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Abstract: The transformation of nanophotonic sensors from laboratory-based demonstrations to a portable system to ensure widespread applicability in everyday life requires their
integration with detectors for direct electrical read out. As complementary metal oxide semiconductor (CMOS) technology has revolutionized the electronics industry, the integration
of nanophotonic structures with CMOS technology will also transform the sensing market.
However, nanophotonic sensors have to fulfill certain requirements for their integration with
CMOS detectors, such as operation in the visible wavelength range, operation in normal incidence configuration, use of CMOS compatible materials, and capability to give large optical
intensity change due to resonance wavelength shift. In this paper, we have designed and
developed one-dimensional silicon nitride grating structures that satisfy all these conditions
simultaneously. The gratings can achieve 1 and 6 nm linewidths for the transverse-electric
(TE) and transverse-magnetic (TM) polarizations, respectively, with 90% resonance depth.
The experimental linewidth is 8 nm with 55% resonance depth, which is limited by the detector resolution. The experimental sensitivity of the device is 160 nm/refractive index unit
(RIU), which translates to a very high intensity sensitivity of 1700%/RIU, which would enable
sensing of very small changes in refractive index when integrated with a detector.
Index Terms: Nanophotonics, diffraction gratings, sensors.

1. Introduction
There is growing interest in developing integrated nanophotonic resonant structures for bio-sensing
applications due to their ability to perform quick and label free sensing [1]–[3], high sensitivity [4],
[5], and compactness [6], [7] of nanophotonic sensor chips. Nanophotonic sensors are usually
based on the phenomenon of refractive index sensing, where a change in the refractive index,
induced by the introduction of an analyte or surface binding of bio-species, causes a shift in the
resonance wavelength of the nanostructures. Presently, one common drawback among all the
nanophotonic based sensors is that their wavelength shift is measured by an external and large
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volume optical spectrum analyser which makes their use in everyday life challenging. To make
the widespread applicability of nanophotonic sensors possible it is important to integrate them
directly with the detector and have a direct electrical readout. Doing so will lead to an easy to
use, compact and portable sensing device. For integrating nanophotonic sensors with a detector, photodiodes (PDs) and single photon avalanche diodes (SPADs) made by complementary
metal-oxide semiconductor (CMOS) technology are the most suitable choice due to a number of
advantages on offer, for example, ease of merging photonic and electronic functionalities, high
integration density and lower cost. However, for integration with CMOS technology, there are certain requirements that need to be fulfilled by nanophotonic structures which are listed as follows;
(i) their resonance wavelength should be below the bandgap of silicon (1100 nm) where it has
high absorption especially in the visible range where the responsivity of the CMOS detector is
highest, (ii) the structures should operate in a normal incidence configuration (iii) the material
used should be CMOS compatible and (iv) the change in light intensity caused by the resonance
wavelength shift must be large. In addition to sensitivity, which is the degree of wavelength shift
per refractive index unit (RIU) and the most commonly used Figure of Merit (FOM) for resonant
nanophotonic refractive index sensors [8], the change in readout optical intensity due to resonance
wavelength shift can also be increased by narrowing the resonance linewidth and increasing the
resonance depth, which is the difference in the transmission level between the resonance dip and
the highest background transmission level. Hence, not only the sensitivity but the role of resonance
linewidth and resonance depth becomes significant for a nanophotonic sensor integrated with
a detector.
Photonic nanostructures made of different materials such as metals [9]–[13], dielectrics [14]–[16]
or semiconductors [17], [18] and having different design configurations for example waveguide,
cavity or grating based devices have been demonstrated for sensing applications, each having
its own advantages and shortcomings. While metallic nanostructures such as nanoparticles [19],
arrays of nanoholes [20], [21] or nanodiscs [12] and nanoslits [11], [13] achieve high sensitivity by
exploiting the plasmonic response, they suffer from high losses which results in a broad resonance
linewidth (small Q-factor). On the other hand, dielectric and semiconductor resonant nanostructures
such as ring resonators [22], [23], photonic crystal cavities [24], [25] and gratings [26], [27] have
higher Q-factors (narrow resonance linewidth) but lower sensitivity compared to plasmonic sensors.
Smaller linewidths have an advantage of producing a larger intensity change for a certain degree of
wavelength shift. However, a small linewidth results in a smaller dynamic range which is the degree
of refractive index change measured by the detector before a change in intensity due to wavelength
shift saturates. Therefore, for applications where a large change in refractive index is involved,
broadband plasmonic structures will perform better. On the other hand, to improve the detection
limit by enabling measurement of very small variations in refractive index, narrow linewidth resonant
structures are required.
In this paper, we have designed and developed silicon nitride (Si3 N4 ) based 1D grating structures
that satisfy all the conditions required for integration with CMOS detectors listed earlier. Although
nanophotonic sensors based on different materials and design configurations including grating
structures have been demonstrated in the past they do not fulfill all the requirements required
for integration with CMOS technology. For example, recently 1-D high contrast gratings made of
silicon have been demonstrated for bio-sensing applications but they operate at 1540 nm [27],
and being made of silicon they are not suitable for integration with CMOS detectors. To shift the
operation range to visible wavelengths silicon nitride based nanophotonics sensors have been
demonstrated but they mostly operate in a lateral configuration [14], [15], [28]–[30], which is not
useful for integration with CMOS detectors. There are only few reports on silicon nitride based
nanophotonic sensors operating in a normal incidence configuration such as sensors based on
2-D photonic crystal membranes [16], [31], but they have a very low degree of robustness since
membrane structures are prone to breakage. The 1-D silicon nitride grating structures presented
in this report are robust, made of CMOS compatible material, their operation range can be easily
tuned in the whole visible to near IR range, operate in a normal incidence configuration and are
optimized to give a large change in optical readout intensity due to resonance wavelength shift.
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Fig. 1. (a) Schematic representation of the grating structures: a, w, and t represent the periodicity, width and thickness of gratings, respectively, and l represents the airgap. (b) SEM image of the
fabricated gratings.

Hence, to the best of our knowledge, this work is the first demonstration of nanophotonic sensors
that combine all the characteristics (listed above) required for their integration with CMOS detectors.

2. Grating Design
The 1-D gratings were designed by using the Rigorous Coupled Wave Analysis (RCWA) based
commercial software Rsoft (Diffract - MOD). The configuration consists of Si3 N4 gratings (refractive
index, nSi3N4 = 2) on a borosilicate glass substrate (nsub = 1.5) and having either air or liquid as
an upper cladding, as shown in the schematic representation in Fig. 1(a), where a, t, and w is
periodicity, thickness and width of gratings, respectively, and l is the width of the air gap. These
gratings support Guided Mode Resonances (GMRs) and can be defined as waveguide-grating
resonance structures [32]. A guided mode can be excited only if the effective waveguide refractive
index of the i-th order mode Ni (βi /k 0 ) satisfies the following inequality:


max n sub , n up ≤ |N i | ≤ n avg
(1)
where n sub , n up are the substrate and upper cladding (air or liquid) refractive indices, respectively
while n avg is the average refractive index of the grating structures, k 0 = 2π/λ0 (λ0 is the freespace wavelength) and βi is the propagation constant of the i-th order mode [32]. Applying the
phase-matching condition, (1) can be written as follows:


 

λ0 
(2)
max n sub , n up ≤ n up si nθi nc − i  ≤ n avg
a
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Fig. 2. Simulated transmission maps for different slab thicknesses while keeping the periodicity and fill
factor fixed at 400 nm and 0.7, respectively, and having water as an upper cladding for (a) TE and (b)
TM polarizations. Note that the resolution used in simulations is kept at 1 nm to match the resolution
limit of our measurement setup.

where θi nc is the incident angle and a is the grating periodicity. For normal incidence (θi nc = 0), (2)
reduces to the following expression:


  λ0 


(3)
max n sub , n up ≤ i  ≤ n avg .
a
In our device configuration, n sub is always higher than n up (air or liquid), and hence, the minimum
operating wavelength λ0mi n = an sub . In order to set the first resonance in the visible range, we fixed
λ0min = 600 nm, the wavelength around which the responsivity of the CMOS detector is high, which
leads to the grating periodicity (a) of 400 nm. Finally, we set the fill factor (FF = w /a) equal to 0.7.
A higher fill factor (i.e. smaller air gaps) gives narrower resonance linewidths. However, gratings
with narrow air gaps are difficult to fabricate due to their high aspect-ratio. Hence, the choice of fill
factor was predominantly based on the fabrication limitations.
Keeping the periodicity and fill factor fixed at 400 nm and 0.7, respectively, the thickness of
gratings was optimized to achieve a dual resonance response, one in the visible and a second in
the near infrared (IR) region so that the same device can be used for sensing experiments where
the required incident wavelength can range from the visible to near IR. Fig. 2(a) and (b) show
the simulated transmittance maps of the gratings having water as an upper cladding for the transverse electric (plane of incidence x-z and electric field along y, TE) and transverse magnetic (plane
of incidence x-z and magnetic field along y, TM) polarizations, respectively for different grating
thicknesses, t. Fig. 2(a) shows that for the TE polarization, there is only one sharp resonance
when t is lower than 550 nm. As can be seen from Fig. 2(a), Fabry–Pérot fringes interfere with the
resonance. Due to the modulation of the resonance by the interference of the Fabry–Pérot fringes,
the second resonance response is not as sharp as the first resonance. The second resonance
becomes sharper by increasing the silicon nitride thickness to at least 550 nm however fabricating
such high aspect ratio structures is challenging.
On the contrary, for TM polarization, two sharp resonances, one in the visible and other in the
near infrared (near IR) region appears at thickness of 350 nm and above, as shown in Fig. 2(b).
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Fig. 3. Simulated transmission spectra of the grating structures having the following physical parameters,
t = 400 nm, a = 400 nm, I = 120 nm, and w = 280 nm. (a) TE polarization, air cladding. (b) TM
polarization, air cladding. (c) TE Polarization, water cladding. (d) TM polarization, water cladding. As in
Fig. 2(a) and (b), the resolution used for simulating transmission spectra is also kept as 1 nm.

Therefore, we fixed the grating thickness at 400 nm which gives two narrow linewidth resonant
transmission responses having a high resonance depth to achieve a large change in optical readout
intensity for a certain degree of wavelength shift.
The simulated transmission spectra for the optimized physical grating parameters i.e.,
a = 400 nm, t = 400 nm, and FF = 0.7, are given in Fig. 3, which show a resonance linewidth of
2 nm and 15 nm for TE and TM polarizations respectively (for air cladding) with 90% resonance
depth.
The resonance linewidth reduces to 1 nm and 6 nm for TE and TM polarizations respectively
when a higher refractive index upper cladding such as water is used, as evident by comparing
Fig. 3(a) with (c) and Fig. 3(b) with (d). Conversely, the resonance depth does not change. In the
simulation results shown in Fig. 3(c) and (d), it is assumed that the water fills the grooves. We
also carried out simulations for the case where water penetrates only half of the air slot with lower
half filled with air, which did not show any significant change in the mode profile or the sensitivity
of the grating structures. Similar trends were observed for gratings with 450 nm periodicity having
resonance responses at higher wavelengths. Hence, by using different periodicities the operating
range of the device can be tuned easily.

3. Methods
3.1. Fabrication
The grating structures were fabricated by a standard e-beam lithography process followed by
reactive ion etching using an e-beam resist ZEP 520A as an etch mask. First, a 400 nm thick
Si3 N4 layer was deposited on top of a 500 μm thick borosilicate glass substrate using a plasma
enhanced chemical vapour deposition (PECVD) process. Afterwards a 250 nm thick layer of ZEP
520A dissolved in anisole (2:1 ratio) was deposited on top of the Si3 N4 layer by spin coating.
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Fig. 4. Measured transmission spectra of the grating structures for TM polarization. (a) 400 nm period
with air cladding. (b) 450 nm period with air cladding. (c) 400 nm period with water cladding. (d) 450
nm period with water cladding.

The grating structures were defined in the resist by e-beam exposure followed by resist development
by o-xylene. The grating patterns were transferred to Si3 N4 layer by reactive ion etching using a
CHF3 /O2 gas chemistry. After etching, the e-beam resist was removed using 1165 remover. The
physical dimensions of the fabricated grating structures were measured using a scanning electron
microscope (SEM). An SEM image of the fabricated gratings is shown in Fig. 1(b).
3.2. Characterization
The transmission response of the device was measured using a commercial Foster and Freeman
microspectrometer attached to a DM2700M Leica microscope. A halogen lamp was used as the
incident light source and the grating structures were illuminated in normal incidence condition. The
light transmitted through the grating structures was collected by a 4x objective having a numerical
aperture of 0.1. The collected light was polarized and fed to a spectrometer via an optical fiber
which gives the transmission spectrum of the grating structures. To carry out experiments with an
aqueous cladding, an encapsulated ring was attached around the gratings to contain the liquid on
top of the structures.

4. Experimental Results and Discussion
From the simulation results discussed in Section 2, it is found that for TE polarization at t = 400 nm,
a single very sharp resonant transmission response is present having a bandwidth of around 1 nm
which is the resolution limit of our measurement setup and hence the transmission response for TE
polarization could not be measured. Furthermore, as these grating structures are optimized for their
future integration with CMOS detectors to remove the requirement of large and expensive laboratory
based equipment such as an optical spectrum analyser and laser, the use of very narrow line width
structures (<5 nm, as is the case with TE polarization) is not practical as it would require a laser
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Fig. 5. Experimental resonance wavelength shift due to increase in refractive index of the cladding layer
corresponding to different concentrations of glycerol for grating periods (a) 400 nm and (b) 450 nm. Only
selected curves are shown for the purpose of clarity. (c), (e) Zoomed in presentation of two resonances
for a grating period 400 nm and (d), (f) a grating period of 450 nm showing the change of concentration
in smaller steps.

with a comparable or narrower linewidth as the input light source. Hence grating structures with a
resonance linewidth around 10 nm are more suitable as it will allow the use of a light emitting diode
(LED) as an input light source. For this reason, we shall consider only TM polarization hereafter. The
measured transmission responses of the grating structures for TM polarization with air and water
cladding layers for two different periods (400 and 450 nm) are shown in Fig. 4. The transmission
responses are normalized to the transmission through an identical glass substrate in air on top of
which grating structures are fabricated. The linewidths and transmission minima wavelength positions match very well with the simulation results shown in Fig. 3. However, the measured resonance
depth is lower compared to simulations due to limitations of the detector resolution. For air cladding,
the measured transmission dip at longer wavelength has a linewidth of 15 nm and a resonance depth
of 65%, which reduces to 8 nm and 55%, respectively, for water cladding. While the linewidth narrowing is due to higher refractive index cladding, the reduction in resonance depth is because of the
limitation of the detector resolution. Similar to the response in the near IR, the transmission linewidth
in the visible range also gets narrower by adding liquid as a cladding layer, which is also supported by
the simulations.

Vol. 9, No. 1, February 2017

6800711

IEEE Photonics Journal

One-Dimensional Silicon Nitride Grating

Fig. 6. Experimental resonance wavelengths for different refractive indices of the upper cladding.
(a) Grating period 400 nm, resonance 1. (b) Grating period 400 nm, resonance 2. (c) Grating period
450 nm, resonance 1. (d) Grating period 450 nm, resonance 2. The slope gives the sensitivity of
the device, which is around 160 nm /RIU and 80 nm/RIU for resonances in the visible and near IR,
respectively.

The performance of fabricated 1-D Si3 N4 gratings as a refractive index sensor was evaluated
by measuring its transmission response for changes in refractive index of the upper cladding. The
refractive index of the cladding was changed systematically by introducing different concentrations
of glycerol (weight/weight %) in DI water. The refractive index increases with increasing glycerol
concentrations [33]. The transmission spectra of the grating structures for two different periods
(400 nm and 450 nm) when different concentrations of glycerol are applied as a cladding layer are
given in Fig. 5 and show a red shift of both resonant transmission lines (visible and near IR) for
higher concentrations.
The resonance wavelengths at different refractive indices corresponding to different concentrations of glycerol are plotted in Fig. 6, whose gradient gives the device sensitivity. The change
in wavelength is linear for both transmission lines, however, for both periods, the experimental
sensitivity in the visible range is almost twice (160 nm/RIU) compared to in the near IR (80 nm/RIU).
The analytes used in the experiments (water and glycerol) have negligible extinction coefficient
(k ≈ 0) and, hence, are transparent in the wavelength of interest. Thus, the absorption induced
by introducing different concentrations of glycerol in these experiments is negligible. This was
also confirmed by carrying out transmission measurements (data not shown here) for different
concentrations of glycerol on top of a glass substrate where no changes in the transmission levels
was observed proving that the effect of absorption in these experiments is negligible.
As discussed earlier, on integration of nanophotonic sensors with detectors, it is the change
in read-out optical signal intensity due to resonance wavelength shift which is important rather
than only the wavelength shift itself. Hence, we carried out analysis of the change in transmission level which corresponds to intensity change when different concentrations of glycerol are
applied on top of grating structures for different excitation wavelengths. The excitation wavelengths were selected to achieve the maximum measurement range. Fig. 7 shows the analysis of transmission change for the resonant transmission line in the visible range for gratings
having a periodicity of 400 nm. Similar trend is observed for gratings having 450 nm periodicity in both the visible and near IR spectral region. From Fig. 7, it can be seen that the curves
(% change in transmission for change in refractive index) shows almost a linear response.
The slight deviation from linearity at higher refractive indices is due to limitations in detector reso-
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Fig. 7. Experimental change in transmission levels (intensity) due to wavelength shift induced by changing refractive indices by applying different concentrations of glycerol at different excitation wavelengths.

lution, as discussed earlier. For the chosen excitation wavelengths, initially, the transmission levels
drop by increasing refractive index values [see Fig. 7(a)] and then increases [see Fig. 7(b)].
The initial decrease in transmission is due to the fact that, until certain refractive index values, the
excitation wavelength spectrally overlaps with the leading edge of the transmission dip after which
it coincides with the trailing edge which is then measured as an increase in the transmission level.
From Fig. 7(a), the sensitivity (in terms of change in intensity per RIU) is estimated to be 1700%/
RIU. Similar analysis is also carried out for the resonance in near IR region which gives a sensitivity
value of 750%/RIU, almost half of that measured for the resonance in the visible region. This is
consistent with the sensitivity responses of both resonances in terms of wavelength shift per RIU,
where the sensitivity in the near IR range is also measured to be half compared to the one in the
visible range, as shown in Fig. 6. The intensity sensitivity value of 1700%/RIU means that if the
detector can measure a 1% change in intensity, then the detection limit of the detector integrated
Si3 N4 grating nanophotonic sensor system will be 5 × 10−4 RIU. The capability to measure such a
small change in refractive index will enable the integrated sensor system to easily find applications
in bio-sensing where detecting small changes in refractive indices to distinguish bio-species such
as protein or DNA is required.
The analysis of change in intensity due to variation of refractive indices shows that even though
the sensitivity in terms of wavelength shift (nm/RIU) for these grating structures is not that high
(maximum 160 nm/RIU), due to the narrow linewidth and large resonance depth, the sensitivity in
terms of change in intensity (I/RIU) is very high (1700%/RIU). Hence, for monolithic integration
of nanophotonic structures with detectors to develop a miniaturized and portable nanophotonics
sensor with direct electrical read-out, the grating structures presented in this paper are a strong
candidate.

5. Conclusion
We have designed and developed 1D Si3 N4 grating structures that satisfy all the conditions required
for future integration of resonant nanophotonic structures with CMOS detectors such as operation
below the silicon bandgap (1100 nm), working at normal incidence, material compatibility, and
high sensitivity in terms of change in intensity per RIU. By finding the optimum balance between
narrow resonance linewidth and a high resonance depth, our grating structures achieve a very
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high intensity sensitivity of 1700%/RIU. Furthermore, the grating structures show a dual resonance
response, one in the visible and other in the near IR range which enables sensing experiments in
both the visible and near IR wavelength ranges. Successful integration of these Si3 N4 gratings with
CMOS detectors would lead to a practical, portable, and handheld nanophotonic sensor system
with applications in numerous areas, especially in point-of-care diagnostics.
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