fabricated by a simple and efficient colloidal litho-
graphy method. The method is versatile and inexpen-
sive and can be applied with only little sophisticated
equipment. The topologically continuous films show
greatly enhanced optical transmission with well-
defined maxima and minima. Moreover, the optical
measurements indicate a promising type of structural
films with novel SP effects due to the specific hollow
elements. FDTD simulations demonstrate that the en-
hanced transmission is generated by the greatly en-
hanced plasmon excitation and further determined by
the height of nanocones and thickness of the films.
Calculations show good agreement with themeasured
spectra. Moreover, the topologically continuous films
are highly sensitive to the surrounding environment
with a strictly linear and strong dependence on refrac-
tive index, showing great potential for plasmonic
sensors. The use of this novel type of continuous film
is promising for advanced optical applications that are
difficult to realize by thin films or films with holes. For
applications as microreactors and as versatile sub-
strates for analysis of single molecules, cell cultures,
etc., special use can be made of the fact that the
plasmon field is enhanced near the pronounced struc-
tural elements in a predictable way, enabling the
monitoring of chemical or biological processes near
these elements and also initiating these reactions.
Furthermore, the results in this paper demonstrate
that micro-nanostructures may provide characteristics
to certain materials that would not have been directly
derived from those of the components. They can
change the fundamental properties based on specific
structures, especially the optical properties and their
dependence on the environment, enabling a plethora
of new applications.

METHODS

Materials. In all experiments deionized water was ultrapure
(18.2MΩ 3 cm) from aMilliporewater purification system. The glass
slides (15 � 30 mm2) used as substrates were cleaned in an O2

plasma cleaner for 2min to create a hydrophilic surface. PS spheres

of 700 nm were obtained from Wuhan Tech Co., Ltd. Photoresist
(BP212-37 positive photoresist) was purchased from Kempur
(Beijing) Microelectronics, Inc. The silver (99.9%) powder for vapor
deposition was purchased from Sinopharm Chemical Reagent Co.
Ltd. Methanol, ethanol, dichloromethane, and toluene were pur-
chased from Beijing Chemical Works and were used as received.

TABLE 1. Sensitivity and Relative RIS of Hollow Nanocone

Arrays with Different Heights

sample height (nm) sensitivity (nm/RIU)a RISrelat (RIU
�1)

1 600 467 59%
2 500 486 64%
3 400 478 63%

a nm per refractive index unit.
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Fabrication of Hollow Nanocone Array Films. Photoresist was spin-
coated onto the glass substrate and cured at 88 �C for 2 h. Next
the PS sphere (700 nm) monolayers were prepared on the as-
prepared substrate by the interface method.23 Oxygen reactive
ion etching, performed on a Plasmalab Oxford 80 Plus system
(ICP 65) (Oxford Instrument Co., UK), was applied for 240, 270,
300, 330, and 360 s, eliminating the PS spheres and generating
cones with heights of 600, 500, 400, 300, and 200 nm. The RIE
procedure was performed at a pressure of 10 mTorr, a flow rate
of 50 sccm, a radio frequency power of 100 W, and an induc-
tively coupled plasma (ICP) power of 200 W. After that the
samples were mounted in a thermal evaporator to vertically
deposit 100, 150, 200, and 300 nm of Ag (99.9%), respectively.
Finally the photoresist was washed away by ethanol. After these
procedures, the hollow nanocone array film was formed.

Finite-Difference Time-Domain Simulations. A commercial soft-
ware package (FDTD Solutions v8.6.3, Lumerical Solutions Inc.)
was used to perform simulations of electromagnetic fields with
the same structural parameters as extracted from the actual
fabricated samples. The structure was excited by a normally
incident, unit magnitude plane wave propagating in the z
direction with an electric field polarization along the x-axis. A
rectangular unit cell consisting of one hollow cone in the center
and four quartering cones at the four corners was used with
periodic boundary conditions in two dimensions to simulate an
infinite array of periodic hollow nanocones, and perfectly
matched layer boundary conditions were used on the top and
bottom surfaces of the simulation domain to simulate the
infinite volumes of the air and the silicon material, respectively.
The auto nonuniform mesh was chosen in the entire simu-
lation domain for higher numerical accuracy, while the time
stepΔt≈ 2.73� 10�17 s was chosen to satisfy the Courant sta-
bility condition. Themesh refinement is the conformal variant 2.
Monitors of frequency-domain field profile and frequency-
domain field and power were placed to calculate the distribu-
tions of SP energy and the transmission spectra in the contin-
uous wave normalization state. The magnitude of the incident
electric fields was taken to be unity, and the enhancement of
electromagnetic fields evaluated. The optical parameters of Ag
and SiO2 were taken from Palik's handbook.

Characterization. Scanning electron microscopy images were
taken with a JEOL JSM 6700F field emission scanning electron
microscope with a primary electron energy of 3 kV, and the
sampleswere sputteredwith a layer of Pt (ca. 2 nm thick) prior to
imaging to improve conductivity. Height analyses were taken
under tapping mode with a Nanoscope IIIa scanning probe
microscope fromDigital Instruments under ambient conditions.
A Maya 2000PRO optics spectrometer and a model DT 1000 CE
remote UV/vis light source (Ocean Optics) were used to mea-
sure the transmission spectra.
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