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Abstract: We demonstrate the feasibility of forming a compact integrated
photonic spectrometer for operation in the visible wavelength range using
the dispersive properties of a planar photonic crystal structure fabricated in
silicon nitride. High wavelength resolution and compact device sizes in
these spectrometers are enabled by combining superprism effect, negative
diffraction effect, and negative refraction effect in a 45° rotated square
lattice photonic crystal. Our experimental demonstration shows 1.2 nm
wavelength resolution in a 70 um by 130 um photonic crystal structure with
better performance than alternative structures for on-chip spectroscopy,
confirming the unique capability of the proposed approach to realize
compact integrated spectrometers.
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1. Introduction

The potential of integrated photonic platforms to realize strong light-matter interaction and
efficient sensing functionalities in a compact structure has been the driving force for the
emerging field of integrated photonic sensors. Different integrated sensing platforms and
devices have been proposed to implement a variety of mechanisms for biological and
chemical sensing [1-6]. Many such sensing mechanisms of interest (e.g., fluorescence and
surface-enhanced Raman effects) rely on optical phenomena that occur in the visible
wavelength range, which require the development of functional integrated photonic structures
in the visible range. Among different material platforms available for this realization, silicon-
nitride (SiN) is a preferred choice, since (1) it is compatible with mature silicon
microelectronics fabrication techniques, and (2) it has good optical quality (i.e., low loss in a
wide wavelength range and a relatively large index, n =2 at visible wavelengths).
Development of the required components in SiN to form a complete sensing system is the
next step in the path to capacitate these systems to address major demands of different
sensing applications. Spectrometers, which enable spectral analysis and detection of spectral
emission and absorption features, are one of the essential building blocks required to
implement the systems needed for many sensing applications. While conventional sensing
approaches rely on using bulky off-chip spectrometers, the need for compact mobile or hand-
held structures has motivated extensive recent progress in the development of integrated on-
chip microspectrometers [7].

Several approaches to realize compact spectrometers in the visible range have been
proposed previously, including off-chip separation of wavelengths [8], grating spectrometers
in low index contrast material [9], frequency-selective detection of light [10], polymer-based
implementation [11], and integrated optical spectrometers [12]. However, all these
approaches require large structures and offer limited spectral resolution. The focus of this
paper is to use the relatively large index contrast in SiN on SiO, (through fabricating strongly
dispersive photonic crystals) to demonstrate the potential for realizing high-resolution
integrated photonic spectrometers with a very small footprint in the visible wavelength range
(around 656 nm). The availability of compact spectrometers enables new sensing mechanisms
(e.g., monitoring fluorescence and Raman spectra) and new sensing architectures (e.g.,
multiplexing several resonators for parallel sensing) [6] in the visible integrated photonic
systems. The potential integration of silicon detectors and electronic processing units in a
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compatible platform with SiN sensing components offers a unique prospective for the future
of such modules for low-cost, compact, sensitive, and portable sensing applications.

In the following sections, the demonstration of a photonic crystal spectrometer in SiN is
described. In Section 2, the operation principle and theoretical background of these
spectrometers are explained. In Section 3, the process of fabricating these spectrometer
devices and the experimental characterization results are presented. The implementation
issues are discussed and future steps to further improve the spectrometer performance are laid
out in Section 4. Finally, in Section 5, the results are summarized and conclusions are made.

2. Operation principle

Implementation of compact on-chip spectrometers naturally require a mechanism to
differentiate between the wavelengths of the input light. This differentiation may occur in a
lumped element (e.g., at an interface) as in grating spectrometers [13], using the dispersion of
a set of waveguides as in arrayed waveguide gratings [14], or through propagation in a
dispersive material as in superprism-based devices [15]. It is clear that employing stronger
dispersion in all these cases results in more compact high-resolution devices. Here, we use the
superprism effect in photonic crystals as the main mechanism to achieve spatial spectral
mapping in the spectrometer. We follow the basic principle used in silicon-based focusing
superprism wavelength demultiplexers [16] to realize compact devices in SiN. The operation
concept is based on combining the superprism effect, the negative diffraction effect, and the
negative refraction effect inside a photonic crystal structure. The overall configuration is
schematically visualized in Fig. 1(a), in which different wavelengths are separated inside the
photonic crystal region. In this approach, the angular dispersion inside the photonic crystal is
used to steer different wavelengths in different directions inside the structure. At the same
time, the negative diffraction property is used to focus the (initially broadened) beam into
small spots at the output to make the overall device compact, and the negative refraction is
employed to separate the signal of interest from unwanted stray light [16]. It can be observed
that the in-plane band structure of the first TE-like mode (i.e., electric field inside the plane of
periodicity of the photonic crystal) of a 45°-rotated square lattice photonic crystal, as shown
in Fig. 1(b), satisfies all the requirements for achieving superprism, negative diffraction, and
negative refraction simultaneously. This band structure is calculated using a three-
dimensional plane wave expansion method (based on a supercell) considering the finite
thickness of the SiN slab (205 nm). The diameter of holes in this simulation is 170 nm, and
the lattice constant is 240 nm. As it can be seen from Fig. 1(b), in this structure there is an
operation range below the light line that shows strong dispersion effects while demonstrating
simultaneous negative diffraction and negative refraction. To explore the extent of strong
dispersion in this structure, we can also consider higher photonic bands of the planar photonic
crystal [17]; however, because of the limited contrast between the SiN layer and the
underneath SiO, layer, higher photonic bands of this planar structure are not confined to the
slab anymore.

To find the optimal device parameters, we use the envelope transfer function [18] to
approximately model the beam propagation inside the photonic crystal region. The
configuration of the structure used in this modeling is shown in Fig. 2(a). The input beam is
incident on the photonic crystal interface from an unpatterned slab region (to simulate the
operation of the actual device) at an incident angle of 13° in this case. The beam undergoes
some diffractive broadening prior to entering the photonic crystal region, such that the overall
second-order diffraction is canceled at the output of the device at the center wavelength of
656 nm. The width of the photonic crystal region is L = 70 um, and it has a 45°-rotated square
lattice with lattice constant @ = 240 nm and hole diameter 2r = 170 nm. Figure 2(b) shows the
simulated intensity of the beam at the output of the photonic crystal region at three different
wavelengths. The separation of adjacent wavelength channels with wavelength difference AL
= 2.4 nm is evident from Fig. 2(b). For this structure, two non-idealities determine the cross-
talk between these wavelength channels: (1) relatively strong side-lobes in the intensity
profile introduced by the third-order diffraction effect in these structures [19], and (2) second-
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order broadening at wavelengths away from the center wavelength of operation. These effects
degrade the cross-talk isolation level from potentially higher than 12 dB (for non-distorted
Gaussian beams with 2.4 nm spacing in the same structure) to around 6 dB. Figure 2(c) shows
the effect of changing the width of the incoming optical beam in the same structure.
Increasing the input beamwidth has two direct effects. On one hand, it directly increases the
spatial extent of the beam at the output (even when the beam is not affected by diffractive
broadening); on the other hand, it reduces the effect of both second-order and third-order
distortions [19], by reducing the spatial frequency content of the beam. Figure 2(c) clearly
shows both of these effects. The intensity of each plot in Fig. 2(c) is compared to its non-
distorted Gaussian case; therefore, lower peak intensity for smaller beamwidths in this figure
is an indication of more diffractive broadening. The optimal beamwidth, 2w, can be
determined by considering the trade-off between the original extent of the beam and its
diffractive broadening inside the structure. In this particular design, we have chosen 2w, = 4
um as the waist of the input beam.

k.
(b)

Fig. 1. (a) Schematic visualization of the wavelength separation in a focusing superprism
photonic crystal spectrometer is shown. (b) Band structure of a 45°-rotated square lattice
planar photonic crystal in SiN on oxide, with holes of 85 nm radius and a lattice constant of
240 nm is shown. Numbers on each contour are the corresponding wavelength for that contour.
The shaded regions exclude the modes that leak to the substrate and are not confined to the
SiN layer slab. The inset shows the relative direction of the lattice with respect to the principal
lattice directions.
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Fig. 2. (a) The configuration used for the simulation of optical beam propagation in a SiN PC
is shown. A 45°-rotated square lattice photonics crystal with L = 70 um, 2r = 170 nm, a = 240
nm is assumed. The thickness of the SiN slab is 205 nm, the incident angle is 13°, and the light
has TE-like polarization. (b) Output beam profiles at different wavelengths (653.6 nm, 656.0
nm, and 658.4 nm) for input beam waist of 2wy, = 4 um are plotted. The input beam is
preconditioned to compensate the effect of second-order diffraction at 656 nm. (c) For the
same structure as in part (b), output beam profiles at different input beam waists of 2w, = 2.7,
4.0, and 6.0 um are shown.

3. Implementation and experimental results

To experimentally demonstrate the operation of these SiN spectrometer devices, we have
used standard microelectronic fabrication facilities to pattern the planar SiN slab [20]. The
process consists of electron-beam lithography (EBL) followed by CF4-based inductively
coupled plasma (ICP) etching to transfer the desired pattern into the wafer. The stoichiometric
SiN wafer used in our fabrication has a 205 nm (+5 nm) thick SiN device layer deposited on 6
um of thermally grown silicon dioxide (SiO2). The SiO2 layer completely isolates the light in
the device layer from the lossy silicon substrate. Figure 3(a) shows the scanning electron
microscope (SEM) image of the fabricated structure consisting of a photonic crystal region,
similar to the configuration in Fig. 2(a), and an array of waveguides at the output to spatially
sample the beam profile and carry it to the output edge of the sample. Figure 3(b) shows the
details of the photonic crystal structure fabricated in SiN.

To characterize the performance of the device, we have used a tunable laser (New Focus
Velocity TLB-6305) covering the 652-660nm wavelength range. The output beam from the
laser source is collimated and focused using a 40x objective lens to the input facet of the
sample to couple the light into the planar input waveguide. The input waveguide has an initial
width of 2.5 pm at the input interface and is gradually tapered down to 500 nm to suppress
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higher-order modes in the input beam. The input waveguide is then tapered up to 4 pm, and is
then terminated to an unpatterned SiN slab to launch the incident beam to the photonic crystal
region. To precondition the beam, the input beam propagates and diffracts in the unpatterned
SiN slab region before reaching the photonic crystal region [16]. The length of the
preconditioning region in this structure is 1.1 mm; however, note that this length does not
impose an intrinsic limit on the compactness of the structure, since, for example, it can be
replaced by a curved mirror [22]. After passing through the photonic crystal, the output light
from the photonic crystal region is coupled into an array of output waveguides with 3 um
spacing. The signal in these output waveguides is measured by imaging the output facet onto
a single detector (using a 20x objective lens at the output). The signal from individual output
waveguides is isolated using an iris and measured while the tunable laser scans the
wavelength. Figure 4(a) shows the measured power in seven of the output waveguides that
fall within the range of the available tunable laser.

= .
“d\-tgl.ll

(a)

Fig. 3. (a) SEM image of the fabricated structure is shown with a rotated PC region and an
array of waveguides at the output. The incident beam is directed from a tapered waveguide
from the left side of the device at an incident angle of 13° with respect to the interface of the
photonic crystal region. (b) SEM image of the details of the photonic crystal region is shown.
From SEM images, the lattice constant in the fabricated device is a = 240 nm, and the diameter
of holes is 168 nm (compared to the 170 nm designed value).

From the measurement results in Fig. 4(a), we mark the wavelength of the peak of the
beam intensity at each output and deduce the angular dispersion of the photonic crystal
structure. Figure 4(b) shows the angle of refraction found from the measurement (solid line)
and compares it with the estimated angle of refraction from the theoretical model (dotted line,
based on the band structure calculations in Fig. 1). It can be seen that the measured dispersion
matches the theoretical expectations closely. From Fig. 4(b) it can be observed that the device
is operating in the negative refraction regime (as designed), and the angle of refraction
changes rapidly with wavelength (strong superprism effect). Considering the 3 um spacing
between the adjacent output waveguides, the extent of the output beam intensity at each
wavelength can be estimated from Fig. 4(a) to be around 5 pm. By comparing this beam
extent with the initial beam waist (~4 um) and the beamwidth at the input plane of the
photonic crystal region (~80 pum), we can readily see that the device is working in the
negative diffraction regime. These observations confirm the operation of the fabricated device
in the desired operation regime. This fabricated device shows spatial separation of different
wavelength channels with around 1.2 nm wavelength resolution in a 70 pm x 130 pm
photonic crystal structure.

To further validate the operation of the device, we have simulated the propagation of
optical beams at different wavelengths in a photonic crystal structure with the parameters
similar to our fabricated device. Note that the actual parameters of the fabricated device are
slightly different from the design values because of the limited accuracy of the fabrication
process. We have employed the in-plane band structure of the planar photonic crystal
(calculated using a three-dimensional plane wave expansion method) and the envelope
transfer function [18] to calculate the output beam intensity at different wavelengths (similar
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to what we did to obtain the results shown in Fig. 2). By integrating the beam power over ~3
um intervals (i.e., the acceptance range of each output waveguide) at the output plane of the
photonic crystal region, the channel responses (at output waveguides) is found. Figure 5
shows the calculated channel responses calculated with the same waveguide positions and
spacing as the fabricated structure. By comparing Fig. 5 with Fig. 4(a), we can observe that
the theoretical estimates and experimental results of the spatial extent of the beam and the
level of side-lobes are in good agreement. Thus, we expect this theoretical model to
accurately represent the performance of such spectrometers in future designs and perform as a
reliable tool for estimating the spectral resolution and the isolation level.
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Fig. 4. (a) Measured normalized transmission responses in adjacent channels are shown for
seven output waveguides, showing a 3-dB wavelength resolution less than 1.2 nm. (b) The
experimentally measured angle of refraction (solid curve) is shown and compared with
theoretical prediction (dotted line). Theoretical results are corrected by a wavelength shift of
1.1% that accounts for the deviations of the thickness of the SiN slab and the size of holes
from the designed values.

Channel response (a.u)

L = i L i i
653 684 655 686 BS7 658 659 660
Wavelength (nm)

Fig. 5. Simulated channel responses of optical beams at different wavelengths (calculated at 50
pm wavelength steps) in a planar photonic crystal spectrometer are shown. All the parameters
of the simulated structure are similar to the fabricated structure in Fig. 2. Similar to Fig. 4(b),
the theoretical results are corrected by a wavelength shift of 1.1% to account for the deviations
of the fabricated structure from the designed values. The simulated channel response for each
output waveguide in these results is in good agreement with the experimental measurements in
Fig. 4(a).
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4. Discussion

There are three major criteria for evaluating the performance of spectrometer devices and
configurations: compactness, spectral resolution, and insertion loss. These parameters
determine how well the spectrometer can perform in different applications, e.g., as a spectral
analysis unit in a sensing platform or as a wavelength demultiplexer in an optical information
processing system. The use of strong dispersion in photonic crystals provides the potential to
implement a high resolution device in a small footprint. From Fig. 4(b), an angular dispersion
factor (i.e., change in angle as a function of wavelength) of 2.3°/nm is observed, which is
much larger than 0.17°/nm achievable in a conventional grating spectrometer realized in the
same platform. This large angular dispersion factor further confirms the size advantage of the
superprism-based photonic crystal spectrometers over alternative implementations. The
angular dispersion in this device is almost twice as high as previous demonstration of the
superprism effect in silicon nitride [21]. Furthermore, combining the superprism effect with
the diffraction compensation scheme significantly improves the spatial separation (in a
similar size) compared to the brute-force angular separation scheme (with diverging optical
beams) in previous works [21]. Note that the structures shown in this work, which are
optimized for compactness and high spectral resolution, are not necessarily the optimal
designs in terms of insertion loss. We have observed less than 8 dB insertion loss (defined as
total output power divided by total input power) in the device shown in Fig. 4. This insertion
loss value is estimated by comparing the output power from all the output channels of the
spectrometer with the power in a ridge waveguide fabricated on the same substrate and is
accurate within =1 dB (due to the limitations of our characterization setup). A considerable
portion of the loss (> 4 dB) in the demonstrated photonic crystal spectrometer is caused by the
choice of excitation of the structure using a terminated waveguide in the far-field. This loss
can be significantly reduced by using a mirror with proper curvature as the preconditioning
region at the input of the structure [22]. Further reduction of loss can be achieved by
modifying the interface of the structure and by including matching stages [23, 24] to reduce
the scattering and reflection losses when coupling the light into and out of the photonic
crystal region. Furthermore, more elaborate fabrication processes, such as deep anisotropic
etching the SiO, layer underneath the SiN layer or undercutting the structure by wet etching
can be used to further reduce the loss in the structure. We expect to considerably reduce this
insertion loss by considering all these factors in the design and fabrication of these planar
photonic crystal spectrometers.

To compare the performance of the demonstrated spectrometer with the alternative
implementations, we have fabricated spectrometers based on different operation principles on
the same substrate. The structures being compared here are (1) the photonic crystal
spectrometer studied earlier in this paper; (2) an arrayed waveguide grating (AWG) made by
following the standard design in [25]; (3) the same AWG as in (2) after a resist reflow process
[26] to reduce the sidewall roughness and reduce the waveguide propagation loss; and (4) a
folded grating spectrometer operating in the first-order reflection grating mode [27]. All these
devices are designed to have small footprints, and are fabricated in our group with the same
fabrication recipe. The SEM images of these fabricated structures are shown in Fig. 6. To
characterize the performance of each device, we have used the same measurement setup
explained in Section 3. The resolution of each spectrometer is measured by scanning the
wavelength of the input laser and measuring the power at each output waveguide. The
insertion loss is also measured by comparing the total output power of the device with that of
a straight waveguide fabricated on the same substrate. The performance of the devices, shown
in Table 1, are compared using two main metrics: (1) compactness factor, C;, = [l,,(M)MB]’l,
where I, is the length scale of the device and (Ad);qz is the spectrometer full-width half
maximum wavelength resolution, and (2) insertion loss of the spectrometer. The compactness
factor provides a measure that for a given wavelength resolution how compact each device is,
and the insertion loss is the drop in the signal level while passing through the spectrometer.
Note that in some practical situations, e.g., in a sensing platform [6], higher signal-to-noise
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ratio at the output can be traded in favor of an effectively higher detectable wavelength
resolution. Therefore, we can use the power-normalized compactness factor, C; /IL (listed in
the last column of Table 1), as the main spectrometer comparison criteria. It can be observed
that among these compact implementations, the photonic crystal spectrometer shows
favorable performance even without employing further loss-reduction solutions. Note that this
comparison between different device implementations cannot be viewed as an absolute
measure for performance of such structures. All the different spectrometers demonstrated here
have been designed with compactness as one of the major factors, and can be further
optimized for better resolution and lower insertion loss. Nevertheless, the preliminary
comparison of the performance of these structures under similar fabrication quality as
presented in Table 1 provides a point of reference for future optimization of these devices. In
our view, the compactness and insertion loss of the spectrometers as mentioned in Table 1,
should be directly included in the performance measure of the device for future integrated
spectrometer optimizations.

Note that the operation range in the devices used in this paper is located at the crossing of
the zeroth order and the first-order bands of the photonic crystal [28]. The modes in this
operation region are hybrid modes mainly consisting of the zeroth order and first-order Bloch
components. The transition of the dominant component from the zeroth order component to
the first-order component is the main factor in the rapid change in the direction of
propagation of the hybrid mode (and therefore, a strong superprism effect). In low-contrast
SiN photonic crystal structures, compared to high contrast platforms such as silicon-on-
insulator (SOI), the coupling between the zeroth order and the first-order components is
weaker. This weaker coupling manifests itself in smaller available bandwidth and more
higher-order diffractive distortion (and thus, lower cross-talk isolation) in spectrometer
devices made in the low-contrast SiN photonic crystals. The higher-order diffraction effects
distort the optical beam shape at the output of the device and causes relatively large channel-
to-channel cross-talk in these spectrometers. In principle, a multistage photonic crystal
structure can be used to provide more degrees of freedom to control the beam shape and
reduce the cross-talk. Currently, the applicability of this multistage scheme is, however,
limited by the required fabrication accuracy in different regions of such multistage structure.

The limited available operation bandwidth (around 10 nm) of the demonstrated SiN
photonic crystal spectrometer (for example, compared to AWGs in which the operation
bandwidth is easily scalable) is one of the shortcomings of the proposed scheme. However,
the useful bandwidth of the photonic crystal spectrometer can be extended by using a
cascaded scheme with a coarse wavelength demultiplexer in the first stage followed by
compact high-resolution photonic crystal spectrometers to cover different bands.

Table 1. The performances of SiN spectrometers based on different operation principles
are compared.

Compactness factor,C;  Insertion loss, IL C,/IL
(nm.mm) " (dB) (nm.mm) "'
Photonic crystal 7.0 8.0 1.1
AWG-reflow 2.8 6.5 0.63
AWG 2.8 11 0.22
Grating-based 1.1 8.0 0.17
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(b)

Fig. 6. SEM images of alternative on-chip spectrometers implemented in SiN for comparison
of spectroscopy performance are shown. (a) An AWG spectrometer with a size-scale of / = 300
pum and wavelength resolution of 1.2 nm. (b) A folded grating spectrometer with a size-scale of
[ =600 um and wavelength resolution of 1.5 nm. The inset magnifies a portion of the grating
reflector that consists of a periodic pattern of air holes next to a wide trench [27].

5. Conclusions

In summary, we have shown the potentials of planar photonic crystal devices as on-chip
spectrometers in SiN. The demonstrated structures offer exceptional compactness and high
spectral resolution performance as integrated components. A 3-dB spectral resolution of 1.2
nm and less than 8 dB insertion loss are experimentally observed in the 70 um by 130 pm
photonic crystal structure investigated in this work. It is shown that the demonstrated
superprism-based photonic crystal spectrometers even without further optimization are
advantageous over other compact implementations of spectrometers in SiN. Future steps to
reduce the insertion loss in these devices are expected to further improve their performance.
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