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Abstract Experimental and theoretical study of sensors
based on enhanced transmission through periodic metal
nanoslits is presented. Our approach consists of the design
of one-dimensional nanoslits array and its application in
sensing for water quality control. Rigorous coupled waves
analysis was used for the design and fit to the experimental
data. Two types of surface plasmon resonance excitations
are shown to be possible, one at the upper grating—analyte
interface and one at the lower grating—substrate interface.
This latter resonance is shown to be affected by the multiple
interference or cavity-type effects. Those structures were
fabricated by deposition of the metal layer and electron
beam lithography of the nanostructure. We found that Ag-
based periodic array exhibits the highest sensitivity to
refractive index variations. Sensitivity enhancement was
measured by ethanol concentrations in water. Stability of
the Ag-based sensor was improved by covering the grating
with less than 15 nm polymethyl methacrylate capping
layer without deterioration of the sensitivity.
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Introduction

The interdisciplinary field of biosensors has led to the
increased interaction between physicists, chemists, biochem-
ists, and engineers for faster development of novel electronic
devices that can be utilized for a variety of applications
including human health care and environmental monitoring.
The coupling of biological molecules with electronics [1]
holds the key to recent successful developments in the area of
biosensors. Optical biosensing is a strongly active field of
research due to the need for high-sensitivity, rapid, specific,
and reliable biosensors both for environmental control and for
medical diagnosis. First optical sensors were based on the
measurement of changes in absorption spectrum and were
developed for the measurement of CO, and O, concentrations
[2]. Nylander and Liedberg [3] demonstrated high-sensitivity
sensing in the early 1980s using surface plasmon resonance
(SPR) phenomenon. Since then, SPR phenomenon-based
sensing has been receiving continuously growing attention
[4]. In order to improve on an already successful panoply of
optical biosensors, nano-photonic-structures composed of
periodic metallic openings with dimensions less than the
wavelength can be used. Within the periodic structures, quite
unexpected phenomena emerge related to the existence of
localized SPR (LSPR) and extended SPR excitations. One of
the peculiar phenomena is the EROT, in which transmittance
through such nano-openings, exceeds the relative area ratio
(geometric limit) as predicted originally by Ebbesen et al. [5].
This result was mismatched with Bethe's aperture theory [6],
which predicts negligible transmission through a single small
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hole in a thin metal film; this phenomenon was termed
extraordinary optical transmission (EOT). EOT causes large
sensitivity because it involves two intertwined processes: (1)
transmission through the nanoholes and (2) scattering of
evanescent waves by the holes. Lee et al. [7, 8] demonstrated
comparative study which verifies higher sensitivity of nano-
slits over nanohole-based structures, and therefore nanoslits
are better candidates for sensing designs. One of the
applications of EOT phenomenon is sensing in water
environment. Although Lee et al. were the first to report
sensing in water using EOT in nanoslits, in this work, we
report on a more extensive study where: (a) the effect of the
different parameters on the sensor sensitivity was thoroughly
studied; (b) the optimized sensor design in the visible spectral
range is presented to get good contrast of the EOT peak,
while in [7, 8] the resonance wavelength was in the near
infrared; (c) use of silver instead of gold gives narrower EOT
peak and therefore more accurate determination of the peak
locations, hence better detection limit; (d) theoretical com-
parison between different nanoslit designs are carried out; (e)
we report on experimental results of nonspecific sensing of
organic chemicals such as methanol and ethanol, sugars such
as sucrose and glucose, and large water pollutant such as
Escherichia coli bacteria. We have shown for the first time
the effect of the polymethyl methacrylate (PMMA) as a
protective layer to the nanoslit-based sensor theoretically and
experimentally. Field distribution calculations and EOT peak
shift explain the sensitivity dependence on the PMMA
thickness. In addition, the possible sensing of bacteria with
nanoslits is presented, showing that there is a need for further
study of this subject due to the large size of the bacteria as
compared to the evanescence region.

By attaching molecules to the nanoslit structure, the
transmission is modified significantly, and the overall
transmission resonance undergoes a large shift in wave-
length due to surface plasmons and cavity modes [9, 10].
There are several conditions for surface plasmon excitation,
which depends on parameters such as angle of incidence,
grating geometry, wavelength, and the dielectric constants
of the metal and dielectrics below and above the grating.
The resonance is observed in terms of a sharp dip in
reflection or sharp peak in transmission in output optical
signal at either resonance angle (angular interrogation) or
resonance wavelength (spectral interrogation). Any change
in refractive index near the interface causes a change in the
value of the resonance location. This means that the
resonance wavelength is sensitive to refractive index
variations, a fact that makes this structure a potential
sensor. In addition, periodically structured metallic films
constituting of subwavelength apertures based on SPR
phenomenon are potential sensors for variety of applica-
tions including water quality control. It remains unclear,
however, whether this sensor is able to detect large
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biological or biochemical entities with dimensions larger
than the slit width. A preliminary designed structure and
methodology are proposed to allow sensing of large water
pollutants such as E. coli. In food industry in general and in
water industry in particular, quality of the product is
evaluated by chemical (or microbiological) time-dependent
analysis. Those processes include techniques such as:
chromatography, spectrometry, electrophoresis, etc., which
enable the recognition of water pollutants of small size and
of little amounts. SPR-based optical biosensors have gained
attention due to its speed of detection, high specificity, high
sensitivity, and possibility of online real-time analysis [11].
Since the extraordinary transmission is a result of SPR, it is
expected to have good surface sensitivity similar to
conventional SPR sensors [8, 12]. Grating-based SPR
devices show sensitivity of about 400 nm per refractive
index unit (RIU) [10, 13].

In this work, our objective is to present optimum design of
such structures as sensors for water quality control in the
visible range with (1) high sensitivity to pollutants and (2)
appropriate stability of the sensor in water environment. For
large biological entities, however, we observed that the shift in
the EOT peak is sometimes not monotonic; hence, it will be
impossible to use these sensors to detect entities much larger
than the slit width. Also, the enhanced local field extends only
to a range of about 50—100 nm from the slits; hence, it will not
sense the whole volume of a bacteria cell. This problem is well
known in the traditional prism-coupled SPR sensors even
though extended SP waves have a relatively larger propaga-
tion length along the surface of the order of 1 um [14]. Long-
range SPR configurations were proposed [15] to resolve this
problem. Sensor-based EOT strongly depends on the detailed
structure of the nanomaterial. It is well known that the
aperture size and type of the metallic nanostructures have
different contributions in the extraordinary transmission [16—
18]. However, according to Lee et. al [8], the width of
nanoslits is not affecting the sensitivity of the sensor. In
addition, Zhang and Noguez [19] found that plasmonic
absorption that is one of the involved phenomenon strongly
depends on the detailed structure of the nanomaterial. Our
intention is to present broad theoretical investigation and
experimental results of suitable periodically structured metal
nanoslit array based on EOT phenomena for sensing in water
environment. Table 1 summarizes the abbreviation used
during the article.

Sensor design: relation between grating detailed
structure and plasmonic phenomenon

Wide theoretical analysis based on rigorous coupled wave
analysis is presented here for evaluating optimal grating-
based nanostructure. Figure la shows the general structure
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Table 1 Abbreviation list used during the article

Abbreviation Description

BGU Ben Gurion University of the Negrev
DI Deionized water

EOT Extraordinary optical transmission
EROT Enhanced resonance optical transmission
LSPR Localized surface plasmon resonance
PMMA Polymethyl methacrylate

™ Transverse magnetic

RCW Rigorous coupled wave approach

RIU Refractive index units

SEM Scanning electron microscope

SP Surface plasmon

SPR Surface plasmon resonance

Ist Ares Sensitive resonance in the gratings (nm)
2nd Apes Almost constant peak in the gratings (nm)
NI Normal incidence

S Substrate

M Metal

Eff Effective

and geometrical parameters of the nanoslit array. Due to the
k vector matching condition of SPR existence k. =k

2
NI | n2es
lanalytical =Re { A ngﬂng} ( 1 )

where n,,=n,+ix is the complex refractive index of the
metal, and &, is dielectric constant of the analyte. EOT
resonance is linear with the grating pitch (A) [7], and
therefore the higher the pitch is, the longer are the
wavelengths at which EOT resonances occur, as can be
seen in the case of air analyte in Fig. 1b. Since the main
purpose of this paper is to report optimal design in the
visible range for the sensing in water environment, we
calculated the resonance location variations with the grating
period in water. Multiple resonance peaks are obtained, for
example, in the range 450—1,100 nm, four resonances are
observed as can be seen in Fig. 2a for the case of A>650nm
and three resonance peaks in Fig. 1b. For lower pitch
values, only two peaks are observed. The height and
contrast of the peaks are highest for the one at the longest
wavelength. Therefore, we investigate mainly the two most
clear peaks (the one with the longest wavelength, which we
call second A, and the next one which we call the first
Ares)- In order to understand if these resonances are of SPR
origin, we calculated Aunaiyiicar according to Eq. 1 and
plotted both resonance locations and Aanaiytical Vs. A (see
Figs. lc and 2b). The linear regression estimations in
Figs. 1c and 2b exhibit good linear fit. The existence of the
offset is partially due to the dispersion of the refractive

indices which makes the curve slightly nonlinear. The first
peak A agrees very well with the calculated values from
the analytic Eq. 1, Aunalyiical. However, the second peak A
values, although linear with the pitch, do not agree with
Aanalytical- This indicates that the first peak is an SPR peak
while the second peak is not. However, when Eq. 1 is used
with e, equals that of the substrate, we surprisingly get
good agreement as shown in Fig. 2¢c. This indicates that the
second peak is also an SPR generated at the grating—
substrate interface. We concentrate on two nanoslit periodic
structures behavior when A=450 nm and A=500 nm
because these values give resonance in the visible range.
For a complete understanding of the sensor behavior with
the grating parameters, we have performed simulations at
fixed period but with variable line width and height. Both
the height and width play a role by affecting the phase
accumulation. Figure 3 shows theoretical transverse mag-
netic (TM) transmission spectra of the Ag grating on SiO,
substrate. The grating is characterized by A=450 nm, when
refractive index of dielectric material is close to that of
water environment (n;=1.333), showing changes of the
first resonance location to space width variation W. Figure 3
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Fig. 1 a Periodic nanoslit geometry at any incidence angle and
parameters considered in this work; b EOT spectra from silver-based
gratings at normal incidence (#;,=0) in air, for different grating
periods A where n;=1; ns is the refractive index of SiO, which is
wavelength dependent, #=50 nm, /=60 nm; ¢ resonance location vs.
grating period showing the numerical (dots) and linear regression
evaluation (/ine)
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Fig. 2 a EOT spectra of Ag grating on SiO, substrate, where h=
45 nm, W=100 nm, n;=1.333, and variable pitch; b, ¢ resonance
locations vs. grating period showing the numerical (dots) and linear
regression evaluation (/ine), where in b, Agnaiyiical Was calculated using
refractive index of analyte in Eq. 1, while in ¢ it was calculated using
refractive index of substrate

shows the effect of space width variations on the spectrum
at different grating thicknesses. The shift of the first A, can
be explained roughly according to the far-field approxima-
tion in which the diffraction is approximated by the Fourier
transform. Within this approximation, the resonance loca-
tion is linear with the slit width . It can also be seen (in
Fig. 3) that, with the enlargement of the aperture width 1,
more transmittance was allowed, showing enhancement of
the resonant peak height. However, changes of the second
Ares are due to the change of grating period and thickness.
Changes of the second peak are insignificant when metal

Fig. 3 EOT spectra of Ag
grating on SiO, substrate where
A=450 nm, n;=1.333, a h=

30 nm, b 4=45 nm, ¢ /=60 nm,
d #=90 nm where slit width

W varied in all subplots
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thickness is 60 or 90 nm (Fig. 3c, d, respectively); however,
when metal thickness is 30 or 45 nm, changes of the second
peak became obvious (Fig. 3a, b, respectively).

Figure 4 shows theoretical TM transmission spectra of
the Ag grating on SiO, substrate. The grating is character-
ized by A=500 nm, when the refractive index of the
dielectric material (analyte) is close to that of water (n;=
1.333), showing changes of the first A, to space width
variation W at different thicknesses. As the metal thickness
increases, the resonance peaks become more and more
attenuated.

Figure 5 shows theoretical TM transmission spectra of
the Ag grating on SiO, substrate where space width W
varies for different grating periods at 45-nm metal thickness
in water (n;=1.333), showing changes of the first A, It
can be seen that higher period leads to second resonance
transmission enhancement. Transmission of the first A is
almost constant with the period variation. All resonances
move towards higher wavelengths when the period
increases as expected.

Figure 6a shows the TM transmission spectra of the Ag
grating characterized by 450-nm period, 70-nm slit width,
and n;=1.34 as a function of metal layer heights.
Amplitude of transmission as a function of the wavelength
of first resonance decreases with the metal thickness,
indicating strengthening of absorption phenomena. The
origin of the second peak, as we have shown above, is the
excitation of an SPR at the grating—substrate interface;
however, to excite this SPR properly, some conditions on
the grating height and refractive indices need to be fulfilled.
Since the grating acts as a cavity, interference effects lead to
transmission peaks (cavity modes) which excite the SPR.
This is supported by the fact that it shifts upon changing the
grating height (Fig. 6b) but almost has no sensitivity to the
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Fig. 4 a—d EOT spectra of Ag a b
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analyte index (Fig. 7a). The second peak also varies with
the substrate refractive index as it is shown in Fig. 8.
Hence, the phase accumulation during roundtrip in the
cavity affects the second peak height and position. This
might explain the larger offset seen in the linear fit in
Fig. 2c.

In order to try and verify this proposition, we consider a
cavity of height / filled with metal of effective index n.g on
substrate with index ng. From the phase matching condition
for a cavity mode, we arrived to the following relation:

2 4AwhRe{nes

2mm — P Frenel

(2)

A(nm) A(nm)

I _ —1 JIm(rm) |
Where at normal incidence, @, = tan {—Re(r@) is

Fresnel phase and rmszﬁ,R: |rms|2; Fms 18 the
reflectivity amplitude from the metal (m)-substrate (s)
interface; n.g is an effective refractive index of the metal
grating layer that was calculated according to numerical

(Fig. 6b, dots) result through the following equation:

AL - 47L'Re{7’leff}
Ah 2mm — P Frenel

(3)

Linear regression to the numerical calculations of second
Ares Vs. metal thickness (Fig. 6b) shows that the resonance
location is a linear function as it is expected from the
analytic expression of Eq. 2. From Fig. 6b, we have found

Fig. 5 EOT spectra of Ag a b
grating on SiO, substrate where < 80 — 2 80 -
h=45 nm, m,=1.333, a A=400 - e g
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Fig. 6 a EOT spectra of the AG grating on SiO, substrate, where A=
450 nm, W=70 nm, n,;=1.34, and % varies; b numerical results of
second A vs. metal thickness and linear regression evaluation (/ine)

that the slope of the line is A1/Ah = 1.26, and since the
interference order is m=1, the effective refractive index is:

1 26<2ﬂ: - (DFrenel)

Re{neff} = an

(4)

The value of n.s depends on the wavelength and varies
in the interval 0.56-0.57. In order to evaluate the effective
index analytically, we used the expression based on the
zero-order effective medium estimation. We calculated
the effective index following Sobnak [20] et al. and found
the value of 2.09 from the equation:

1, 4
neff:1+§77 <1+ 1+¥(1+|5m|)>

Fig. 7 a EOT spectra of the
Ag grating on SiO, substrate
with A=450 nm, W=45 nm,
h=45 nm, where the refractive
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Fig. 8 EOT spectra of the Ag grating on different substrates, where
A=500 nm, W=45 nm, n;=1.333, and #=45 nm

Where 1 =1/(zwl|e,|). On the other hand, following
Gordon [21], we found the value of 1.45 from the following
equation:

ne — €
tanh( ngﬁ_lg) _ Ve T (6)

/2
Emy/ Ny — 1

Our fit to the phase matching condition gives a value of
0.56-0.57. Hence, the conclusion is that both approaches
are in fact not satisfactory. The reason is because both
approaches consider the single slit as a metal waveguide
problem, while our case includes periodic array of slits. In
addition, Eqgs. 5 and 6 describe air environment case while
we are dealing with sensors for water environment. The fact
that we obtained a value for nq less than 1 is also raising
some doubts about the legitimacy of this approach. One
problem could be with the calculation of the Fresnel phase

— =1
n=1.01
m— =102
n=1.03
s =104
=105

index of the analyte varies;

b analytical (was calculated
according to Eq. 1) and
numerical results of the first
resonance location vs. refractive
index of the analyte n,
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Table 2 Summary of grating ] ] ]
variables and their influence on Variable (nm) Sign Action Ist Ares (Nm) 2nd Ay (nm)
resonance behavior
Period A Increasing Shifts to higher A Nearly constant
Width w Increasing Shifts to higher A Nearly constant
Metal height h Increasing Shifts to lower A Shifts to higher A

which we assumed was a plane wave reflection, while in
fact the grating modes shape should be taken into account.

The offset of the linear plot is another parameter not
explained by the analytic expression of Eq. 3. Perhaps
higher-order approximations are required to estimate the
effective index of the metal grating more precisely. Table 2
summarizes theoretical results presented in Figs. 3, 4, 5,
and 6. Figure 7a shows the EOT spectra of the Ag grating
characterized by A=450, W=45 nm, and A=45 nm on SiO,
substrate, where the refractive indices of the dielectric (the
analyte) vary. The resonance that appears at the shorter
wavelengths side is sensitive to the refractive index
variations (Fig. 7b), whereas the resonance that appears at
the higher wavelengths is almost constant (the SPR cavity
mode or substrate mode). This clearly points to the different
origin of these peaks [22]. Note: the first A,s was not
observed during experimental results in air environment
(ny=1), probably because of the spectrometer range
limitation. We found that the second A, is sensitive to
the substrate index, as can be seen in Fig. 8 and as it is
expected from a cavity mode. Therefore, we may call these
resonances as substrate modes, although as we have shown
previously they are cavity modes generating SPR at the
grating—substrate interface.

Sensitivity (slope of the line in Fig. 7b) of refractive
index sensors in the wavelength interrogation is defined in
Eq. 7:

7M[nm} )

~ An [RIU
Differentiating Eq. 1 with respect to the analyte refractive
index n; gives an approximate numerical expression (Eq. 8)

for the sensitivity of the grating (ignoring the dispersion).

da(m) v , exl? 8
dn; 2)3/2 (8)
i

However, metal height and slit width have to be taken
into account for precise calculation of the periodic metal slit
sensitivity as we have seen previously that they have some
effect on the peak locations and its sensitivity. Sensitivity of
Ag grating with 450-nm period, 45-nm slit width, and
45-nm thickness on SiO, substrate which can be calculated
from the definition of grating sensitivity in Eq. 7 is
approximately 398 nm/RIU (~3.98 nm/0.01, see Fig. 7b).
The offset of the regression line might be a result of the

effect of the interference expressed as an effect of the
grating thickness on the peak location.

Silver-based grating sensors give good sensing results in
the visible range, but they are corrosive in water environ-
ment. For this reason, such sensors should be covered by
protection layer. Usually, sensors based on SPR phenomena
excited by Kretschmann configuration are covered by gold
protection layer [11]. Moreover, in biosensing applications,
immobilization of antibodies can be made easily to gold
surfaces [11] for specific sensing of biological analytes.
Therefore, we covered the silver-based grating with thin
layer of gold (dg0ia=5 nm); however, peeling off of the
protection layer was observed during a short period of time.
Thicker gold layer caused the transmission and the
sensitivity to drop significantly. Therefore, in our design,
we looked for a cover layer that can increase the stability to
water environment of the silver-based grating and does not
deteriorate the transmission and the sensitivity. A material
with high potential we found is PMMA, which is an
amorphous, colorless, and high-transparency polymer.
Remarkable properties of PMMA are: strength, stiffness,
durability to erosion, and corrosion [23], and in addition
PMMA provides protection against thermal degradation
[24]. Therefore, covering the periodic nanoslits with thin
layer (<15 nm) of PMMA improves stability of the sensor.
Since the influence of PMMA protection layer on sensitiv-
ity of the grating was never examined before, we simulated
the effect of the cover height d of the PMMA on the
performance of the grating sensor (dpyma).- Figure 9a
illustrates the ideal structure that one may wish to have in
which the PMMA layer covers the grating lines, spaces,
and walls evenly. Practically, this is difficult to achieve due
to viscosity of PMMA, and therefore we applied a PMMA
layer that fills the spaces and covers the lines. As a result of
minimizing the thickness of the PMMA layer, a valley is
formed on top of the spaces as shown schematically in
Fig. 9b. Since metal nanoslits have trapezoidal shape (see
Fig. 9b) because of the lithographic techniques of its
manufacture, we investigated whether its shape influences
the resonance locations of the sensor. Figure 10a presents
the results of EOT spectra through such structure of silver-
based grating covered with PMMA in water environment
showing that as the PMMA thickness increases, the first
EOT resonance location shifts toward higher wavelengths.

In Fig. 10b, we show that the EOT zoomed on the first
resonance location spectra of the suitable Ag grating when

@ Springer
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Fig. 9 Periodic nanoslit geometry based on EOT at normal incident
(0i,=0). a An ideal structure covered by PMMA of the thickness d. b
Trapezoidal shape lines geometry and valley of PMMA

cover layer thickness varies, showing that, for thicknesses
of dppma<15 nm, sensitivity is 4 nm/0.01=400 RIU,
however, when the thicknesses increase (dpymva=15 nm),
sensitivity decreases to 3 nm/0.01=300 RIU. As was
mentioned above, instead of ideal straight nanoslits, the
trapezoidal shape lines are received due to the lithographic
processes (see Fig. 10b). We examined these unique forms
of the lines. Figure 11 demonstrates EOT spectra of suitable
Ag grating, when grating nanoslits are of trapezoidal shape
for the 450-nm period (Fig. 1la) and 500-nm grating
(Fig. 11b). From this simulation, it can be seen that
trapezoidal shape of the grating line does not influence
the resonance location. Once the grating structure is
optimized in terms of spectral range of interest, transmis-
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Fig. 10 EOT spectra of the Ag grating on SiO, substrate: a A=

450 nm, W=45 nm, h=45 nm, n;=1.34, and thickness dpnvaoso layer

is varied; b EOT zoomed on first A, of the Ag grating on SiO,

substrate, where A=450 nm, W=45 nm, h=45 nm dppmag05=20 nm,

when refractive index of the analyte varies
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Fig. 11 EOT spectra of the Ag grating covered by PMMA950
protection layer on SiO, substrate, where a A=450 nm, W=45 nm, h=
45 nm, n,;=1.34; b A=500 nm, W=100 nm, A=45 nm, n;=1.333
when varying the number of layer slices composing the trapezoidal
shape of the nanoslits

sion, sensitivity, and stability, the design was transferred to
nanofabrication center for production.

Grating fabrication

Synthesis or fabrication of metal structures based on either
chemical or physical techniques was recently reviewed by
Zhang and Noguez [19]. In this study, fabrication involves
deposition of the metal layer and electron beam lithography
for nanostructure patterning. We deposit Ag on a silica
substrate using electron gun system with deposition rate of
0.6 A/s. After Ag deposition, we spin a thin layer of
PMMA and bake it for 3 min at 180°C. For the electron
beam writing, done by e-line system of Raith, we use
20 keV with low current. The system writes 2-mm line long
without stitching using Fix Beam Moving Stage mode.
After writing, we develop the PMMA using MIBK: IPA 1:3
for 45 s at 22°C. For etching the Ag lines, we use the
PMMA as a mask and etch by ion beam milling for 4 min.
The last stage of sensor fabrication included spinning of the
PMMA (<15-nm thickness) on Ag grating surface for
encapsulation.

Table 3 summarizes the structures fabricated and tested.
Figure 12 shows some of their SEM micrographs. Note that
the lines do not have straight walls but rather trapezoidal
shapes. This is why the space width value usually is in the
range of 50-100 nm with the bottom being closer to 50 nm
while the top is closer to 100 nm. We have theoretically
checked that the line profile does not have a significant
effect on the resonance peaks nor on the sensor sensitivity
(see design section, Fig. 11).
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Table 3 Structures fabricated and tested in the study

Metal Cover layer h (nm) W (nm) d (nm) A (nm)
Ag - 45 50-100 500
Au - 45 50-100 500
Ag Au 45 50-120 5 500
Ag PMMA 45 50-100 15 500
Experimental

To characterize the structure, a polarized reflection—
transmission setup was built as shown in Fig. 13. The light
source is a deuterium-halogen lamp coupled to a 0.6-mm-
diameter core fiber. The light output at the distal end of the
fiber is collimated with a lens, passing through a polarizer
and through a pinhole of the same size as the sample and a
beam splitter. The sample is held on an x—y rotating stage to
allow best alignment to the beam and the polarizer.
Analytes were dripped and pumped by digital micropipette.
The transmitted and reflected beams are collected with a
lens similar to the collimation lens and launched into an
output fiber which is connected to the spectrometer.
Transmission signals taken by spectrometer were processed
by Matlab.

The ability of the different analyte recognition by
designed structures was checked in the first stage of the
research when our goal is the recognition of pollutants in
water environment. Figure 14 shows transmission spectra
of Ag grating sensor characterized by A=450 nm, W=
100 nm, and A=45 nm, showing changes in resonance
location. This figure demonstrates nonsensitivity to the
analyte variation. For this latter property, we propose the

EHT=10.00 RV  Signal A=InLens  Date :25 Jun 2008

ZEISK|

WD= 9mm Zoom =0Off Time :14:59:04

following: (1) antibodies need to be bound to the surface
that specifically connects biological entities; (2) sensitivity
can be increased by increasing the grating period; (3) large
bacteria can be detected at high frequencies such as
terahertz.

The refractive index sensitivity of the designed structure
as a sensor was investigated using the organic analyte
ethanol in deionized (DI) water because such mixtures have
known refractive indices. DI water served as the reference.
Figure 15a shows six EOT spectra measured with six
ethanol diluted in DI compounds whose refractive indices
are 1.333, 1.3395, 1.3469, 1.3535, 1.3583, and 1.3616,
respectively [25, 26]. The first A, moves toward longer
wavelengths with the increase of the compound index of
refraction, evidencing the capability of the sensor to detect
a small change in refractive index of the liquid. Figure 15a
shows transmission spectra of the Ag-manufactured grating,
when n; varies according to the ethanol diluted in DI
compounds where the sensitive peak (first A,.s) is zoomed
on Fig. 15b. Figure 15c illustrates wavelength as a function
of the refractive index, showing the sensitivity of the
structure as a slope of the trend line 349.4 nm/RIU.

Sensitivity of designed grating to organic analytes

Figure 16a shows EOT spectra of manufactured grating
covered by PMMA protection layer, where the region of
interest (the first A, location) is zoomed and presented in
Fig. 16b, showing the shift of the first A, location towards
higher wavelengths as a function of refractive index of
analyte. Sensitivity of this design can be seen from wave-
length vs. refractive index plot (Fig. 16¢), showing enhance-
ment (slope of the regression line: S = 435.3[nm/RIU)) in

86U Nune Fabrication Centes
L EHT =10.00kV  Signal A=InlLens
— WD= 9mum Zoom=0ff

Time :15:03:38

Fig. 12 Scanning electron microscope images of the Ag grating with the following parameters: A=500 nm, W=50-100 nm; #=45,200 nm scale.

a Without cover layer; b grating covered by PMMA950
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Fig. 13 Schematic of the experimental setup

sensitivity, relative to the case when the grating is covered by
gold layer (Fig. 15¢ S = 349.4[nm/RIU]) and relative to the
case without PMMA layer (S = 398nm/RIUJ). Enhance-
ment of the measured sensitivity of the fabricated sensor
covered with PMMA could be a result of small deviation of
the grating parameters from the design. Sensitivity as was
discussed above can increase, for example, by increasing the
pitch of the sensor. This fact explains enhancement of the
sensor which was designed by Karabchevsky et. al [13]. One
of our findings is that the sensitivity is not affected by the
addition of less than or equal to 15-nm PMMA layer as can
be seen form Fig. 17a (left axis). Penetration depth defined
as the distance at which the field arrives to 1/e of its value at
the interface is larger for the case of grating covered by
PMMA than the case without PMMA, and therefore
sensitivity of the grating with PMMA should increase

—Air

— Methanol

——30% Methanol

——60% Methanol

el ¥ |

=—0.1% E-coii

~—— 1% E-coli
Sucrose 1M
Glucose 0.1M

Transmission ™ %

850
Fig. 14 Experimental results: EOT spectra of Ag grating as a function

of wavelength from variety of analytes
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Fig. 15 Experimental results. a Transmission spectra of the Ag
grating covered by da,=5 nm, for different analytes composed of
ethanol diluted in DI water; b zoom on the gray area in the gray box
of a; the legend is the same for a and b. ¢ Wavelength as a function of
refractive index of ethanol concentrations diluted in DI of resonance
presented in b and its evaluated regression line

(Fig. 17b). In addition, resonance locations move towards
higher wavelengths as a function of dpypvia (Fig. 10a) and
therefore, by increasing n.g, should increase sensitivity.
Since in case of grating with protection layer the sensitivity
does not change, comparisons of penetration depths and
observing behavior of resonance locations are not enough,
and examination of electric energy should be done.
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Fig. 16 Experimental results. a Transmission spectra of A=500 nm,
W=45 nm, h=45 nm grating coated by dpyima<15 nm where changes
of refractive index can be seen due to different concentrations of
ethanol in DI water; b zoom on the lower wavelengths resonance that
appears on a subplot, the legend is the same for the subplots a and b. ¢
Wavelength as a function of refractive index of ethanol diluted in DI
water and its evaluated regression line
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Normalized electric energy according to Eq. 10 decreases as
PMMA thickness increases (Fig. 17a, right axis). The field
distribution modification following the addition of top
dielectric layer is related to the same phenomenon of long-
range SPR; however, in our case, the PMMA thickness is
much less than the substrate thickness [27].

It was found that adding a dielectric layer to the SPR
sensor surface enhances the sensitivity due to enhancing the
interaction between the evanescent field and the analyte. This
phenomenon was observed recently by Lahav et. al. on
prism-coupled surface-plasmon-based sensors when covered
by 10 nm of Si layer [28, 29]. Apparently, in the case of
LSPR, this phenomenon does not exist. To check this further,
we calculated the electromagnetic field distribution at
resonance wavelength (first \,.s) within the analyte. Figure 18
shows the distribution of the electric energy density:

Ulx.z) = |Ef* + |E ©)

for the cases where there are no cover and there is a 15-nm
PMMA cover layer. Electric field components here are
normalized to the incident field amplitudes. Distribution was
calculated at the analyte domain which is the rectangular area
[0 A]X[0 A,s] Where the top of the grating defines z=0.
Note: here A, refers to the first A..,. According to Floquet
condition, solution of the wave equations in the x direction is
periodic due to the periodic properties of the grating. For this
reason, the electric energy values are calculated within one
grating period according to Eq. 10. The choice of maximum
z range is due to evanescent character of the calculated fields.
It is seen from Fig. 18 that at the resonance wavelength there
are some drastic variations of the energy density inside the
area [0 A]X[0 A.]. Integration over the whole analyte
volume is done according to Eq. 10, which describes

normalized energy to the maximum value of the electric
energy:

A Ares
. [ | Udxdz
x=0 z=0
- 10
YT A MaxU,. (10)

At up to 15-nm thickness of PMMA layer, the energy is
nearly constant and decreases above this thickness. For the
case of 15 nm of PMMA, u is 0.3813, while for the case
without PMMA, u is slightly higher at 0.419.

Conclusions

Metal nanoslit array was investigated for sensing in water,
based on the extraordinary optical transmission. Parameters
such as grating period, substrate, space width, origin and
thickness of cover layer, metal thickness, and their effect on
the sensor performance were studied. In water environment,
two strong resonances are observed, while in air one of
them (the lower wavelength) shifts and becomes weak.
Both theoretical calculations verified by experimental
results have indicated that the first resonance origin is in
the plasmonic phenomenon at the grating—analyte interface
which strongly depends on the structural properties of the
sensor based on periodic nanoslits and EOT. This resonance
was found highly sensitive to the changes of the analyte
refractive index, and therefore sensitivity of the sensor was
calculated from the sensitivity of its wavelength with the
analyte index. However, the resonance located at higher
wavelengths (second L), the substrate mode or SPR
cavity mode, occurs due to excitation of SPR at the grating—
substrate interface affected by the multiple interferences of
the cavity. Shift of the first resonance is line width

(a) 15nm of PMMA
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Fig. 18 Distribution of the electric energy density per RIU U(x, z) of
the grating where A=450 nm, W=45 nm, h=45 nm, n;=1.34 when a
dpvma=15 nm of PMMA where A..,=628 nm; b grating without
cover where A =619 nm
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dependent, a fact that can be explained roughly according
to the far-field approximation. Simulation results show that
nanoslit width does not affect the sensitivity of the sensor.
Trapezoidal shape of the lines of manufactured gratings
does not influence the resonance locations. Resonance
wavelengths are highly dependent on the period of the
grating and its metal layer height; therefore, these param-
eters have to be planned according to the type of the analyte
and for the spectrometer range fitting. We found that the
sensitivity of the sensor to the ethanol concentrations in
water environment is 349 nm/RIU for Ag sensor covered
by 5-nm gold layer; however, sensors covered by less than
15 nm of PMMA showed sensitivity of 435 nm/RIU
experimentally and 398 nm/RIU theoretically. According
to Fig. 17b, penetration depth of covered grating is higher.
In addition, according to Fig. 10a, the resonance that was
found sensitive to the changes of analyte moves towards the
higher wavelengths as the PMMA thickness increases, and
therefore the effective index increases. Hence, it seems that
there are competing mechanisms affecting the sensitivity as
the PMMA thickness increases, one which is the increase of
the effective index causing the sensitivity of the sensor to
increase and the other the decrease of the electromagnetic
energy within the analyte which causes sensitivity to
decrease. Neither the higher penetration depth condition
nor the total electromagnetic energy is enough for estimating
the sensitivity of the structure. For these reasons, the sensor
with 15-nm PMMA cover does not show degradation in
sensitivity. In addition, the PMMA cover layer improved
stability of the sensor and prolonged its utilization.

Experimental results show that periodically structured
metallic films constituting of subwavelength apertures
based on SPR phenomenon have a potential as sensor for
a variety of applications including water quality control.
For large biological entities, however, we observed that the
shift in the EOT peak is sometimes not monotonic; hence, it
will be impossible to use these sensors to detect entities
larger than or comparable to the slit width. Also, the
enhanced local field extends only to a maximum range of
about 300 nm (half the wavelength) from the slits; hence, it
will not sense the whole volume (~1 pwm) of a bacteria cell.
Therefore, it remains unclear, however, whether this sensor
is able to detect large biological or biochemical entities with
dimensions larger than the slit width. However, designed
structures at high frequencies such as terahertz can enable
sensing of large bacteria such as E. coli.
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