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We report the first self-referenced sensor based on the extraordinary optical transmission (EOT) of metal-nanoslits
array in the near-infra-red (NIR) telecommunication window of the electromagnetic spectrum. The nanoslits array
shows two enhanced transmission peaks, out of which one shows a red shift with an increase in the refractive index
of the analyte medium, while the other remains fixed. We demonstrate the detection of small amounts of water in
ethanol using the nanoslits array chip. The present study might be useful in developing ultra-small biosensor chips
integrated to optical fibers for online monitoring and remote sensing applications. © 2015 Optical Society of
America
OCIS codes: (050.6624) Subwavelength structures; (050.5745) Resonance domain; (130.3060) Infrared; (130.6010)
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Extraordinary optical transmission (EOT) is the phe-
nomenon of the enhancement of the transmission from
sub wavelength apertures in nano-metallic films [1,2].
When the apertures are periodic such as nanoslits array,
the enhancement in the transmission is attributed to the
interaction between the incident radiation and various
modes of in-plane surface plasmons (SPs) supported
by the periodic structure. However, Fabry–Perot-like
behavior from such structures was also observed, where
the EOT was attributed to the resonant cavity-enhanced
transmission [3]. Despite multiple explanations, a control
experiment from Ebbsen et al. strongly supported that
EOT is a result of plasmons as no enhancement was ob-
served in a similar structure with nonplasmonic materials
[1]. Earlier reports from our group and others demon-
strated that dual-surface plasmon modes can be excited
in metallic nanoslits arrays [4–6]. However, resonance
wavelengths corresponding to both the SP modes
changed with the change in the refractive indices of
the superstrate medium [5]. Such nanoslits arrays were
utilized for sensing applications in water environment
by considering the shift in resonance wavelength of
one of the extraordinarily enhanced transmitted optical
peaks [5]. The shift in resonance peaks were attributed to
surface plasmons and cavity modes. The phenomenon of
EOT has been used for sensing by many others, because
the surface plasmon-assisted transmission gives high sen-
sitivity [7,8]. The sensitivity is linear with the resonance
wavelength, and therefore, there is a great benefit in
working in the infrared, particularly at wavelengths in
the telecommunication window where sources, fibers,
and detectors are available off the shelf. This was proved
in our earlier work [9]; however, the substrate used in
that work was BK7, which caused the reference peak
to exist at longer wavelengths that could not be ob-
served. In the present Letter, we demonstrate the self-
referenced sensing on a nanometallic slits array, both
via simulations and experiments and confirm that both

the EOT peaks are due to the plasmonic modes at the
interfaces, one corresponding to the metal slit–analyte
interface and another to the metal slit–substrate inter-
face. Further, the self-referenced mechanism was sup-
ported by studying the field profiles in the analyte
medium at the two resonances. A schematic of the de-
signed nanoslits array is shown in Fig. 1(a), while
Fig. 1(b) shows the SEM images of the nanoslits array
fabricated by e-beam lithography. The gold (Au) nano-
slits array of 22-nm height and 70-nm groove width with
a period of 1120 nm was designed. A cover layer of 20 nm
of SiO2 was added to protect the Au nanoslits array from
degradation. The dimensions of the nanoslits array were
optimized for maximum performance and operation in
the NIR communication window. This spectral range
was considered because of easy access of commercially
available light sources and detectors, which can be inte-
grated with optical fibers for online monitoring and re-
mote sensing applications. Such a method may be
quite useful in brain sensing or invasive online monitor-
ing of blood analytes by placing the fiber integrated nano-
slits array sensor in catheters.

The simulated transmitted spectra, obtained by using
scattering matrix propagation analysis [10], at normal
incidence on the nanoslits array for varying refractive
indices of the analyte medium have been plotted in

Fig. 1. (a) Illustration of the cross-section of the nanoslits ar-
ray; (b) SEM images of the fabricated nanoslits array.
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Fig. 2. It is observed that for each value of the analyte
refractive index, two enhanced transmission peaks are
observed. An increase in the refractive index of the an-
alyte medium leads to a red-shift in the transmission peak
at smaller wavelengths (λ1), while the transmission peak
at the larger wavelength (λ2) remains unaffected. To
understand the optical response of the nanostructure,
we have simulated the transmission spectra by varying
the refractive index of the substrate (MgF2 and SiO2)
while keeping that of the analyte (H2O) constant. In
Fig. 3, it is observed that the λ1 peak remains fixed, while
the λ2 peak varies for MgF2 and SiO2 substrates. From
Figs. 2 and 3, it is obvious that the λ1 peak responds
to the refractive index variations at the analyte–nanoslits
interface, while λ2 responds to that on the nanoslits–
substrate interface. Hence, the response obtained in
Fig. 2 can be used for self-referenced sensing applica-
tions. The two transmission peaks may be attributed
to quantized surface plasmons, if considered as meta-
materials [11–13]. However, the origin of two such modes
can simply be predicated by Eq. (1) [4]:

λij �
P
i
Re

� ����������������
εmεj

εm � εj

r � �
i � 1; 2;…
j � 1; 2

; (1)

where, i denotes the diffraction order, εm represents the
dielectric function of the metal and εj the dielectric con-
stants of analyte or substrate for j � 1 or 2, respectively.
Eq. (1) has been well confirmed both theoretically and
experimentally [4,5,8,14]. According to Eq. (1), the trans-
mission peak at smaller wavelength (λ1) corresponds to
the SP mode at the nanoslits–analyte interface, while that
at the larger wavelength (λ2) can be attributed to the SP
mode at the nanoslits–substrate interface. Further, in
Fig. 4 we have plotted the components of the TM polar-
ized field in the analyte for both the resonance wave-
lengths at normal incidence to learn the effect of both
the SP fields in the analyte region. It can be seen from
the figure that the field at λ1 is more than ten times larger
in magnitude than that at λ2. Also, the Hy and Ez field
components at λ2 decay quite rapidly as compared to that
of λ1. Also, the field is mostly confined in the grooves only
and not throughout the surface. Hence, eventually almost
“no” field at λ2 is seen by the analyte medium making the
transmission peak unaffected due to the changes in an-
alyte refractive index. The penetration depth in gold due
to SPR for the gold–SiO2 interface at 1616.5 nm is about
25 nm, which further supports the fact that the λ2 reso-
nance is not affected by the variations in the analyte re-
fractive index. Further, sample solutions of water in
ethanol with varying percentages ranging from 0% to
100% were prepared, and transmission spectra were re-
corded for a uniform film of 77-μm thickness of the an-
alyte medium, which was prepared with the help of a
spacer of the same thickness over the nanoslits array.
Ethanol is found to be a potential alternative to conven-
tional fuel and is regularly used in medical industry and
where it is required in its purest forms. For instance,
ethanol must be at least 94% pure for its use as a bio-fuel,
while in medicine, it must be 100% pure. Water comes as
an intrinsic impurity in ethanol when it is manufactured
from molasses [15]. Hence, detection of small water per-
centages in ethanol is an important problem. The sche-
matic of the transmission setup is shown in Fig. 5.
Light from a polychromatic source connected to an op-
tical fiber was collimated with the help of an achromatic

Fig. 2. Simulated transmission spectra for varying refractive
indices.

Fig. 3. Simulated transmission spectra for different substrates.

Fig. 4. TM component field profiles in the analyte medium
(water) for both resonances of the nanoslits array.
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lens and passed through a polarizer. Further, an aperture
was used to limit the dimensions of the beam to that of
the nanoslits array. A tilt stage with 3D-translation
mechanism aligns the nanoslits array to the incident
beam at normal incidence. Further, the light transmitted
off the nanoslits array was focused with a microscope
objective on the tip of a fiber connected to a spec-
trometer.
The recorded transmission spectra for varying percent-

ages of water in ethanol have been plotted in Fig. 6. It is
observed that similar to the simulated curves, two trans-
mission peaks are observed for each sample solution.
Also, with an increase in water percentage, a shift in
first-resonance wavelength is observed, the second-reso-
nance peak being constant. The experimental transmis-
sion spectra do not exactly match with the simulated
ones due to tolerance in various parameters during
fabrication of the nanoslits array. However, more impor-
tantly, similar kind of response is achieved. To assess

more precise quantitative response of the nanoslits array,
we have plotted the variation of the first resonance wave-
length with an increase in percentage of water in ethanol
in Fig. 7. It is observed that the resonance wavelength
corresponding to pure water is 1454 nm, while that for
pure ethanol is 1474 nm, which is qualitatively justified
according to the simulations, as the refractive index of
water is 1.33, while that of ethanol is 1.36. However, with
an increase in water percentage in ethanol, a red shift
in resonance wavelength is observed, which suggests
that the refractive index of the water–ethanol mixture
increases until about 20% concentration of water in etha-
nol. This is contrary to normal belief that the refractive
index of a mixture of two completely permissible liquids
must lie in between the refractive indices of them. This
kind of discrepancy was resolved by measuring the re-
fractive indices of such mixtures with different water
proportions. The slight increase in the refractive index
of the water–ethanol mixtures at small water percentages
was attributed to the formation of ethanol–water clusters
due to hydrogen bonding, which lead to slight increase in
density and hence the refractive index [16]. After about
22% concentration of water in ethanol, the clusters of
ethanol–water make homogenous mixture, which leads
to disappearance of the clusters and hence the refractive
index decreases. However, this kind of response curve
cannot predict the accurate water percentage in ethanol
for the whole range, as for certain values the same res-
onance wavelength corresponds to two water percent-
ages. For example, the resonance wavelengths for 0.5%
and 60% water percentages are almost the same. Since
ethanol needs to be used in its purest forms, region 1
of Fig. 7 is more useful and can be used for sensing of
small water percentages in ethanol. Hence, this sensor
can be used for detection of small water percentages
in ethanol. We have plotted the response curve for small
water percentages in Fig. 8. It is almost linear for small
water concentrations. The sensitivity of the sensor calcu-
lated from this curve is 0.69 nm/water %. The error bars
were calculated by considering the resolution of the
spectrometer and that of the pipette used for making
sample solutions.

In conclusion, we have demonstrated, both by simula-
tions and experiments, a self-referenced EOT-based

Fig. 5. Schematic of the EOT experimental setup.

Fig. 6. Experimental transmission spectra for varying concen-
trations of water in ethanol.

Fig. 7. Variation of first resonance with water percentage in
ethanol.
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sensor for the detection of small percentages of water in
ethanol using a nanoslits array of Au. The sensor may
further be utilized for the detection of blood analytes,
as it can predict the variations very accurately due to self
referencing.
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Fig. 8. Variation of first resonance wavelength with small
water percentages in ethanol.
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