
Chin. Phys. B Vol. 23, No. 8 (2014) 084201

SPECIAL TOPIC — International Conference on Nanoscience & Technology, China 2013

High refractive index sensitivity sensing in gold nanoslit arrays∗

Yuan Jun(袁 浚)a), Kan Qiang(阚 强)a)†, Geng Zhao-Xin(耿照新)a)b),
Xie Yi-Yang(解意洋)a), Wang Chun-Xia(王春霞)a), and Chen Hong-Da(陈弘达)a)

a)State Key Laboratory of Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China
b)School of Information Engineering, Minzu University of China, Beijing 100081, China

(Received 4 September 2013; revised manuscript received 16 December 2013; published online 10 June 2014)

The extraordinary optical transmission (EOT) phenomenon of nano-periodic aperture array in metallic film has been
widely investigated and used in biosensors. The surface plasmon resonance and cavity mode in some periodic nanos-
tructures, such as nanohole and nanoslit, cause EOTs at certain wavelengths. This resonance wavelength is sensitive to
the refractive index on the surface of periodic nanostructures. Therefore, the metallic nanostructures are expected to be
good sensing elements. The sensing performances of gold nanoslit arrays are experimentally and theoretically investigated.
Three-dimensional finite difference time domain (FDTD) simulations are utilized to explore their transmission spectra and
steady-state field intensity distributions. The electron beam evaporation, electron beam lithography, and ion milling are
applied to the gold nanoslit arrays with different widths and periods. The sensing performances of the gold nanoslit ar-
ray are characterized via transmission spectra in four kinds of refractive index samples. The highest sensitivity reaches
726 nm/RIU when the width of the gold nanoslit array is 38.5 nm.
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1. Introduction
Since 1998, when Ebbesen et al. first reported the ex-

traordinary optical transmission (EOT) phenomenon of light
through the thin metal film with periodical nanoscale arrays,[1]

much effort has been made to explain the unique phenomenon.
For example, it has been proved theoretically and experimen-
tally that the surface plasmon resonance (SPR) and cavity
mode are the main reasons for EOT.[2–5] The SPR and cavity
mode can be supported by a periodic metal nanoslit array when
they are irradiated with a transverse magnetic (TM) optical
wave at a specific wavelength. Meanwhile, the confined elec-
tronic field can be excited at the interface between the metal
nanostructure and the supstructure. The resonant spectra of the
SPR and cavity mode sensitively vary with the structure pa-
rameter of metal arrays and the refractive index environment
around the metal arrays.

Owing to the fact that the transmission spectra of metal
nano-arrays are sensitive to the change of the refractive index
of the environment, researchers have developed and optimized
some metal nano-array sensors with different structures.[6–8]

Compared with the traditional SPR sensor chip, the metal
nano-array sensors can not only real-time monitor the label-
free analyte but also significantly reduce the interrogation vol-
umes. This type of biosensor integrated with microfluidics
can also minimize the volumes of required detective ana-
lyte. Therefore, they are widely used in chemical and biologi-

cal sensors.[9–12] However, many high-sensitivity sensors with
complex structures are difficult to fabricate. It costs much less
time and money to fabricate nanoslit arrays than other complex
structures by electron beam lithography (EBL). Meanwhile,
the coaxial optical path measurement setup of the nanoslit ar-
ray sensor is simpler than the SPR sensor. In addition, the
cavity mode of the nanoslit array with exciting large electric
field intensity in the slit has a higher sensitivity. Therefore, the
nanoslit array sensor with high sensitivity and a simple struc-
ture is a better choice for practical applications.

The purpose of our research is to optimize the structure
parameters of gold nanoslit arrays, and improve the sensitivity
of the sensor based on the gold nanoslit array. The geometric
design on the sensing properties of the gold nanoslit array is
investigated by theoretical analysis and numerical simulation.
The higher sensitivity of the sensor will be obtained with suit-
able parameters of the nanoslit array. Besides, the analysis of
the experimental result suggests future work on improving the
sensitivity of nanoslit array.

2. Fabrication and testing
Gold nanoslit arrays were fabricated by the following pro-

cesses. (i) A quartz glass (2 cm×2 cm) was cleaned through
the standard clean of the semiconductor fabrication process.
(ii) 5-nm Ti (adhesive layer) and 90-nm Au were successively
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deposited on the chip by electron beam evaporation. (iii) A
330-nm thick Zep520 resist was spin-coated on the chip. (iv)
Electron beam lithography (EBL) was used to pattern differ-
ent sizes and shapes of nanoslit arrays on the Zep520 resist
layer. (v) The patterns were transferred onto the gold film us-
ing ion milling. (vi) The Zep520 layer was removed in acetone
with an ultrasonic clean of the surface of the sensor chip. (vii)
The quartz glass with a metal nanoslit and polydimethylsilox-
ane (PDMS) with a microchannel were treated with oxygen
plasma and bonded together. So the PDMS microfluidic flow
cell with our sample is easy to inject the fluids.

Figure 1 shows the measurement setup, which consists of
a light source, collimator, polarizer, mirror, objective, beam
splitter, CCD, spectrometer, and computer. The testing theory
or processes are simply described below. A light beam from a
broadband tungsten halogen source (Ocean Optics HL-2000)
is collimated by a collimator, and the polarization along the
periodic direction of the gold nanoslit array was controlled by
a Glan–Taylor polarizer. The light beam normally illuminat-
ing the gold nanoslit array sample, which is placed on a stage
allowing micron-resolved displacement, excites the SPR and
cavity mode on the sample, and two long-working-distance
10× objectives are used to focus the incident light beam on the
sample and collect the transmitted signal, respectively. Then
the light beam is split by a splitter, and detected by a CCD
camera and the spectrometer respectively. Through the CCD
camera, the location and focus of the sample can be monitored.
A computer analyzes the data from the spectrometer.
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Fig. 1. (color online) Schematic diagram of the transmission spectrum
measurement setup.

To examine the sensitivity of the sensor chip, the trans-
mission spectra were recorded when the surface of the sensor
chip was covered by four fluids (water, ethanol, glycol, and
glycerol) with different refractive indices. The refractive in-
dices of water, ethanol, glycol, and glycerol are 1.333, 1.363,
1.434, and 1.473, respectively.

3. Results and discussion
Comprehensive simulation is used to explore the trans-

mission spectra of gold nanoslit arrays by changing the period
p, width of gap w, and refractive index of medium n, and to
obtain the suitable structure parameters of the gold nanoslit
array sensor. The thickness value of the gold film is kept at
90 nm in simulation and experiment, because the cavity mode
could not be the main factor of EOT when the gold film is very
thin.[5,13,14] The intensity of the electronic field at the interface
is evanescent along the direction normal to the interface, both
electronic fields on the two sides of the gold film rarely couple
with each other when the thickness value of the gold film is
90 nm.[5,15]

Simulations are carried out using a finite difference time
domain (FDTD) software code developed by Lumerical Solu-
tions, Inc. The FDTD calculations are used for p from 600 nm
to 700 nm, and w from 30 nm to 110 nm. A fit to experimen-
tal values is used to model the dispersive Au film.[16] The re-
fractive index of the quartz substrate is 1.455. The simulation
domain used the perfectly matched layer boundary conditions
above and below the structure to prevent reflections and anti-
symmetric boundary conditions to determine the periodicity of
the array. With polarization along the periodicity direction, a
plane wave source is normally incident on the nanoslit array.
A frequency domain profile monitor collects the transmission
spectrum through the nanoslit array. The refractive index sens-
ing sensitivity is determined by the characteristic change of
transmission spectrum via changing the refractive index of the
solution around the gold nanoslit array.

In Fig. 2(a), calculation transmission spectra of gold
nanoslit arrays (p = 700 nm and w = 50 nm) in different fluids
show that between the wavelengths of 500 nm and 1100 nm,
there are three main transmission peaks of the gold nanoslit
array, which shift toward longer wavelengths with increas-
ing n. The peaks in ranges from 1030 nm to 1080 nm and
from 630 nm to 680 nm are the SPP-BW 1 and 2 order mode
peaks, respectively, and the peaks in a range from 920 nm to
1020 nm are the cavity mode peaks.[17,18] The three transmis-
sion peaks demonstrate different sensing sensitivities of re-
fractive index S (S = ∆λ/∆n, ∆λ is the wavelength shift of
transmission peak with the change in the refractive index of
medium ∆n). The values of S of SPP-BW 1 and 2 order mode
peaks and the cavity mode peak are 211, 202, and 760 nm/RIU
(Fig. 2(b)), respectively. Figures 2(c) and 2(d) show the calcu-
lated steady-state time-averaged total electric field intensities
of the gap cross section at the resonance wavelength in water
and glycerol respectively. The electric field intensity in glyc-
erol is stronger than that in water, so the amplitude of the cav-
ity mode peak in glycerol is much larger. Those phenomena
originate from the refractive index of the medium close to the
substrate.[5,19] Both figures 2(c) and 2(d) also show that the
electric field of the cavity mode is localized in the gap, there-
fore, the value of S of the cavity mode peak is high. Then we
calculate the cavity mode peak by changing the parameter of
the gold nanoslit array. The S of the sensor will be improved
when the parameters of the sensor are suitable.
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Fig. 2. (color online) Simulation results of the optical properties of a nanoslit array with p = 700 nm and w = 50 nm by FDTD. (a) The transmission spectra
of the nanoslit array in fluids with different values of n. The three wavelengths of the transmission peaks are red shifted with n increasing. (b) Linear fitting
between the wavelength of the transmission peak and n. The S of the cavity mode and SPP-BW 1 order and 2 order mode are 760, 211, and 202 nm/RIU,
respectively. The S of the cavity mode is the highest. (c) and (d) log 10-scale plots of the electric field intensity in water and glycerol of a cross section of
the nanoslit when the cavity mode is excited. Note the different color bars; the electric field intensity in glycerol is much stronger than that in water.
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Fig. 3. (color online) (a) Variations of calculated transmission spectra of a gold nanoslit array with wavelength w. Other parameters are p = 700 nm and
n = 1.333. (b) Calculated value of S versus w when p is 700 nm.

First, the transmission spectra are simulated by keeping
p = 700 nm and changing w from 30 nm to 120 nm in differ-
ent values of n. Figure 3(a) shows the transmission spectra of
a nanoslit array with different values of w in water (n= 1.333).
With w changing from 30 nm to 110 nm, the amplitude of the
cavity mode peak is increasing and the wavelength is slightly
blue shifted. In Fig. 3(b), the value of S increases as the
value of w deceases. Note that S approaches to saturation as
w is smaller than 70 nm, this is a result of the intensity of
the localized electric field becoming slightly stronger when w
(w ≤ 70 nm) decreases.

Then, the transmission spectra are simulated via keeping
w at 50 nm and changing p from 600 nm to 700 nm for dif-
ferent values of n. In Fig. 4(a), for the transmission spectra of
a nanoslit array with different values of p in water, the wave-
length of the cavity mode transmission peak is red shifted, but
the amplitude is almost invariant. Figures 3(a) and 4(a) show
that the resonance wavelength mostly depends on p and the
amplitude on w. The values of S for different p nanoslit arrays
are demonstrated in Fig. 4(b), and it is almost linearly propor-
tional to p.
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Fig. 4. (color online) Calculated transmission spectra of a nanoslit array for different values of p. Other parameters are w = 50 nm and n = 1.333. (b)
Calculated S versus p when w is 50 nm.
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Fig. 5. (color online) (a)–(c), SEM images of three different nanoslit arrays. The gold film is 90-nm thick, (a) p = 700 nm, w = 38.5 nm, (b) p = 600 nm,
w = 42.5 nm, and (c) p = 600 nm, w = 50.7 nm. (d) The measurement transmission spectra of a nanoslit array with p = 600 nm and w = 42.5 nm in fluids with
different values of n. The transmission peak of the cavity mode is red shifted with the value of n increasing. The transmission spectra are normalized. (e) Linear
fitting between the wavelengths of transmission peaks and n. The value of S of gold nanoslit arrays in panels (a), (b), and (c) are 726, 680, and 589 nm/RIU,
respectively. (f) The transmission spectra of measurement and simulation with rectangle and trapezium shaped gaps. It shows that the actual gap is closer to a
trapezium than a rectangle.
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According to the results of the simulation, the gold
nanoslit arrays with different values of p and w are fabricated.
Figures 5(a)–5(c) show the SEM images of three nanoslit ar-
rays ((a) p = 700 nm, w = 38.5 nm, (b) p = 600 nm, w =

42.5 nm, (c) p = 600 nm, w = 50.7 nm). Then their trans-
mission spectra in different fluids are measured. Figure 5(d)
shows the transmission spectra of the structure in Fig. 5(b),
and all the spectra are normalized. Obviously, the wavelength
of the cavity mode transmission peak is red shifted as n in-
creases. In Fig. 5(e), the values of S for the three structures
in Figs. 5(a)–5(c) are 726, 680, and 589 nm/RIU, respectively.
The value of S of 726 nm/RIU is higher than those of pre-
viously reported nano-arrays.[20,21] Meanwhile, the values of
n range from 1.333 to 1.473 for the gold nanoslit arrays in
Figs. 5(b) and 5(c), and they are also larger than those of pre-
viously reported nanoperiod arrays.[12] Comparing the mea-
surement results with the simulation results, the measurement
value of S shows that they are in good agreement with the sim-
ulation one at a qualitative level, and it is about 30 nm/RIU

which is less than the simulation value. In fact, errors exist
for all samples we fabricated. This is not surprising, because
of the rough surface of gold film and the trapezium cross sec-
tion of the gap that is not an ideal rectangle but a trapezium,
whose top side is a little larger than the bottom side. This re-
sults from the fabrication process, such as Au ion milling.[22]

Figure 5(f) shows three normalized transmission spectra in
ethanol solution (n = 1.363). The solid one is the measure-
ment transmission spectrum of the structure in Fig. 5(b), and
the spectra (dashed and dotted) are the simulation results of
an ideal rectangle (w = 40) and a trapezium (the width of the
top side is 90 nm and the bottom side is 40 nm), respectively.
Because the top side is wider, the amplitude of the SPP-BW
2 order mode peak becomes smaller than the cavity mode and
disappears in the measurement spectrum. However, the wave-
length of the cavity mode is varied little, so the measurement
S of the cavity mode is in good agreement with the simulation
value.

The values of S of the fabricated sensors are high, but
the properties of gold nanoslit arrays refractive index sensor
could be optimized to obtain a higher value of S. Now two
potential approaches are under investigation. The first one
is to improve the reliability of the fabrication process, which
makes more precise and integrated nanostructures.[8] The sec-
ond one is to design new nanostructures with a unique sensing
property.[23,24]

4. Conclusion
In this paper, the performances of gold nanoslit arrays are

simulated and experimentally investigated. The results show
that the cavity mode transmission peaks of the gold nanoslit
array shift toward longer wavelengths with increasing the envi-
ronment refractive index, and the gold nanoslit array is demon-
strated to be a good sensing element. Geometrical investiga-
tion results of gold nanoslit arrays show that the sensitivity
approaches to saturation as the width of the nanoslit is smaller
than 70 nm and is almost linearly proportional to the period
when the width is unchanged. Meanwhile, we fabricated and
measured several gold nanoslit arrays with different periods
and widths. The highest sensitivity of 726 nm/RIU is ob-
tained from the structure with a period of 700 nm and a width
of 38.5 nm. Comparing the simulation results with the mea-
surement results, the measurement results show that they are
in good agreement with the simulation results. Based on the
above study, gold nanoslit arrays with simple structure show
high sensitivities. So the gold nanoslit arrays have a bright fu-
ture to be widely used in sensing applications, owing to their
high sensitivity, fast fabrication, convenient integration, and
small size.
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