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Using enhanced optical transmission (EOT) through periodic nanoslits in thin metal films we demonstrate
sensing in water with highly enhanced sensitivity in the infrared range for the first time. This is explained as a
result of the enhancement in the penetration depth in the analyte thus increasing the interaction volume
which in turn increases the sensitivity and allows for sensing of large bio-entities. The penetration depth

enhancement in the EOT case is found to be larger than the corresponding enhancement factor in the

Kretschmann configuration.

© 2010 Elsevier B.V. All rights reserved.

Introduction

Refractive index sensors with large sensitivity are desirable for
many applications to be able to detect minute levels (less than
picograms) of pollutants. [1] Such sensors are of high importance for
protection from dangerous threats of toxic materials and dangerous
viruses. One of the heavily investigated types of optical sensing
mechanisms these days is based on enhanced optical transmission
(EOT) through nanoapertured metallic thin films. These structures are
planar and operating at normal incidence, thus the possibility of
producing and operating them in large arrays to provide what is called
a biochip. The EOT phenomenon is related to the excitation of surface
plasmon resonances (SPRs) excited at the surface of the nanoaper-
tures, [2,3] The sensing mechanism is based on the existence of
evanescent field inside the analyte which is affected by the variation
of the refractive index of the analyte. Hence the sensitivity depends on
the strength of this field and on its extent within the analyte called the
penetration depth. Since with SPR phenomena the field is enhanced in
the nm vicinity of the metal dielectric interface, the sensitivity of
localized SPR based sensors has been shown recently [4] to exceed
that of extended SPR sensors when the index variations are occurring
only in the nm vicinity of the nanofeature. To detect bulk variations in
the analyte and pollutants with few microns size such as bacteria, the
deep penetration of the field in the analyte is important. In the visible
range of the spectrum the enhanced local field extends only to a range
of about 50-100 nm inside the analyte; hence it will not sense the
whole volume of a bacteria cell for example. This problem is well
known in the traditional prism coupled SPR sensors even though
extended SP waves have a relatively larger propagation length along
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the surface of the order of 1 pm. [5] Long range SPR configurations
were proposed [6] to resolve this problem. The interest in SPR sensing
using prism coupling to continuous metal film so called standard
Kretschmann configuration for sensing in the IR range was raised
recently [7] since many biomolecules have specific absorption bands
in the IR range, thus performing multi wavelength SPR measurements
allow these biomolecules to be identified selectively. Sensors based on
EOT, strongly depend on the detailed structure of the nanomaterial. It
is well known that the aperture size and type of the metallic
nanostructures have different contributions to the extraordinary
transmission, [8-11] Observation of the EOT phenomenon in the mid
infrared was achieved [12] by using doped InSb as the patterned
material and even in the THz region [ 13] but none of these works were
devoted to sensing application. Our proposed structure designed for
the infrared both enhances the sensitivity and overcomes the problem
of detecting large biological entities by extending the penetration
depth of the electromagnetic field inside the analyte. It is found that
the penetration depth in the IR for the EOT case is larger than that for
the SPR case in Kretschmann configuration.

To describe the concept we focus on the case of a one dimensional
(1D) periodic array of nanoslits, although the same idea applies to
other periodic structures in metals such as a 2D array of nanoholes.
Fig. 1a shows the general 1D structure and the geometrical
parameters. When the nanoslits structure is irradiated by TM
polarized light at normal incidence one obtains resonant transmission
peaks as shown in Fig. 1b. The resonance wavelength is found from
the k vector matching condition of SPR existence, ky = kip:
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where &, =¢&nr+i€m; is the metal dielectric constant and g, is the
dielectric constant of the analyte. Eq. (1) is valid for the 1st resonance
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Fig. 1. (a) The design of sensor for IR range and (b) simulated EOT spectra through this
structure at different analyte refractive indices in the range 1.316-1.354. The analyte is
on top of the PMMA layer.

peak and for thick metal film, however it is used as well for estimating
the SPR location for thin metal films as the thickness of the metal film
has small effect on the k-vector of the plasmon. [14] In our earlier
publication [15] we have compared this equation with the rigorous
calculations and found very good agreement, although not perfect, but
for the purposes of designing a sensor it is adequate. It should also be
mentioned that for perforated films the accuracy of Eq. (1) depends
on the space width between two metallic lines. The smaller the space
is the better the accuracy, as we have checked that with the rigorous
calculations. The sensitivity of the sensor is measured in nm per
refractive index units (nm/RIU) defined [16] as the slope of the
variation Asp with the analyte index n, = /€, and can be derived
from Eq. (1):
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Hence only when the metal dispersion is ignored the sensitivity
scales linearly with the structure period A and the wavelength. Since
usually in the IR |gn]>>¢&, Eq. (2) leads to Sy=Asp/ng. Another
important factor related to the sensitivity is the penetration depth of
the electromagnetic field inside the analyte which from the SPR
theory in Kretschmann configuration it can be estimated from the
following equation:
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For example for silver at A= 1550 nm we have &,,, = — 115.5 which
is much larger than g, = 1.769, thus giving a penetration depth of about
6,=0.96A~1.48 pm. For the visible range A=600 nm on the other
hand we have ¢, = — 14.14, thus giving 6, = 0.316A =~ 0.19 um. Hence
the penetration depth in the near IR (NIR) range is larger by a factor of
8 than thatin the visible range, although the wavelength ratio is only 2.5.

The reason for that is the difference in the real part of the metal dielectric
function. In addition to the linear scaling of the sensitivity with the
wavelength, another important concept of this paper is that the EOT
structure can be designed such that the penetration depth in the analyte
is increased much more than Eq. (3) predicts in contrary to the case of
SPs in the standard Kretschmann configuration [17] as will be shown
below based on the field calculations. The reason for this behavior is
unclear for the moment but apparently perforated films offer a greater
range of parameter tuning that allows achieving higher penetration
depth.

In order to help verify this concept we have first performed
simulations of EOT phenomenon and its dependence on the grating
parameters. The structure as shown in Fig. 1a is a result of
optimization for the wavelength range 1500 nm-1600 nm in terms
of maximum transmittance and the stability of the silver obtained by
the PMMA cover layer. Investigation of gratings that gave EOT
resonance in the visible range was published by us recently [15,18]
while here we concentrate on the enhanced sensitivity obtained in the
IR range. Fig. 1b simulated EOT spectra through this structure at
different analyte refractive indices in the range 1.33-1.35 showing
sensitivity of about 1200 nm/RIU. By increasing the pitch of the
grating, the sensitivity of the sensor and the resonance wavelength
increases linearly with the pitch as one can easily see from Fig. 2. At
each wavelength one has to optimize the width and height of the
gratings to get the maximum peak height, but these parameters do
not influence the sensitivity. Although in the long wave IR, silver film
thicknesses with h<5 nm were used, they are impractical since they
are usually nonuniform and their response is different from that of the
bulk. We have used them here to show that in principle the sensitivity
continues to scale linearly with the pitch even for such large pitches.
Other types of metals might be more suitable for the long wavelength
range of the IR.

The optimum design as shown in Fig. 1a was fabricated at BGU
nanofabrication facility. The fabrication involves deposition of the
metal layer and electron beam lithography for nanostructure
patterning. The Ag was deposited on a silica substrate using electron
gun system with deposition rate of 0.6 A/s. After Ag deposition a thin
layer of PMMA was spun, and baked for 3 min at 180 °C. The electron
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Fig. 2. Rigorous coupled wave analysis (RCWA) simulations results: the blue dots
represent the sensitivity versus grating period; the pink squares represent the location
of the first resonance. The structure is similar to Fig. 1a but the values for the space
width W and metal thickness h were varied to obtain maximum peak height as follows:
(1) for pitches in the range A=450 nm — 3000 nm: W=45 nm,h=45 nm, (2) for
A=5000 nm,10,000 nm,17,000 nm the width is W=100 nm while the thickness
has to be reduced toh=5 nm,1 nm,0.5 nm respectively. The PMMA layer thickness is
20 nm for all pitches up to 5000 nm while it was reduced to 5 nm for pitches of
10,000 nm and 17,000 nm.
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beam writing, done by e-line system of Raith at 20 keV and low
current. The system writes 2 mm line long without stitching using
FBMS (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
the PMMA is used as a mask and we 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. To
characterize the structure a polarized reflection-transmission setup
was built as shown in Fig. 3. The light source is a fiber coupled tunable
laser operating in the range 1500-1620 nm. The light output at the
distal end of the fiber is collimated with a microscope objective 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
beam was collected with a lens similar to the collimation lens and
focused to an InGaAs detector. Transmission signals from the detector
were digitized with a digital oscilloscope, transferred to a personal
computer and processed with Matlab in real time. The refractive-
index sensitivity of the designed structure as a sensor was
investigated using the organic analyte: ethanol in de-ionized (DI)
water because such mixtures have known refractive indices. DI water
served as the reference.

Fig. 4a shows experimental EOT spectra measured at different
concentrations of ethanol in water. Note that the peak height
increases as the ethanol concentration increases. This was confirmed
by the simulations to be a result of the absorption of DI water at these
wavelengths which decreases when more and more ethanol is
present. A quantitative comparison between the rigorous and
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Fig. 3. The experimental setup.
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Fig. 4. (a) Experimental EOT spectra measured at different concentrations of ethanol in
water; (b) the experimental and theoretical sensitivities.

experimental peak heights show a difference of about 20% which
can be due to slight variations in the gratings parameters from the
design, however this comparison is not of interest here as for the
sensor functionality the peak location is the most important. In order
to decrease the water absorption, the pathlength of the beam inside
the analyte can be reduced further. In our case it was 3 mm, but in a
practical sensor design one can build a cavity of only 0.1 mm gap and
let the analyte flow through it. The experimental and theoretical
sensitivities are shown in Fig. 4b demonstrating excellent agreement.
Based on the fact that the tunable laser used has a resolution of (6A\) =
1pm, the detection limit of our system is (6n) = (6A)/Sx~10~ SRIU.
In order to show that the penetration depth indeed increases in the
IR range for the EOT sensor, we calculated the evanescent field and the
energy distribution at first resonance wavelength within the analyte
for the structure that was designed for the visible range and was
presented in our earlier works [15,16] and for the structure that is
presented here. Fig. 5a and b show the energy distribution in the
analyte: U(x,z) = |Ex|? + |E.|* both for the visible design and the NIR
designs respectively. If we compare the field distributions, and
assuming an exponential decay we estimated the penetration depth
as the distance inside the analyte when the field decays to 1/e of its
maximum value. We get that the penetration depth for the NIR design
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Fig. 5. (a) Distribution of the electric energy density of the silver grating on SiO,
substrate and PMMA cover where the grating period is 450 nm, slit width is 45 nm,
grating height is 45 nm, cover height is 15 nm, the refractive index of analyte is 1.34 and
the wavelength is 629 nm; (b) distribution of the electric energy density of the silver
grating on SiO, substrate and PMMA cover where the grating period is 1180 nm, height
is 24 nm, slit width is 50 nm cover height is 20 nm, the refractive index of analyte is 1.34
and the wavelength is 1582 nm.

is around 5.17 um which is 22 times larger than the penetration depth
for visible range sensor. This is larger than the penetration depth
predicted by Eq. (3). In addition we calculated the energy density per
unit area by integration over the whole interaction volume in the
analyte according to:

j f U(x,z)dxdz (5)

We consider the first resonance wavelength (As) as Zpax for
visible range, and 9.5 as Zmax for NIR range. The ratio between the
energy density per area unit in NIR range and visible range is equal to
1.7. The increase in the energy density is one of the reasons for
sensitivity enlargement in the IR range.

To conclude, we have demonstrated enhanced refractive index
sensing in the infrared using the enhanced resonant transmission
phenomenon in metallic nanoslit arrays. The penetration depth in the
IR in the EOT case was found to be larger than that for extended SPs in
the standard Kretschmann configuration thus compensating for the
loss in the propagation length or the interaction volume. This IR
sensor will have applications for biomolecules SPR spectroscopy and
the detection of large biological entities such as cells.
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