Broadband Fourier-transform silicon nitride
spectrometer with wide-area multiaperture input
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Integrated microspectrometers implemented in silicon
photonic chips have gathered a great interest for diverse
applications such as biological analysis, environmental
monitoring, and remote sensing. These applications often
demand high spectral resolution, broad operational
bandwidth, and large optical throughput. Spatial
heterodyne Fourier-transform (SHFT) spectrometers
have been proposed to overcome the limited optical
throughput of dispersive and speckle-based on-chip
spectrometers. However, state-of-the-art SHFT
spectrometers in near-infrared achieve large optical
throughput only within a narrow operational bandwidth.
Here we demonstrate for the first time, to the best of our
knowledge, a broadband silicon nitride SHFT
spectrometer with the largest light collecting
multiaperture input (320x410 pm?) ever implemented in
an SHFT on-chip spectrometer. The device was fabricated
using 248 nm deep-ultraviolet lithography, exhibiting
over 13 dB of optical throughput improvement compared
to a single-aperture device. The measured resolution
varies between 29 pm and 49 pm within the 1260 - 1600
nm wavelength range. © 2021 Optical Society of America
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Optical spectroscopy has been extensively employed to study the
interaction between light and matter, enabling the identification of
specific molecules and compounds through emission, scattering, or
absorption of light [1]. In particular, the near-infrared (near-IR)
spectral range, covering the wavelengths between 800 nm and
2500 nm, has undergone a renaissance of interest with applications

ranging from food industry, chemical and biological analysis,
medical research to environmental monitoring [2,3]. Benchtop
spectrometers provide high spectral resolution and broadband
operation for multi-target detection, yet these spectroscopic
systems rely on large-scale bulk optical instruments. Conversely,
miniaturized spectrometers have emerged as a promising solution
to perform in situ analysis with handheld devices, or remote sensing
with microsatellites and unmanned vehicles [4].

The high refractive index material platforms and CMOS
compatibility of silicon photonics has enabled the development of
high-performance optical spectrometers in extremely compact and
robust form factors. Numerous on-chip silicon photonic
spectrometers have been proposed based on different operational
principles. Light dispersion has been exploited in planar waveguide
devices [5,6] including arrayed waveguide gratings, echelle
gratings, microring resonators, photonic crystals, and digital planar
holograms [7-11]. Although sub-nanometer spectral resolutions
can be achieved with these devices, they suffer from limited optical
throughput [12]. Note that the optical throughput is also referred to
as étendue. More recently, spectrometers based on wavelength-
dependent speckle patterns have been proposed exhibiting fine
resolutions and operation over broad wavelength ranges [13-15].
Since the spectral-to-spatial mapping of this kind of spectrometers
is generated and recorded after the device fabrication, the
transmission matrix can be calibrated to mitigate the influence of
chip fabrication errors. Nevertheless, speckle-based spectrometers
are still hampered by a low sensitivity owing to their single input
aperture and the high losses caused by scattering in disordered
media, out-of-plane leakage, and evanescent coupling in long
multimode waveguides. Fourier-transform (FT) spectrometers, on
the other hand, provide a high resolution along with an improved
optical throughout as they benefit from Jacquinot's advantage [12].
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In this case, the input light spectrum is calculated using the discrete
FT of the interferogram detected at the output. Depending on how
this output interferogram is generated, state-of-the-art on-chip FT
spectrometers can be divided into three main groups: i) active
scanning, ii) stationary wave integrated, and iii) spatial heterodyne
spectrometers. In active scanning FT spectrometers, the optical
path difference is modified over time by changing either the
physical path length [16] or the optical properties of the waveguides
by means of the thermo-optic effect [17]. Unlike the scanning
devices, stationary wave integrated FT (SWIFT) spectrometers and
spatial heterodyne FT (SHFT) spectrometers do not involve any
moving or active components. Reported SWIFT spectrometers
operate over a broad bandwidth of ~100 nm but have only shown
moderate spectral resolutions (4 nm [18], 6 nm [19]), whereas
SHFT spectrometers based on an array of Mach-Zehnder
interferometers (MZIs) can yield resolutions on the order of a few
tens of picometers [20-22]. However, the operation bandwidth of
state-of-the-art SHFT spectrometers in the near-IR wavelengths is
limited by the strong modal dispersion of silicon-on-insulator and
silicon nitride (SiN) waveguides, hindering multi-target detection
with a single spectrometer [23]. On the other hand, mid-IR SHFT
spectrometers have been demonstrated that exploit optimized
waveguide geometry to achieve wide bandwidth and dual-
polarization operation [24]. Still, there is no demonstration of on-
chip SHFT spectrometers achieving wideband operation and large
optical throughput simultaneously.

In this Letter, we design and experimentally demonstrate a
broadband on-chip SHFT spectrometer for the SiN platform that
operates at near-IR wavelengths for transverse-electric (TE)
polarized light. Instead of employing several parallel spectrometers
optimized for different spectral band operation as reported in [25],
we use high-performance SiN beam splitters to implement the
array of MZIs and thus overcome the inherent limitations posed by
conventional power splitters in terms of losses, imbalance, and
operating bandwidth. Furthermore, we have also optimized the
light collection system at the input to cover a wide area and thereby
improve the optical throughput.

One of the key advantages of SHFT spectrometers is the
capability of implementing multiaperture input configurations. Our
input surface grating coupler, depicted in Fig. 1, leverages this
advantage by covering an extensive area of 320x410 um?
(WgexLge) and coupling light simultaneously to all 16 MZIs. The
coupler is designed for TE polarization and both width and length
were chosen to optimize the overlap between the fundamental
mode of the pigtailed gradient-index (GRIN) fiber collimator (near-
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Fig. 1. 3D schematic of the wide-area input grating coupler, which
consists of a 1D diffraction grating and 16 linear tapers. A Gaussian field
with a 500 pm beam waist is coupled into the chip and simultaneously
feeds the array of 16 MZIs (in red). Dimensions are not to scale.

Gaussian distribution) and the radiated field (exponential
distribution). The diffractive section of the input grating comprises
unetched 600-nm-thick SiN segments of length a = 630 nm and
shallow-etched segments of length A — a = 395 nm with an
etch depth of 300 nm. The lower refractive index contrast of the SiN
platform compared to SOI combined with the shallow-etched
waveguide geometry results in a reduced grating contrast that
weakens the grating radiation strength and correspondingly
increases the grating length. This allows us to maximize the input
aperture of the SHFT chip based on multiple smaller apertures. It
should be noted that the optical throughput is the product of the
solid angle and the input area [12,26]. Interconnection between the
wide-area diffraction grating and the 700-nm-wide waveguides of
the MZIs is implemented with 16 linear tapers with alength of L =
500 um. The calculated coupling efficiency is -6.9 dB at the
wavelength of 1563 nm with a 3-dB bandwidth of 18.2 nm. The full
wavelength range between 1260 nm and 1600 nm wavelength is
characterized by adjusting the tilt angle of the GRIN collimator and
the SMF-28 fiber, addressing different portions of the spectrum.
MZIs comprise two identical 1x2 SiN beam splitters in back-to-
back configuration with an increasing arm imbalance. The
maximum path length difference between MZI armsis 22.8 mm and
the minimum bend radius is 30 pm. The choice of the beam splitters
is important as they ultimately determine the operating bandwidth
of our spectrometer. The selected splitters exhibit low losses and
low power imbalance (<0.6 dB) over a broad bandwidth of 420 nm
(1260 - 1680 nm) [27]. The output port of each MZI is connected to
a conventional grating coupler whose width and length are 13.5 um
and 66.7 pm, respectively. The period of these conventional grating
couplersis A = 1.14 um and the duty cycle (DC = a/A) is 50%.
The SHFT spectrometer was fabricated in the industrial-scale
300 mm silicon photonics R&D platform at STMicroelectronics [28].
A SiN layer with a thickness of 600 nm was deposited onto a 1.4-
um-thick SiOz layer using low-temperature plasma-enhanced
chemical vapor deposition (PECVD). The SiN layer was then
patterned using 248 nm deep-ultraviolet (deep-UV) lithography
and etched through a dry etching process. Finally, a 1.5 pm SiO2
cladding was deposited. Figure 2(a) shows an optical image of the
fabricated SHFT spectrometer, which comprises a wide-area input
grating coupler, an array of 16 MZIs with varying optical path
difference, and 16 conventional output grating couplers (see Figs.

Fig. 2. Optical images of (a) the complete SHFT spectrometer, (b) the
wide-area input grating coupler, (c) an MZ], and (d) output grating
couplers. SEM images of the (e) input and (f) output grating couplers.



2(b), 2(c) and 2(d), respectively). Scanning electron microscope
(SEM) images of the input and output grating couplers are also
shown in Figs. 2(d) and 2(e), respectively. The entire device only
occupies 9.8 x 0.9 mm?.

Since dissimilar input and output fiber-chip coupling interfaces
are implemented, input and output optical fibers are also different.
A single-mode pigtailed GRIN fiber collimator is used at the input to
couple a Gaussian field with a 500 pum beam waist into the chip via
the wide-area grating coupler. Cleaved single-mode optical fiber
(SMF-28) is employed for output coupling and subsequent light
guiding to an external photodetector. Using this configuration, the
enhancement in optical throughput is first evaluated with a tunable
laser near 1563 nm. The GRIN fiber collimator at the input was
aligned with the center of the wide-area grating coupler
(maximizing the transmittance of MZI number 8). For the sake of
comparison, auxiliary test structures consisting of two conventional
grating couplers connected back-to-back were also measured using
GRIN fiber collimator at the input and cleaved SMF-28 fiber at the
output. Figure 3(a) shows the measured transmittance of each MZI
normalized with respect to the transmission of the two
conventional grating couplers in back-to-back configuration. This
first assessment indicates that indeed the optical throughput
improves compared to single-aperture auxiliary structures. In
order to quantify the optical throughput improvement, the values of
all MZI outputs are summed, resulting in a 13.1 dB optical
throughput increase compared to conventional grating couplers. To
verify the broadband operation of the SHFT spectrometer, three
tunable lasers were used to cover the 1260 - 1600 nm wavelength
range. Measurements in different spectral regions were carried out
by adjusting the tilt angle of the GRIN collimator and the SMF-28
fiber independently. Waveguide insertion losses results in unequal
fringe visibility along the interferometer array, causing a deviation
from theoretical performance. The latter can be readily corrected
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Fig. 3. (a) Measured transmittance of each MZI near 1563 nm
normalized with respect to the transmission of two conventional
grating couplers in back-to-back configuration. All measurements were
carried out using a GRIN collimator at the input and an SMF-28 fiber at
the output. 3D representation of the normalized calibration matrix
measured for the 16 MZIs near (b) 1270, (c) 1563, and (d) 1588 nm.
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Fig. 4. (a) FWHM of the retrieved spectrum of a monochromatic input
signal (red dots) and a linear fit (black line). (b) Free spectral range
(FSR) of the SHFT spectrometer (red dots) and a linear fit (black line).

with the normalization of the output pattern by the visibility
function of each MZI [20]. A total of 18 different calibration matrices
were measured in different spectral regions within a bandwidth of
340 nm (1260 -1600 nm), being the tilt angle of the GRIN fiber
collimator (input) and the SMF-28 optical fiber (output) different
during the wavelength scan. Figures 3(b), 3(c), and 3(d) show the
calibration matrices near the wavelengths of 1270, 1563 and 1588
nm, respectively. Power spectrum of the input signal is retrieved
using a passive spectral retrieval algorithm based on the
pseudoinverse of the calibration matrix [20,22]. The spatial
interferogram measured at the output of each MZI at specific
wavelengths /(x;, 4;) is multiplied by the pseudoinverse of the
corresponding calibration matrix C;' (Aj) in order to obtain the
spectrum of the input signal B(/lj). This pseudoinverse retrieval
algorithm can compensate amplitude and phase errors arising from
fabrication deviations without the need for active control elements.
Ripples in the retrieved spectrum arise from the truncation of the
spatial interferogram in a specific wavelength range. To mitigate
this effect, a Gaussian apodization window was used in our spectral
retrieval algorithm. Figures 4(a) and 4(b) show the spectral
resolution measured at full width at half maximum (FWHM) and
the free spectral range (FSR) of the retrieved signals within the
1260 - 1600 nm wavelength range. The FSR in this device is defined
as FSR = §AN /2, where 62 is the wavelength resolution and N is
the number of MZIs in the array. Linear regression was applied to
the experimental data set and is represented with a black line in
both panels of Fig. 4. The spectral resolution is as low as 29 pm near
1260 nm wavelength and increases up to 49 pm at the wavelength
of 1600 nm, while FSR values range from 260 nm to 470 nm within
the same bandwidth. In Fig. 5, we show the experimentally
retrieved spectrum of a monochromatic signal and a doublet of two
monochromatic lines in six different spectral regions. Our SHFT
spectrometer exhibits low sidelobe levels, yielding a high signal-to-
noise ratio over the entire measured bandwidth. Complex spectral
retrieval techniques such as those based on machine learning could
also be employed to make our device more robust to varying
environmental conditions [29].

In conclusion, we report on the demonstration of a broadband
SHFT spectrometer implemented with 248 nm deep-UV
lithography in a SiN platform. The limited operational bandwidth of
conventional spectrometers in the near-IR region is circumvented
with the inclusion of high-performance SiN beam splitter
Furthermore, the chip input interface is designed to cover a large
light collecting surface of 320x410 um?, leveraging the multiple
surface grating couplers to exploit the Jacquinot's advantage. We
estimated an improvement of the optical throughput of 13.1 dB
compared with single-aperture device. The proposed spectrometer
operates in a remarkable 340 nm bandwidth (1260 - 1600 nm),
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Fig. 5. Part of the near-infrared wavelength range and the retrieved spectrum of a monochromatic source (red curves) and a doublet of two
monochromatic lines (orange curves) near the wavelengths of (a) 1270 nm, (b) 1363 nm, (c) 1452 nm, (d) 1477 nm, (e) 1563 nm, and (f) 1588 nm.

yielding a worst-case spectral resolution and FSR of 49 pm and 470
nm, respectively. Nevertheless, both resolution and free spectral
range of our device could be further improved by using advanced
retrieval methods, such as compressive-sensing reconstruction
techniques, which have already been developed for SHFT
spectrometers operating in the near-IR [30]. We believe that these
results pave the way for the implementation of cost-effective on-
chip spectrometers aimed at multi-target applications in the near-
IR, such as environmental monitoring or chemical analysis.
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