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Abstract

This numerical investigation proposes to use a lamellar
grating of doped semiconductors as the active region of a
nanoplasmonic biosensing device. Working with highly
doped semiconductors instead of a metal allows controlling
the value of the plasma frequency. It is possible to reach the
plasma frequency close to the range of detection of the
sensor to improve its sensitivity. A red-shift of the
plasmonic resonance of 10.2 nm for a 107 refractive index
unit (RIU) increase can be achieved.

1. Introduction

Surface Plasmon Resonance (SPR) [1] sensing is a leading
technology for biosensing [2]. The principle is to detect
small changes in the optical refractive index using the high
sensitivity of the frequency of SPR. Until now, the SPR
biosensor technology is mainly based on the use of metal on
glass substrate which is not well suited for integration and
limited to the visible or near infrared ranges. Midinfrared
(MIR) surface plasmon resonance has been recently
investigated and showed a real potential [3] although based
only on surface electromagnetic waves propagating at the
metal-dielectric interface. To work at MIR wavelengths ZnS
prisms replace glass prisms.

Nanoplasmonic offers the possibility of high integration
without degrading the sensitivity of the device. Several
works exploit the wunique optical properties of
nanoplasmonic structures on Si substrates, allowing
proposing new architectures for biosensing [4, 5]. These
new designs are based on gold or silver for the sensitive
layer. Unfortunately both metals have drawbacks: Au is
forbidden in microelectronic environment because it
generate deep level in the band gap [6,7], and Ag is highly
reactive in aqueous media. It is thus interesting to
investigate new materials to bypass these limitations while
maintaining high sensitivity. In the present work we propose
to use a lamellar grating of doped semiconductors as active
region for biosensing applications. The period of the grating
is chosen to be largely sub-wavelength compared to the
plasma wavelength of the doped semiconductor and of the
wavelength of detection. This allows exciting mainly
localized surface plasmon (LSP) modes propagating

vertically into the slits [8].

2. The metamaterial as sensing media

We used two approaches to model the optical properties of
the lamellar structure: i) an analytical model recently
developed [9] which allows to save considerable time to
roughly depict the adapted structure, ii) a finite difference
time domain (FDTD) software [10] to valid the selected
structure. Indeed, the analytic model does not take into
account the surface plasmon polaritons (SPP) propagating at
the surface of the lamellar structure while in some cases it is
necessary to consider them. Figure 1 represents a scheme of
the structure. It consists of a highly anisotropic plasmonic
media (yellow).
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Figure 1: Schema of the lamellar grating of the doped
semiconductors (yellow) and the dielectric or liquid
(blue). The thickness of the lamellar grating is h, the
period is d. a and b are respectively the width of the
doped semiconductor and of the studied liquid.

The structure consists in a grating with a 520 nm period and
a thickness of 1 pm. The widths of the slit and of the doped
semiconductor are equal to 260 nm. The dielectric or liquid
to analysis will be sitting into the slit. The wavelength
corresponding to the plasma frequency of the semiconductor
is chosen close to 6 um which is a reasonable value to reach
[11]. In these conditions, we have recently demonstrated that
the lamellar grating can be viewed as an ionic crystal
characterized by an oscillator wavelength A, under a
transvers magnetic (TM) field and as a metal characterized
by a pseudo-volume plasmon wavelength 2; under a
transverse electric (TE) field [9]. We look at the
transmission of this metamaterial and try to evaluate its



sensitivity to index variation of the dielectric material. It is
also possible to investigate the metamaterial in reflectance
which gives us equivalent sensitivity to the index variation.
We focus ourselves on the experimental configuration
proposed in ref. 5. They proposed a setup based on
orthogonal linearly light polarization of a laser beam. This
particular optical configuration leads to a sensitivity
improvement and noise reduction.

3. Results and discussion

Before investigating a particular structure we compare both
models used in this study. Figure 2 shows calculated
transmittance of the previously-defined lamellar grating
using the analytic model and the FDTD method. We can see
a good agreement between both methods. The differences
are due to the approximation of the analytic model that
supposes that we are in the long wavelength limit. However,
the essential results are similar: resonances, amplitudes...
The real advantage of the analytic model is saving much
time (several orders of magnitude) that allows to quickly
identify the best structure. However, because of the
imperfection of the analytical model, it is necessary to use
FDTD simulation to refine the design of the structure and to
obtain accurate value of the sensitivity. In the following of
the article we just present FDTD results except when it will
be specified.
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Figure 2: Calculated transmittance in normal incidence of
the lamellar grating with a =b =260 nm, d =520 nm, h =
1 um, using the FDTD method (dark symbols) or analytic
model (red curve). The index of the dielectric part is
taken equal to 1.5. The polarization is TM.

We now study the lamellar structure to identify the more
sensitive wavelength range. Figure 3 shows the calculated
transmittance in normal incidence of the lamellar grating
with a = b = 260 nm, d=520nm, h = 1um, in TM
polarization (black squares and red curve) or in TE
polarization (green squares and blue curve). The vertical
black arrows show respectively the wavelength associated to
the plasma wavelength of the doped semiconductor A,, of A
and of A,. To demonstrate the sensing concept, the index of
the studied material is taken equal to 1.5 (solid symbols) or

1.51 (solid lines). We can see that A; is associated to the
small shoulder at 5.95 um TM polarization (dark symbols).
In the same time, A, corresponds exactly to the pseudo
volume plasma wavelength in TE polarization (green
symbol). Both wavelengths are degenerate due to identical
value of a and b (see ref. 9 for more details).
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Figure 3: Calculated transmittance in normal
incidence of the lamellar grating with a = b = 260 nm,
d =520 nm, h =1 um, in TM polarization (black symbols
and red curve) or in TE polarization (green symbols and
blue curve). The index of the liquid is taken equal to 1.5
(symbols) or 1.51 (lines). Vertical arrows show the
frequency associated to A, to A, and A,.

The modulation of the transmitted signal at wavelengths
larger than 2, is due to interference effects in the
metamaterial layer which selects some LSP modes. To
identify the best working area it is interesting to draw the
transmittance modification, AT, for an index variation of the
dielectric media from 1.50 to 1.51, that is An = 0.01. Results
are represented in figure 4. AT are drawn for TM (dark) and
TE polarization (red). The blue curve corresponds to the
summation of the absolute value of AT of both polarizations.
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Figure 4: Transmission variation AT for an index
modification of An = 0.01, under TM polarization (dark
curve) or TE polarization (red curve). The summation of
the absolute value of AT for both polarizations is the



curve X (blue).

The small amplitude interferences observed for each
spectrum are due to numerical artifacts arising from the step
size in time and in space of FDTD techniques. They have no
physical meaning. The zone of interest is obtained for the
maximum amplitude of X. Indeed, this corresponds to the
maximum sensitivity of the metamaterial. We obtain an
amplitude modulation of 2.5 % for a wavelength of 6.32 um
corresponding to Aw. This is exactly the spectral range
where spectra in both polarizations cross (see Fig. 4).

Figure 5 demonstrates the impact of the index variation on
the calculated transmittance spectra in TE and TM
polarization. Figure 5 corresponds to a zoom of the Figure 3
for a wavelength around Ay,. The red arrow shows the red-
shift of the LSP resonance, 10.2 nm, due to a 107 refractive
index unit (RIU) modification. This corresponds to a
sensitivity of 1.02 10° nm/RIU. This is comparable to values
obtained with conventional SPR biosensor [3] in the same
range of wavelength, but smaller than which is achieved in
visible range [12]. Biosensor based on localized surface
plasmon resonator (Pillar [13], Split Ring Resonator [14] in
the near infrared range) which are comparable to structures
of this study, gave smaller values of sensitivity.
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Figure 5: Zoom of the intersection between both
spectra in TM and TE polarization of the Fig.2. The dark
and red arrows are respectively the amplitude
modification between both polarization and the red-shift
of the spectra in TM polarization due to index variation.

The nanoplasmonic sensors are generally based on the
measurement of the wavelength of the localized plasmons. It
is also possible to propose intensity plasmonic sensing. In
this configuration the wavelength is fixed (for example at
Aw) and the amplitude variation is measured for both
polarizations by a detector behind the metamaterial [5]. In
our case, an index variation of An =0.01 at a wavelength of
Aw provokes an amplitude modification of 2.5 %. This is in
the same order of magnitude than in ref. 5.

It is necessary to integrate this metamaterial into a complete
device and evaluate its sensitivity in the MIR range.

4. Device proposition

We propose to study a device equivalent to that adopted in
ref. 5. Figure 6 represents a scheme of the structure. It
consists on a highly anisotropic plasmonic media (yellow)
deposited onto a MIR detector (grey). A linearly polarized
light is injected backward the y direction. The light to be
detected should be a laser polarized along x (TM polarized),
or z axes (TE polarized). The MIR detector should be a
quantum well infrared photodetector (QWIP) [15], a
quantum dot infrared photodetector (QDIP) [16] or a
superlattice infrared photodetector (SLIP) [17].
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Figure 6: Schema of nanoplasmonic sensing. The lamellar
grating of doped semiconductors (yellow) deposited onto
a MIR detector (grey). The blue parts correspond to the
liquid that will be analyzed.

Simulations of the complete structure are shown in Figure 8.
Spectra are somewhat modified by the presence of the
detector layer behind the metamaterial. This is mainly due
to the refractive index difference between both faces of the
metamaterial (nge = 3.6). The resonance associated to LSP
is not deeply modified. As we can see we conserve a good
agreement between the FDTD simulation and the analytic
model (red dash line) around 6 um.
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Figure 7: Calculated transmittance in normal incidence of
the lamellar grating deposited on a detector modeled by a
dielectric with an index of refraction ng = 3.6, in TE
polarization (dark curves) or in TM polarization (red
curves). The index of the liquid is taken equal to 1.5
(solid lines) or 1.51 (dashed lines).



On the other hand, at longer wavelengths we can see two
resonances at 8 pum and 9.3 pm associated to SPP
propagating at both interfaces of the metamaterial. We do
not detail much more this point and focus ourselves on the
LSP resonance. The LSP resonance modifies a little bit their
shape and wavelength as compared to the lamellar grating
alone. This provokes a small blue-shift until 6.24 um. This
demonstrates that the LSP is essentially sensitive to what is
happening into the metamaterial.
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Figure 8: Zoom of the intersection between both
spectra in TM and TE polarization of the Fig.6. The dark
and red arrows are respectively the amplitude
modification between both polarizations and the red-shift
of the spectra in TM polarization due to index variation.

Figure 8 shows a zoom of the transmittance spectra in TM
(dark) and TE (red) polarizations for different indexes of
liquid (n = 1.50 for solid line curves and n = 1.51 for dashed
line curves). The sensitivity of the device is slightly
degraded. We obtain a sensitivity of 7.8 10% nm/RIU.

The sensitivity of our devices should be comparable to this
recently proposed [5]. To increase the sensitivity of the
metamaterial we can adjust the size of the slit, a, compare to
the ribbon width, b. Indeed, decreasing the ratio a/b
increases the sensitivity because the reflectance spectra for
both polarization cross in range of very high reflectance
signal variation. Of course it is necessary to keep a period
of the array smaller than A, and larger than 200 nm, i) first
because propagative modes appear in the range of
wavelength of interest reducing the sensitivity of the
structure, ii) second because the analytic model fails due,
the homogenization is not possible at all, iii) and third
because of the technological limit (limit of resolution, large
aspect ratio h/a). It is also quite easy to extend the validity
of our metamaterial to longer wavelength by modifying the
doping level [11] of the semiconductor or the geometry of
the system [9].

5. Conclusions

Lamellar gratings of doped semiconductors are very
interesting for the fabrication of integrated biosensors
operating in the IR wavelength range. We have

demonstrated that a sensitivity of 10° nm/RIU can be
reached. The analytical model has allowed us to easily
identify the good structure and using the FDTD simulation
we have obtained an accurate design of the structure and of
the expected performance. Experimental validation of this
concept in the IR range is now needed. The use of doped
semiconductors allows easy integration into silicon
technology while maintaining high sensitivity. By simply
adjusting the geometry or the doping level it is possible to
control efficiently the resonance position of the LSP. This
allows finely defining the kind of biological material to be
detected to be much more selective. It is also possible to
extend the use of doped semiconductors to experimental
techniques such as surface enhanced infrared absorption
spectroscopy (SEIRA) by adapting the geometry of the
metamaterial.
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