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Large-scale fabrication of plasmonic gold nanohole arrays for refractive

index sensing at visible region

Ke Cheng, Shujie Wang, Zhonggang Cui, Qiangian Li, Shuxi Dai, and Zuliang Du®
Key Laboratory for Special Functional Materials of Ministry of Education, Henan University,

Kaifeng 475004, People’s Republic of China

(Received 15 January 2012; accepted 22 May 2012; published online 18 June 2012)

We present the design and fabrication of large-scale gold nanohole arrays based on the versatile
nanosphere lithography technique. The gold nanohole arrays exhibit two surface plasmonic
resonance related transmission peaks and show a sensitive response to refractive index. The
working wavelength and sensitivity can be tuned by changing the hole diameter and hole depth.
A sensitivity of 125 nm/refractive index unit is obtained in the visible region. Our quasi-infinite
gold nanohole arrays film can serve as an optical enhancing component while also can serve as a
transparent conductive electrode for the opto-electric devices. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4728987]

Since Ebbesen and co-workers reported that the light
transmission through a periodic arrays of subwavelength holes
in an optically thick metallic film can be several orders of
magnitude higher than that described in the classical Bethe’s
theory in 1998,' plasmonic metal nanostructures, ranging
from isolated metal nanoparticles to precisely fabricated order
metal arrays had been extensively investigated both for scien-
tific interest and for practical applications.” ® Surface plasmon
resonance (SPR) is generally proposed to explain the
enhanced optical transmission (EOT) phenomenon observed
on periodically arrayed nanoholes. SPR is collective charge
oscillations that are produced by the resonant interaction
between incident light and free electrons at the interface
between a metal and a dielectric.””'" Due to their interfacial
nature, SPR is very sensitive to the surface chemistry and the
refractive index of the environment surrounding. The adsorp-
tion of molecules to a metal surface significantly changes the
oscillation of SP, which can modulate the light output. The
modulation can be monitored either the intensity or the spec-
trum shift by the transmission at normal incident. Such char-
acteristic provided the basis of SPR-based chemo- and
biosensors.'? The greatest attraction of nanoplasmonic sensing
is it does not require extrinsic fluorescent or radioactive label-
ing (i.e., “label-free”), which is traditionally performed on
prisms (Kretschmann geometry) or grating couplers.13
De Leebeeck et al. had showed the feasibility of using peri-
odic nanoholes for biosensing and observed a spectral shift
after the immobilization of molecules.'*

Based on recent advances in fabrication techniques
such as electron beam lithography (EBL), focused ion beam
(FIB) lithography, and phase-shifting lithography (PSL), a
large class of SPR-based metal nanostructures such as nano-
disks, nanoholes, bowtie antennas, and nanorings have been
fabricated exhibiting high sensitivity based on localized sur-
face plasmon resonance (LSPR) or coupled plasmonic
resonance.'>'® Among them, nanohole arrays can provide a
smaller foot-print, denser integration, increased potential for
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multiplexing and simplified collinear optical detection in
which analyte binding is determined directly from light that
is transmitted through the holes.'*-2° However, ordered metal
nanostructures have been only fabricated with a finite area
(always tens to hundreds of pm?) using the slow and expen-
sive “top-down” fabrication methods mentioned above.?' ™
This would result in a spectrum change due to the significant
contribution from edges. In addition, the SPR not only
depends on the material’s dielectric properties but also the
nanohole arrays geometry, hole diameter, and film thick-
ness.”* Understanding the effect of these factors is crucial
for probing the underlying physics mechanisms for both the
intensity and spectral nature of transmitted light through the
nanohole arrays, which is still open for debate.”> Moreover,
developing a versatile and large-scale fabrication technique
of nanohole arrays itself is crucial for its real devices appli-
cations. Therefore, a large-area fabrication of the nanohole
arrays at fast rate and good reproducibility with controllable
hole diameter, and hole depth is highly desired.

In this work, we reported the design and fabrication of a
SPR-based nanohole arrays by modified nanosphere lithogra-
phy (NSL) technique, which is a well-known, low-cost, and
high-throughput method.?*?” Furthermore, the NSL process
allows for the fabrication of nanohole arrays with the advant-
age of hole size modification with reactive ion etch (RIE)
while the periodicity of the nanohole array is fixed strictly
due to the nature of NSL. This is valuable for understanding
the various mechanisms involved in enhanced transmission
of light through nanohole arrays.

The monolayer polystyrene (PS) masks were fabricated
on the quartz glass by the modified floating-transferring tech-
nique.?® Using this, we can obtain a large-scale 2D close-
packed colloidal crystal mask on the quartz glass substrate.
The sphere diameter we used here was about 330 nm. After
the fabrication of PS masks, the diameters of the PS spheres
were tailored by RIE treatments. For different gold nanohole
diameters, the etching time of 10, 15, and 20 s was performed.
Thereafter, the gold film (purity > 99.999%) was sputtered on
the etched PS sphere masks by pulsed magnetron sputtering
for 30s. The gold cannot enter the area shadowed by the PS

© 2012 American Institute of Physics
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FIG. 1. The morphology and hole diameter
analysis of Au nanohole arrays etched at dif-
ferent time: (a) 10s; (b) 15s; and (c) 20s.
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spheres which leaves a nanohole at the shadow position when
the PS sphere was removed. For comparison, a sputtering time
of 50s was performed on another 15s etched PS mask to
increase the Au film thickness (hole depth). Finally, the PS
spheres were thoroughly removed by dissolution in chloro-
form with a gentle ultrasonic bath for 1 min.

The nanohole arrays morphologies and analysis for dif-
ferent etching time were shown in Figure 1. We could see
that the gold nanohole formed but relatively thin for the 10s
etching, which was not continuous in some locations because
no sufficient gold could infiltrate the PS spheres voids. The
Au wall thickness increased with the etching time increased
to 15s. Finally, a perfect continuous Au nanohole arrays
with a large area (as shown in inset in Figure 2, the area just
limited by the substrate used) obtained as shown in Figure
1(c). Nanohole diameters of the arrays were characterized
via atomic force microscopy morphologies analysis to be
265, 240, and 227 nm, respectively, for the 10, 15, and 20s
etching times as shown in Figure 1. We can see that the peri-
odicity (~330nm in our case, determined by the PS sphere
diameter used) fixed strictly for all the nanohole arrays due
to the nature of NSL. The composition of the pure gold film
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FIG. 2. X-ray diffraction spectrum of pure Au film and nanohole arrays film
with 15 s etching. Inset is the photography of large-scale gold nanohole arrays.

and 15s etched nanohole arrays film were characterized by
x-ray diffraction (XRD) as shown in Figure 2.

Figure 3 showed the transmission spectra for the nano-
hole arrays with different hole diameters. The transmission
spectra obtained directly from the nanohole arrays in air at
normal incidence, which was recorded over a wavelength
range from 400 to 1100nm. The transmission peak around
510 nm presented in both pure and nanohole arrays gold films
could be assigned to the transitions from the conduction band
to the d-energy band.?® It should be noted that there is a slight
blue-shift for the transmission peak around 510nm with the
hole diameter decrease for the nanohole arrays. Since the tran-
sition peak cannot move with the change of nanohole geome-
try,?? the trasmission peak around 510nm for the nanohole
arrays film could be assigned to the co-actions of transitions
from the conduction band to the d-energy band and plasmonic
effects. Such conclusion could also be confirmed by the work
of Sharpe ef al."> The first Jmax (1, 1) (associate with the air-
gold nanohole interface) SPR peak they obtained at 737 nm
using an Au nanohole arrays with a periodicity of 520 nm. As
we know, the approximate position of the SPR peaks can be
determined by the equation:*°
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FIG. 3. Optical transmission spectrum of the nanohole arrays with different
hole diameters and hole depth.
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where P is the periodicity of the network of the arrays, ¢; and
&, are the dielectric constants of the metal and the dielectric
material in contact with the metal respectively, and i, j are
the scattering orders of the arrays. From Eq. (1), we can see
that the A,x proportionate to the periodicity. In our case, the
periodicity was about 330 nm, which is lower than that of
Sharpe’s et al. Therefore, the first Ay.x(1, 1) SPR peak blue
shifted and made a superposition with the 510 nm transition
peak of the gold film itself.

The maximum broad transmission around 800—1100 nm
occurs through the excitation of SP waves in the nanohole
arrays, which acts as a two-dimensional diffraction grating
that converts incident photons into SP waves. The basic mech-
anism involved in the enhanced transmission process is (1)
photons couple to SPs on the incident side of a nanohole
arrays film, (2) the SPs propagate through the nanoholes to the
opposite side, and (3) the SPs are converted back to photons
and re-radiated.” We observed that the second (1, 0) (associate
with the gold nanohole-quartz glass interface) peak shifted
from 850 nm to over 1100 nm. The peak values could not be
quantified exactly due to the wavelength beyond the efficient
range of our spectrometer. However, a minimum transmission
at 620-720nm could be observed clearly, which was so-
called Wood anomaly.*' The film thickness is below 50nm
for our case, which can be approximately obtained from the
hole diameter analysis shown in Figure 1. Such thickness indi-
cate that light can transmit directly through the gold film and
interfere with the re-emitted plasmon resonance light, which
results in a transmission minimum as we observed. Similar
transmission minimum phenomena had also been reported for
nanohole films with a thickness close to the skin depth.

The transmission minimum blue-shifted from 737 to
677nm as the hole diameter decreased from 265 to 227 nm
as observed in Figure 3. When we increased the hole depth
by increasing the gold deposition time to 50 s, a further blue-
shifted to 646 nm could be observed. In our case, the perio-
dicity and dielectric environment of all the nanohole arrays
films were the same. This indicated that a blue-shift occurred
when the aspect ratio of nanohole diameter to nanohole
depth was decreased. However, Eq. (1) does not predict such
an effect. Therefore, a more complicated equation should be
established to predict the SPR peak position exactly. The
transmission minimum peak of the thicker film became
sharper slightly than that of the thinner one. The full width at
half-maximum (FWHM) was 126.8 nm and 163.1 nm for the
thicker film and the thinner film with a 20s etching time,
respectively, which was obtained from Figure 3. Such phe-
nomenon was also observed by Ebbesen’s group.* That is,
the ratio of the metal film thickness (T) and hole diameter
(D) T/D is more close to 1, a sharper maximum transmission
will be obtained, which is very important for the sensitive
detection of small changes in the refractive index of the
surroundings.**

The refractive index sensing experiments of 15 s etched
nanohole arrays were performed simply by immersing the
samples in index matching liquids with different refractive
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indices from 1 (air), 1.36 (ethanol), to 1.44 (chloroform). We
observed that the spectra red-shifted with the increased re-
fractive index, which was in agreement with established
theory of light transmission through nanoholes.* For com-
parison, the transmission spectrum of a pure gold film was
also characterized at the same conditions. Only a single
transmission peak at 510nm without any shift with the
change of dielectric surroundings could be observed as
shown in the inset of Figure 4. This was a direct evidence for
our conclusion that transmission peak around 510nm
observed in Figure 3 is a co-actions of transition and plas-
monic effects. The refractive index sensitivity S can be
defined as: S = AA/(Mmeq — Nair). The AJ was measured
from the wavelength shift of transmission minimum with the
variation of the refractive index. A maximum sensitivity
about 125 nm/refractive index unit (RIU) could be obtained,
which was lower than that of previously reported.'> The
lower sensitivity is due to the visible light we used here
as the sensing wavelength, which causes less shift of the
spectra feature than that of infrared light.*® However, the
advantage using visible region sensing is that it can prevent
potential near-infrared adsorption of water and many biolog-
ical species effectively.>® On the other hand, Pang et al. had
reported that the sensitivity depend on the periodicity of the
nanohole anrays.3 7 Therefore, using a appropriate diameter
of PS sphere would improve the sensitivity of our nanohole
arrays.

In conclusion, a simple and massive nanofabrication tech-
nique is reported to produce large area gold nanohole arrays
based on the NSL. The working wavelength and sensitivity
can be tuned by changing the hole diameter and hole depth.
The gold nanohole arrays exhibit two SPR related transmis-
sion peaks and show a sensitive response to refractive index.
A sensitivity of 125nm/RIU is obtained at the visible region.
More importantly, our large-area continuous gold nanohole
arrays film can be served as an optical enhancing component
in photo-electric devices while also served as a carrier extract-
ing electrode. It is difficult for other metal nanoparticles or
metal nanostructrues to perform dual optical and electrical
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FIG. 4. Sequence of transmission spectra through the 15s etched nanohole
arrays as the refractive index increases from 1 to 1.44. Inset is the transmis-
sion spectra of pure gold film at the same conditions.
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roles since they are limited by the finite fabrication area and
isolated nature without electrically connecting.
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