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We present the simulation, fabrication, and characterization of ametallic slot grating on a siliconwaveguide (30nm
slot width for a period of 500nm). According to the simulation, the experimental measured spectrum of the struc-
ture exhibits a dip in the near-infrared region. Moreover, the finite-difference time-domain simulation shows that
this device can be used as a sensor, due to its high sensitivity to the refractive index variation of the medium above
and inside the cavity (η ¼ Δλ=Δn ¼ 750nm=refractive index unit). © 2011 Optical Society of America

OCIS codes: 310.6628, 310.6805, 220.4241, 130.6010.

1. INTRODUCTION
Optical sensors [1] based on refractive index detection are at-
tractive due to their high sensitivity and the label-free method
they provide. The two most commonly used techniques are
optical fiber based sensors [2–4], which can achieve a resolu-
tion down to 10−5 refractive index unit (RIU), and surface
plasmon resonance technique based sensors [5–8], with an ob-
tained resolution as high as 10−8 RIU [9]. Attempts for minia-
turizing these sensors have been done using photonic crystal
cavities [10], but decreasing the size of the sensor means de-
creasing its sensitivity proportionally to the interaction
strength between light and analyte. It is evident that a compro-
mise between the size of the sensor and the sensitivity has to
be found. Metallic nanostructure devices [11,12] are promis-
ing candidates to obtain a high enhancement and confinement
of the electromagnetic field in a small volume. Recently, Brolo
et al. [13] explored a sensor based on the enhanced light trans-
mission through hole arrays in gold films. Veronis and Fan [14]
and Dionne et al. [15] have shown how a plasmonic mode can
be supported and confined in a subwavelength slot of a few
tens of nanometers width. Experimental demonstrations are
still rare, and one attempt has been done by Chen et al. in
2006 [16]. In that paper they studied the properties of a 150 nm
slot silicon waveguide covered by gold. We propose here an
application of such a kind of device to sensing. Its integration
with dielectric structures takes the advantage of a small ana-
lyte volume in the slot region and shows good compatibility
with other photonic devices, such as photonic crystals. The
device design and property simulation, fabrication process,
and experimental measurements will be sequentially illu-
strated in the following sections.

2. DESIGN AND SIMULATION
The schematic view of the designed device is shown in Fig. 1.
It consists of a dielectric slab waveguide and a thin film gold
(Au) cavity. The waveguide is composed of a 100nm silicon
dioxide (SiO2) layer and a 220nm silicon (Si) layer, deposited
on a Si=SiO2 substrate. The cavity is a periodic slot array ex-

tended in the x direction. The geometric parameters are slot
width (w), gold thickness (h), cavity length (l), and periodicity
(p). In this device, light propagates through the Si slab wave-
guide and is coupled to the Au cavity at the surface of the
waveguide via an evanescent wave.

The three-dimensional (3D) finite-difference time-domain
(FDTD) method is used to model the optical property and re-
sponse of the device. In the model, periodic boundary condi-
tion is used to mimic the infinity of the structure in x direction,
and perfectly matched layers are used in the two other direc-
tions (y and z). The illumination is the optical mode supported
by the waveguide (SiO2=Si=SiO2). An adaptive mesh is consid-
ered in this model: the step size is 2 nm in the Au cavity area
and about 20nm in the other region. Note that the dispersion
property of Au is taken into account thanks to the Drude
model [Eq. (1)]:

εAu ¼ 1:0 −
ω2
p

ω2
− iωγ ; ð1Þ

where the bulk plasma frequency is ωp ¼ 1:2 × 1016 s−1 and the
damping rate is γ ¼ 1:25 × 1014 s−1. The chosen values allow
fitting in good agreement with the real values of the material
in the wavelength range of interest. The dielectric constants
for Si and SiO2 are set to be εSi ¼ 11:97 (nSi ¼ 3:46) and
εSiO2

¼ 2:074 (nSiO2
¼ 1:44), respectively. The cavity param-

eters are p ¼ 500 nm, l ¼ 800nm, h ¼ 20nm, and w ¼ 20nm.
The transmission spectrum of the structure (including the

waveguide and the substrate) is given in Fig. 2(a) for trans-
verse magnetic polarized light. One can observe three trans-
mission dips, A, B, and C, corresponding to the resonances of
the structure. The normalized electric field intensity jEj2 dis-
tribution and the phase profile φ along the light propagation
direction (þz) in the middle of the slot are shown in Fig. 2(b)
for the three resonances A, B, and C. The intensity jEj2 pro-
files in the þz direction show that the electric field is highly
confined in the air-slot region. Even though light is confined in
the air slot over the whole spectrum due to the finite width (x
direction) of the slot, the field localization is further enhanced
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at the three transmission dips. This localization is due to the
Fabry–Perot (FP) behavior of the cavity, which improves the
evanescent wave coupling efficiency to the slots. The phase
profiles in Fig. 2 show that the phase difference between
the forward and backward waves in the cavity is equal to
π, 2π, and 3π for dips A, B, and C, respectively. It corresponds
to the resonance condition of a classical FP: φ ¼ qπ, where q
is an integer. Dips A, B, and C correspond to the three first
modes of the FP. The intensity distribution in the air slot has
one, two, and three zeros, respectively. In the following, only
the second mode (B) will be considered. Indeed, two reasons
make this dip interesting for the sensing application. First, dip
A is too large and dip C is too shallow to perform significant
measurements. Second, the field localization mainly centered
in the middle of the slot will confer to the structure a more
stable response, even with fabrication imperfections.

Veronis and Fan [14] have shown that the field confinement
of the supported mode inside the slot depends drastically on
the geometry. Furthermore, the FP-like resonance, which
plays a major role in the dip position determination with re-
gard to the mode effective refractive index, enhances the field
localization in the cavity. Therefore, the λd position of dip B is
sensitive to the cavity geometry. An analysis is made to deter-
mine the λd variation with the geometric parameters (a) slot
width w, (b) gold thickness h, and (c) cavity length l. The re-
sults are reported in Fig. 3. Each solid curve is mathematically
fit from discrete calculated points. In Fig. 3(c), λd is almost
linearly related to the length of the cavity in the range of inter-
est, which is in accordance with the phase-matching condition
of the FP resonance. Graphs (a) and (b) show that the field
localization of the supported mode in the air slot is highly sen-
sitive to the slot size, slot width (w) and Au thickness (h) in
our case. Verified by Veronis and Fan [14], the smaller air slot
has a stronger field intensity in the air region and more energy
loss in Au. As a result, λd exponentially blueshifts by the in-
crease ofw or h. When the air slot is enlarged enough, the slot

hardly confines light and the transmission dip is too weak to
be distinguished.

Besides the slot geometry, the refractive index of the
material filling the slot is another parameter that has an effect
on the light confinement in the slot. The analyte will be placed
above and in the slot cavity. The effective wavelength of light
is shortened with a larger material index. By measuring λd,
one is able to determine the refractive index variation of
the material. Taking into account the fabrication limit, the slot
width is chosen to be 30nm in the device realization. With the
other parameters l ¼ 800nm, h ¼ 20nm, the sensor theoreti-
cally shows a sensitivity of around 750 nm=RIU. Figure 4(a)
gives transmission spectra for air, water (εH2O ¼ 1:7161), and
ethanol (εC2H5OH ¼ 1:8322) as analytes. Figure 4(b) shows the
dip position when the refractive index of the analyte varies.
The linear relation over a large refractive index range makes
the device a sensor for a potentially wide domain of the ana-
lyte. Nevertheless, one can remark that the shape of the dip
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Fig. 1. (Color online) Schematic view of the studied device with per-
iodic extension in the x direction. The cavity parameters are slot width
(w), gold thickness (h), cavity length (l), and periodicity (p). The Si
waveguide is first fixed to be 100 and 220nm thick for the top SiO2
layer and the Si layer, respectively.

Fig. 2. Simulated optical properties for a device with parameters
p ¼ 500nm, l ¼ 800nm, h ¼ 20nm, and w ¼ 20nm. (a) Normalized
transmission spectrum and (b) normalized jEj2 distribution and phase
φ profile along the central line of the air slot for different wavelengths
shown as points A, B, and C in (a), respectively.
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evolves with the wavelength, which will be taken into account
during the measurements.

3. FABRICATION
Amorphous Si (220nm) and SiO2 (100nm) layers are, respec-
tively, deposited by means of low temperature low-pressure
chemical vapor deposition [17] and room temperature sputter-
ing on a wet oxidized SiO2 substrate (3 μm). The cavity is fab-
ricated by using standard e-beam lithography followed by a
lift-off method [18]. Note that ZEP520A (Nippon Zeon Co.)
[19] e-beam resist is used for its high sensitivity to electron
bombing and its ability to achieve a high resolution and a high
aspect ratio. Au (20nm) is deposited on a Ti (1 nm) adhesion
layer by e-beam evaporation. Waveguides (15 μm width) are
created at the end of the process by reactive ion etching.
Figure 5 shows the scanning electron microscopy (SEM) im-

age of the cavity (a scheme of the full device is in the inset of
Fig. 5). Note that the fabricated structure counts only 30 slots
instead of an infinity in the simulated one. Nevertheless, be-
cause the structure is on top of a waveguide, which confines
light transversely, we can admit that the structure is infinite.
Moreover, additional calculations, not shown here, have pro-
ven that for a slot number higher than 8, a difference of only
2% is observable on the transmission spectra compared to the
ideal case of the infinite structure.

Fig. 3. Resonance position λd variation with geometric parameters of
the cavity: (a) slot width w, (b) Au thickness h, (c) cavity length l,
respectively. The basic parameters are p ¼ 500nm, l ¼ 800nm,
h ¼ 20nm, and w ¼ 20nm.
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Fig. 4. Optical property variation with different material refractive
index filling in the 30nm × 20nm × 800nm slots. (a) Transmission
spectra for air, water, and ethanol filling in and around the slots
and (b) linear relation between the material index and the resonance
position λd.

Fig. 5. (Color online) Top view of the Au cavity by SEM. Inset,
scheme of the fabricated device.

Tan et al. Vol. 28, No. 7 / July 2011 / J. Opt. Soc. Am. B 1713



4. CHARACTERIZATION
Light coming from a supercontinuum (SC) white light source
(Koheras, SuperK EXTREME) is coupled to the waveguide
thanks to a cleaved monomode optical fiber of 1550nm
(SMF-28). The output signal is collected by another cleaved
fiber connected to an optical spectrum analyzer (OSA) (Ando
AQ-6315B). The combination of the OSA and the SC allows
us to obtain the whole spectrum (from λ ¼ 1200nm to
λ ¼ 1650 nm) in one single measurement. The device has been
designed in order to alternate waveguides with and without
nanostructures. Therefore, a normalization of the cavity spec-
trum can be performed. The experimental transmission spec-
tra are shown in Fig. 6 in comparison with the simulation
results. Each experimental result (black solid curve) is fast
Fourier transform filtered (red dashed curve) to get rid of
parasitic oscillations. Two different cavities have been fabri-
cated, with different lengths: l ¼ 700nm and l ¼ 800 nm. One
can first remark the presence of the dip in the experimental
transmission spectra, which confirms the theoretical predic-
tions: the experimental and calculated full width at half
maximum (δλ) of the dips matches and the dip shifts Δλ
due to the length variation are in the same order of magnitude.
The dip positions for both l ¼ 700nm and l ¼ 800nm match
with the theory, although with certain deviations. Figure 3
proves that a very small variation of the geometric parameters

may generate a huge modification of the dip position λd, espe-
cially for the slot dimensions. In our case, a variation of 1 nm
in w causes a dip shift of 8 nm and a variation of 1 nm in the
Au thickness h moves the dip by 10nm. The process of
fabrication allows the utmost resolution of 2 nm in w and
h. Taking all the information into account, the theoretical
spectra have been verified experimentally.

5. CONCLUSION
In this paper we have shown the potential application of a
metallic slot array on a dielectric waveguide to liquid or
gas sensing. A theoretical sensitivity of 750nm=RIU can be
achieved on a wide refractive index range. This allows the de-
vice to be usable for a large panel of analytes (biosensing, en-
vironmental sensing). The behavior of the structure when
varying the geometric parameters has been theoretically stu-
died using 3D FDTD simulations. Moreover, the challenging
steps of the fabrication process have been discussed. Cou-
pling in the cavity by means of evanescent waves has been
experimentally demonstrated to have good agreement with
the theory.
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