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We present a technique for refractive index sensing using
a phase grating structure. A grating under normal
incidence can be designed such that the 1st order
diffracted light travels at a diffraction angle of 90° with
respect to the 0% order. The diffracted light which is along
the direction of periodicity can further get diffracted from
the grating and interfere with the 0t order light. Under
this condition, the t phase difference that arises between
the two interfering beams results in a transmission dip.
We can tune this dip wavelength for senor applications,
based on the grating equation. Both simulation and
experimental data are presented in the paper which
shows good agreement with each other.

OCIS codes: (280.4788) Optical sensing and sensors,
(050.1950) Diffraction gratings.
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Refractive index (r.i.) sensing is widely accepted as an
efficient technique for sensing gases, liquids & biomolecules.
Various techniques have been proposed for r.i. sensing using
metals, dielectrics and semiconductors. One of the most
commonly used method is based on the interaction of
evanescent field (EF) of electromagnetic field with the
sensing medium. Surface Plasmon Resonance (SPR)
technique uses the EF of propagating surface plasmon (sp)
polaritons at a continuous metal-dielectric interface [1].
Owing to the resonant photon-sp coupling conditions, these
sensors are extremely sensitive to r.i. change at the interface.
But SPR-sensors are bulkier as they require in general a

prism for exciting plasmons. They are also not always
suitable for sensing in some selective chemical and bio-
chemical nano-architectures [2]. Localized surface plasmon
resonance (LSPR) [3] sensors in metallic nanostructures
seem much more suitable for this purpose. In addition they
are comparatively more miniaturized than SPR. But the
sensitivity of LSPR does not exceed 200-500 nm per RIU [4-
8]. Also these metal based sensors suffer intrinsic losses
which degrades their performance. Instead of metals, this EF
sensing method is also used in planar dielectric and
semiconductor waveguides [9]. Here the change in effective
index (n.sf) of a guided mode is measured in response to
surrounding r.i. change. These waveguide based EF sensors
also require separate coupling units like prism or optical
fiber to excite guided modes in the waveguide. There are also
alternative EF sensing methods, where such coupling
methods are notrequired, e.g. guided mode resonance (GMR)
sensor [10]. GMR sensors use sub wavelength grating on top
of a waveguide and they together form the sensing unit. In
GMR, one of the diffraction order excites a waveguide mode
that couples out and interfere with the 0% order to form
transmission (/reflection) dip (/peak). The GMR resonance
wavelength gets tuned by changing the r.i. of surrounding
medium. The sensitivity of GMR-sensor is in the range 100-
300 nm per RIU [11-14].

In this article we report a new planar phase grating
based technique for sensing r.i. changes, capable of achieving
very high sensitivity compared to other planar EF-based
sensors like LSPR & GMR. The sensor geometry consists of a
1D binary phase grating (Fig. 1(a)) over a substrate. The
working principle of this new sensor is based on the selective
tuning of diffraction from this 1D phase grating. The



periodicity of the grating is A,. Consider a plane wave of
wavelength A with its electric field vector parallel to the
grating lines (i.e. along y-direction) incident on the grating
from substrate side. For A<A,, the grating will diffract the
incident light into different diffraction orders. The grating
equation [15] that predicts the angle of propagation 8,, of the
mt order diffracted light is given by equation (1).

nsin8,, = ny,.sinf;,, —m Ai

(1

Here n;,. &n are r.i. of the incident (substrate) and the
transmitting (cover) medium respectively. 6;,. is the angle of
incidence in the incident medium. The grating period is
chosen such that, after diffraction, 0t order (To) propagates
in the cover region and the 1st order (D1 of wavelength A)
propagates at an angle 6,, = 90°. In that case, equation (1) for
normal incidence (6;,,.=0°) _becomes

A =nA, @)

It can be inferred from equation (2) that, if the grating is

illuminated by collimated white light, the wavelength, which

satisfies eq. (2), is a function of both n & A,.. For a fixed period

of grating, we can tune A by changing the r.i. (n). Thus,

considering A as the sensing wavelength, this phase grating

can be used as a sensor to sense r.i. of the cover region.
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FIG. 1. (a) Diffraction from a phase grating. (b) Transmission
dip at 1550nm is obtained due to destructive interference
between To & Da.

Consider the illumination of the phase grating of Fig.
1(a) with collimated white light. The grating period (A,) and
ri. are 1550nm and 1.45 respectively. The substrate and
cover r.i. are n;,.=1.45 (glass) and n=1.0 (air) respectively.
Thus from equation (2), the sensing wavelength will be at
1550nm. Fig. 1(b) shows the simulated transmission
spectrum of this grating structure. (We have used
Lumerical’s FDTD simulation tool [16] to simulate all the
transmission (/reflection) spectrums and electric field
profiles that are presented in this paper.) As seen from the

figure there is a dip at 1550nm. The reason for the
observation of the dip at 1550 nm in the transmission
spectrum can be explained as follows. It is known that, after
diffraction from a phase grating, the first order has a relative
phase shift of m/2 with respect to Ot order [17-20]. As
explained in [20], the emerging wave from a phase grating is
a phase modulated wave which consist of the original
incident plane wave (0t order) plus a localized disturbance.
This localized disturbance is nothing but the diffracted wave
(D1 in Fig. 1(a)) that lags by /2 phase with respect to the 0t
order. So, D1 propagates along the grating (in x-direction)
with a phase shift of m/2 with respect to To. While
propagating through the grating, it gets scattered from the
grating and diffracts (D2 in Fig.1 (a)) into the surrounding
cover (and to the substrate region) with an additional phase
shift of /2 with respect to D1. That is, To & D2 now have a
total of ™ phase difference between them and hence they
interfere destructively in the cover region. This destructive
interference will result in a dip in the transmission spectrum
of the structure under broadband illumination, as shown in
Fig. 1(b). However, as can be seen from Fig. 1(b), the contrast
of the dip is not too high to be observable easily in an
experiment.
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FIG. 2. (a) Sketch of the optimized structure: SiN grating of
height 250nm & period 1165nm over a planar Si waveguide of
thickness 200nm on glass substrate. (b) Transmission
spectrum (solid line) showing dip at 1550nm is obtained due
to destructive interference between To & D2. Also shown in that
figure, the reflection spectrum (dashed line) of the sensor.

We optimized our grating parameters to obtain a dip at
1550nm with water (r.i. = 1.33) as reference sensing medium
in the cover region. From equation (2), a grating having
period 1165 nm immersed in water sets the sensing
wavelength 4 at 1550nm. We analyzed the transmission
spectrum of our structure for different grating parameters
such as height and r.i. We also studied the effect of presence
of a planar waveguide below the grating layer. We found that,
a combined structure of grating and waveguide with proper
thickness and r.i. increase the contrast of the dip compared
to the case of only grating (without waveguide). While



optimizing our structure, we selected silicon nitride (SiN)
and silicon (Si) as materials for grating and waveguide, as
these are the most widely used materials. The r.i. of SiN and
Si are taken as 2.0 and 3.5 respectively. The final optimized
structure is shown in Fig. 2(a). It contains SiN grating of
height 250nm over a silicon (Si) planar waveguide of
thickness 200nm on top of a glass substrate. The simulated
[16] transmission and reflection spectrum for this structure
is shown in Fig. 2(b). It shows the formation of a dip in the
transmission spectrum and a peak in the reflection spectrum.
Similar to the explanation above for a dip, the reason for the
formation of peak in the reflection spectrum is because of an
additional  phase shift due to the phenomenon of external
reflection, which leads to constructive interference between
Ro & D2 in the substrate region. In the simulation, all material
properties like absorption loss and dispersion were taken in
to consideration. Even if we don’t consider absorption loss
and dispersion of materials, the position of the dip is not
changed and the spectrum remains almost similar. This
indicates that, the cause of above phenomenon is because of
phase grating.
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FIG. 3. Electric field profile plotted at three different
wavelengths. In (a) at 1550nm, there is destructive
interference between To & D2z in cover region. (b) At 800nm
light is diffracted in to the cover region. (c) At 1600nm there is
no diffraction, only Oth order propagates in to cover region.

In Fig. 3 we have plotted the electric field profile for
three different wavelengths of the transmission spectrum
shown in Fig. 2(b). One wavelength corresponding to the dip
position at 1550nm is shown in Fig. 3(a). It shows thatin the
cover region, there is destructive interference. The other two
wavelengths shown in figure 3(b) and 3(c) correspond to
800nm and 1800nm respectively. At 800nm wavelength,
since A< A, light gets diffracted by the grating and propagates
in to cover as shown in Figure 3(b). The light corresponding
to 1800nm does not get diffracted by the grating as the
wavelength is larger than period (A> A,) of grating. Thus

only the 0t order light propagates in to the cover region as
shown in Figure 3 (c).
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FIG. 4. AFM image of fabricated grating. (a) Large area view, (b)
data showing grating height 250 nm and period 1165 nm, (c)
perspective view, (d) top view.

For the experimental demonstration of the proposed
phase grating sensor, Si (200nm) and SiN (250nm) films
were deposited on a quartz plate by sputtering method.
Electron beam lithography and RIE was used to transform
the SiN film to the required grating structure of period
1165nm and depth 250nm. The grating region is about 5mm
x 5mm which gives around 4300 grating lines. This number
of grating lines are sufficient to compare it with the infinite
number of grating lines in simulation. The AFM image of the
fabricated grating is shown in Figure 4.
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FIG. 5. Schematic of experimental set up to measure
transmission spectrum of the sensor. Multimode optical fiber
and lens are used for light coupling. An IR polarizer is used to
get polarized light whose polarization direction is parallel to
grating lines. Lens is used for light collimation.

The transmission spectrum was obtained using optical
spectrum analyzer (OSA). The schematic of the experimental
set up is shown in Fig. 5. A halogen lamp was used as the
broadband light source. Deionized water and sucrose
solutions of different concentrations were prepared to check
the r.i. sensitivity of the sensor. Abbe refractometer was used
to measure the r.. of the prepared sucrose solutions. The
experimentally obtained transmission spectrum is shown in
Fig. 6 along with the simulated spectrum result.
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FIG. 6. Graph showing shifting of transmission dip with change

in refracting index of cover region: (a) Simulation, (b)
Experiment.

The sensitivity (S) of a sensor is defined as the shift in
wavelength per unitr.i. change of the sensing medium. In Fig.
6 we have shown the transmission spectrum for three
different r.i. of the sensing medium. The Abbe refractometer
measured r.i. of the sensing medium are 1.33, 1.349 & 1.359.
From experiment (Fig. 6(b)), the positions of the
corresponding transmission dip wavelengths are at 1546nm,
1568.3nm & 1578.8nm respectively. Thus dip wavelength
shifts by 22.3 nm & 10.5 nm when sensing r.i. changes by
0.019 and 0.01 respectively giving a sensitivity of 1146.63
nm per RIU. However, as predicted from equation (2) and
from simulation (Fig. 6(a)), the corresponding shifts should
be 22.135nm & 11.65nm respectively with a sensitivity of
1165nm per RIU. This deviation may be due to the error in
measurement of r.i. and/or due to some variation in
periodicity and depth of the grating during fabrication. On
the other hand, if we would have considered the reference
sensing medium as air (n = 1) and optimized our grating
structure for a period Ay = 1550 nm, then the sensitivity
would have been 1550nm per RIU (eq.2). From Fig. 6, it can
be seen that, in addition to the dip at 1550nm there is another
dip at 1610 nm. This dip is due to the phenomenon of GMR
effectin the structure whose sensitivity is very less compared
to the dip at 1550nm.

In conclusion, we have demonstrated a new technique
to sense r.i. based on the principle of simple diffraction in a
phase grating. The sensitivity of our proposed sensor comes
out to be much higher than other grating based sensors like
GMR, LSPR etc. From equation (2), the sensitivity is of the
order of the period of the grating. In case of EF sensors, the
sensing wavelength does not change directly due to the
change in r.i. of sensing medium, rather it is actually a
function of the effective index (n.ss) of guided mode in the
waveguide [12]. This effective index change An.., caused
due to r.i. change of sensing medium is very less. For example
as in [12], the effective index change An, is only 0.08 when
An = 1 which gives a sensitivity of 110 nm per RIU. On the

other hand, for our sensor the wavelength shift AA bears a
direct relation with An governed by Eq. (2), leading to much
more sensitivity compared to EF sensors.
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