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ABSTRACT: Integrated spectrometers provide the possibility of compact, low-cost portable spectroscopy sensing, which is the
critical component of the lab-on-a-chip system. However, using existing on-chip designs is challenging to realize a high-resolution
miniature spectrometer over a broad wavelength range. Here, we demonstrate an on-chip time-sampling narrowband filter array
spectrometer that enables simultaneous acquisition of high-resolution spectra via optical Fabry—Pérot cavities and a large spectral
range with tunable free spectral range free filters. Two spectrometers consisting of five and seven filter cells with a compact footprint
are fabricated and experimentally characterized, demonstrating a resolution of <0.43 and <0.51 nm and a spectral range of 73.2 and
102.7 nm, respectively. Unknown broad bandwidth input signal spectra can be successfully retrieved. Integrating more filter cells
with thermal isolation trenches can dramatically boost the operational spectral range. Such spectrometers may open up new
pathways toward spectral analytical applications.

KEYWORDS: integrated optics devices, optical filter, spectrometer

B INTRODUCTION

Spectrometers can provide opportunities in a wide range of
fields such as biochemical sensing, materials analysis, hyper-
spectral imaging, and light source characterization. Developing
a high-performance on-chip spectrometer is promising to
activate numerous novel applications from consumer to
industry technologies, including on-the-spot content analysis,

with narrow channel spacing. However, the spectral bandwidth
is fundamentally limited by the free spectral range (FSR).>*
For the silicon ring resonator with acceptable bend loss, the
bend radius should be larger than $ pm, indicating an FSR no
larger than 19 nm around 1550 nm. Another challenge lies in
inevitable fabrication imperfections for the large-scale filter
array, which is crucial for small channel spacing. Fourier

instantaneous health monitoring, and even large-scale crop
monitoring." Integrated spectrometers based on various
designs and working principles have been demonstrated
since the early 1990s. Conventional integrated spectrometers
utilize dispersive optics or narrowband filters to separate the
spectral content of the incident signal into an array of
photodetectors.”~” The spectral resolution of dispersive optic-
based spectrometers is limited by the length of the optical path
because it is inversely proportional to the optical path.
Narrowband filters selecting a specific wavelength of light
allow spectrometers to be more compact. The high spectral
resolution is possibly achieved by introducing multiple filters
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transform spectrometers (FTSs) can provide a higher signal-to-
noise ratio compared to the conventional integrated
spectrometers due to the higher received optical power or
the Fellgett’s advantage.”'® The working principle of the FTS
technique is to generate a time-domain interferogram of the
input signal by modulating the optical path length within an
interferometer, followed by the reconstruction of the optical
spectrum via a Fourier transform. However, there are several
drawbacks of the FTSs, including high power consumption,
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Figure 1. (a) Schematic 3D view of the TFA spectrometer based on a TFA. Inset: the waveguide cross-section of the filter. (b) Schematic of the
filtered output spectra from the drop ports of the TFA spectrometer under three applied voltages (0, V1, V2). (c) Schematic retrieved spectra
under different applied voltages. The original input spectrum (denoted by a dashed line) can be retrieved by combining all the retrieved spectra.

large driving voltage, long measurement time, and relatively
large footprint. Over the past decade, reconstructive
spectrometers, which employ scattering medium to provide a
unique fingerprint (speckle) for each probe wavelength, then
use computational techniques to reconstruct an incident light
spectrum, have emerged.'’~>' The physical channel number
and device footprint can be reduced dramatically for the sparse
spectra. The critical challenges for the reconstructive
spectrometer are to develop a series of speckles with an
ideally orthogonal spectral response and to reduce the
scattering loss within the scattering medium. In addition, the
applicability to analyze complex spectra needs more computa-
tional power.

All types of integrated spectrometers possess two technical
paths. One is a one-shot space sampling scheme without
electrical driving/heating elements, suitable for most material
platforms but sacrifices spatial occupation. To attain both
broad spectral bandwidth and high spectral resolution, we must
introduce a massive number of physical channels and high-
performance photodetectors, which will result in a consid-
erably large footprint, fabrication challenges, and operation
complexities. Also, the other uses tunable elements for time
sampling, efficiently reducing the footprint, the number of
photodetectors, and enhancing the spectral resolution. Silicon
is a great platform because it provides rich and efficient tuning
techniques such as the thermo-optical effect, carrier dispersion,
and electrostatic force. Combining space and time sampling
with a few physical channels and tuning techniques is a
promising way to achieve both a broad spectral bandwidth and
a high spectral resolution under small space occupation.

In this paper, a compact high-resolution and broadband
integrated spectrometer was proposed using a tunable filter
array (TFA) to address the challenges of existing integrated
spectrometers. The critical building element used to construct
the micro-spectrometer is the tunable filter offering FSR-free

operation to overcome the spectral range limitation. The filters
are initially designed with the same resonant wavelength
spacing, and the filter can route every wavelength. Leveraged
by the significant thermo-optical coefficient of silicon, one can
obtain an extensive tunable spectral range. Therefore, a broad
spectral range can be achieved by cascading a small number of
filters. Here, the filter with a double-side-coupled grating-
assisted Fabry—Pérot (F—P) cavity is applied to attain FSR-
free operation with a narrow bandwidth and a high rejection
ratio. Furthermore, only one heater covering all the filters is
used to uniformly tune the filters, simplifying the operation
complexity. More importantly, the TFA spectrometer exhibits
ease of scalability and flexible configuration to a broader
spectral range by designing the filters covering a set of desired
and even discrete wavelength bands.

B DEVICE DESIGN AND OPERATION PRINCIPLE

The schematic integrated spectrometer is shown in Figure 1.
The fundamental cell is the tunable filter based on a double-
side-coupled gratmg assisted F—P cavity, as reported in our
previous work.”” Several unit cells can be cascaded to cover a
wide spectral range, where each unit is designed to cover a
portion of the spectral range. The incident light propagates in
the bus waveguide and then a few separated narrow spectral
bands are dropped into the corresponding channels. The
resonant wavelength tuning is driven by a thermo-optical
heater deposited on the F—P cavity with micro-spacing. The
wavelength sampling of each filter is implemented within a
specific spectral range by thermal tuning. Note that the
coupling strength at a longer wavelength is higher than that at
a shorter wavelength. Thus, to reduce the loss caused by off-
band wavelength coupling, especially in the long-wavelength
range, the arrangement of the filters along the waveguide is
determined by its resonant wavelengths. The filter exhibiting
the longest resonant wavelength should be placed closest to
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Figure 2. (a) Transmission spectra from the drop port of the filter cell with different grating pitches (290—310 nm). (b) Linear fitting between the
grating pitch and the resonant wavelength. (c) Transmission spectra from the drop port of the five filter cells at different applied voltages.

Grating coupler

Figure 3. (a) Microscope image of the TFA spectrometer based on the five-channel filter array. Zoom-in image of the (b) grating coupler and (c)

filter cell.

the input port and has high priority in extracting light from the
input port. Figure 1b shows the schematic of the resonant
wavelength shift under different voltages applied on the shared
microheater. The wavelength shift is proportional to the
heating power applied to the heater. The tunable filter in each
channel can acquire the corresponding spectral information
with high resolution according to the heating power and
received optical power at drop ports. The full input spectrum
can be retrieved by combining the spectra collected from all
channels, as shown in Figure 1c. The ultimate resolution of the
TFA spectrometer is decided by the thermal tuning resolution
and 3 dB bandwidth of the resonant wavelength of the filter
cell, which is at a sub-nanometer level. The final spectral range
of the TFA spectrometer depends on the product of the tuning

range of the filter cell and the filter cell number. Due to the
FSR-free feature of the filter, in principle, the spectral
bandwidth of the TFA spectrometer can be significantly
extended by cascading numerous filter cells on a single optical
link.

The position of the resonant wavelength is related to the
pitch of the Bragg grating and the cavity length. The FSR-free
condition is almost independent of the pitch but strongly
correlates with the cavity length. Thus, we can easily choose
the needed resonant wavelength and simultaneously maintain
the filter's FSR-free operation capability. For ease of a
representative, we cascade five filter cells into the spectrometer.
Figure 2a shows the simulated spectral responses for the five
filter cells with different pitches of 290, 295, 300, 305, and 310
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Figure 4. (a) Transmission spectra from the five channels under different applied voltages. (b) Insertion loss and 3 dB bandwidth of the filter series
under various applied voltages. (c) Linear fitting of the resonant wavelength versus the heating power on the microheater.

nm. The coupling gaps gl and g2 for the filter cells with a pitch
from 290 to 310 nm are 226 to 250 nm with 6 nm intervals.
The gap variation for different pitches mainly compensates for
the drop efficiency due to dispersion. There are some minor
transmission peaks at the red side of the main peak close to the
edge of the band gap of the Bragg grating. The minor
transmission peaks result from mode-mismatching between the
fundamental Bloch and the waveguide mode. Thus, there are
minor defects in the cavity, resulting in multiple resonance
modes out of but close to the band gap, as shown in
Supporting Information, Figure S1. Figure 2b exhibits an
excellent linear relationship between the resonant wavelength
and the pitch. The resonant wavelength red-shifts about 3.18
nm for each 1 nm increase in the pitch. The FSR-free
operation is observed for all the pitches in the wavelength
range from 1350 to 1630 nm. The simulated spectra of the five
filter cells with the applied voltages from 0 to 5 V covers the
wavelength range from 1434.8 to 1517.5 nm, as shown in
Figure 2c.

B DEVICE CHARACTERIZATION

Figure 3a shows the microscope image of the TFA
spectrometer based on the five-channel filter array. Figure
3b,c exhibit the zoom-in images of the grating coupler and the
filter cell. To reduce the total resistance of the heater, we
implement a segmented microheater, as shown in Figure 3a.
We can control the heater resistance without changing its total
length by choosing the number of sections. Thus, we can drive
the heater with a high-current/low-voltage configuration.

The transmission spectrum of the TFA spectrometer is
measured with applied voltages from 0 to 8 V, as shown in
Figure 4a. The insertion losses (light red dots) and 3 dB
bandwidth (light blue dots) of each physical channel are
shown in Figure 4b. The error bar shows the bandwidth and

insertion loss variation in the same physical channel. The 3 dB
bandwidth for different physical channels varies in the range of
0.30—0.43 nm. The minimum insertion loss is measured to be
5.3 dB nm, and the maximum insertion loss is 8.7 dB. The
variation in the same physical channel is <1.5 dB. The off-band
coupling mainly causes the insertion loss variation in different
channels. The short wavelength channel usually has a slightly
higher insertion loss than the long wavelength one. In addition,
the coupling efficiencies of the input and output fiber-chip
couplers also differ from channel to channel, as these were
measured independently. The normalization of the coupling
efficiency of the grating coupler increases the experimental
uncertainty. However, these fluctuations do not impact the
finally constructed spectra by calibration. The lowest crosstalk
was measured to be —25 dB. The resolution of the TFA
spectrometer is <0.43 nm, and five filter cells cover a 73.2 nm
wavelength range from 1434.3 to 1507.5 nm. The resonant
wavelengths of all channels are almost perfectly linear with the
heating power (Figure 4c). The R-square coefficient of the
linear regression fitting method, which determines the linear
fitting degree, is >0.995. Note that the linear fitting degree
determines the accuracy of the reconstructed spectrum. An
excellent linear fitting means that the applied power can simply
obtain the wavelength. The total power of the TFA
spectrometer for the applied voltage of 8 V is 606 mW, and
the footprint is 43 gm X 600 um. Higher voltage than that in
the simulation can be attributed to the large contact resistance
and the misalignment between the grating and the micro-
heater. The tuning range can be increased to about 30 nm by
utilizing isolation trenches surrounding the filter cells.">*
Therefore, the spectral range of the TFA spectrometer can be
extended for the same heating power and physical channel
number. The normalized retrieved spectra from the five
physical channels with a single-wavelength input are shown in
Figure 5. We scan the applied voltage to maximize the received
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Figure 5. Normalized measured spectra from the five physical
channels with a single-wavelength input.

power. A commercial spectrometer (YOKOGAWA
AQ6370D) was used to attain the narrowband spectrum. We
can route every wavelength in the spectral range. The
wavelength increment is 1 nm from 1435 to 1508 nm for
clarity.

We also experimentally characterize the TFA spectrometer
based on a seven-channel filter array with the applied voltages
from 0 to 8.5 V, as shown in Figure 6a. The 3 dB bandwidth
varies in the range of 0.43—0.51 nm, the minimum and
maximum insertion losses are 5.6 and 8.6 dB, as shown in
Figure 6b. The lowest crosstalk was measured to be —20 dB.
The spectral range is about 102.7 nm from 1420.9 to 1523.6
nm with a resolution of <0.51 nm. Figure 6¢ reveals the
resonant wavelengths of all channels for the different heating
power, and the R-square coefficient is >0.99. The total power
for the applied voltage of 8.5 V is 873 mW, and the footprint is
43 pym X 840 pm.

As a representation of demonstration, we reconstructed the
spectra by the fabricated TFA spectrometer with five channels.
We first calibrated the TFA spectrometer using the TSL
tunable laser with the same input power. We attained the max
drop optical power at each wavelength by optimizing the
applied power. Thus, the calibration (one-to-one correspond-
ence between the input and received optical power at each
wavelength) is established. The broadband spectra from the
supercontinuum source were also introduced into the TFA
spectrometer. We scanned the applied power and then
recorded the optical power at each drop port. The input
broadband spectrum is retrieved according to the relationship
between the wavelength and electric power, as the colorful
solid curve shows in Figure 7. The retrieved spectrum agrees
well with the input one. The slight discrepancy is due to the
electrical contact instability and fiber drift within measurement
time. In real applications, the spectrometer can be packaged
with fiber arrays as optical I/O and wire bonding as electrical
I/O to avoid these instabilities. Due to the limitation of the
low output power of the supercontinuum source (0 dBm at 40
MHz repetition rate) and high insertion loss of the grating
coupler (>20 dB), the light with single-wavelength power
lower than —33 dBm cannot be retrieved. The optical I/O
configuration with higher coupling efficiency and broader
bandwidth, such as edge coupler and 3D couplers, can be
introduced to improve the weak light analytical capability.”*~>°
In addition, the reconstruction error induced by the minor
transmission peaks can be improved by the compensation
algorithm (Supporting Information, Note 3).

Table 1 shows a comparison of the reported integrated
spectrometers. Compared to previously reported schemes, the
demonstrated TFA spectrometer can realize both high
resolution and broad spectral range with a few physical
channels and a compact footprint. The reconstructive
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Figure 6. (a) Transmission spectra from the seven channels under different applied voltages. (b) Insertion loss and 3 dB bandwidth of the filter
series for various applied voltages. (c) Linear fitting of the resonant wavelength versus the heating power on the microheater.
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Figure 7. Retrieved spectra from the five channels (solid line) by the
TFA together with a reference measurement (dashed line) by the
commercial spectrometer.

spectrometer is also a powerful tool to analyze spectra with
high resolution and broad spectral range. However, the
reconstructive error of reconstructive spectrometers is a strong
correlation with the complexity of the spectrum.18 Generally,
the more complex the spectrum, the higher the error. The
reconstructive spectrometers are desired to recover particular
and simple spectra by the compressive sensing method. A
complex spectrum (e.g., the dense spectrum contains a lot of
narrow spectral lines or contains both sharp and smooth
features) requires a complex reconstruction model with many
parameters and huge computation power.'®*" Our proposed
TFA spectrometer only needs a simple spectral construction
process for general spectra. Meanwhile, the bandwidth can be
easily broadened by integrating more filter cells.

B DISCUSSION

The designed TFA spectrometer using a tunable FSR-free filter
array realizes high-resolution and large-range spectral analysis.
The final resolution is the minimum of the linewidth of the
resonance peak and the minimum tuning wavelength interval.
The smaller the minimum tuning wavelength interval is, the
higher the resolution is. However, it results in severe crosstalk
and a smaller dynamic range (Supporting Information, Note
2). For the five-channel TFA spectrometer, the measured 10—
90% increase and 90—10% fall times are 5.9 and 8.0 us
(Supporting Information, Figure S3). The one-time scan
duration is 0.3 s, and the corresponding energy consumption
to implement a full-range scan is about 181.8 mJ (Supporting
Information, Note 4).

B CONCLUSIONS

In summary, we proposed and demonstrated a compact high-
resolution and large spectral range integrated spectrometer by
using a tunable FSR-free filter array. Each filter unit is designed
to cover a portion of the input spectrum, and the time-
sampling technique by tunable elements dramatically decreases
the number of physical channels. Due to the high-quality factor
of the F—P cavity, the resolution of the TFA spectrometer is
dramatically boosted beyond the conventional spatial-sampling
narrow-filter-based spectrometer by finely tuning the reso-
nance wavelength. The FSR-free operation of the filter
overcomes the spectral range limitation. As a demonstration,
five-channel and seven-channel spectrometers are fabricated
and experimentally characterized, demonstrating resolution of
<0.43 and <0.51 nm and a spectral range of 73.2—102.7 nm.
The power consumption due to thermal tuning can be
drastically reduced by introducing isolation trenches. The TFA
spectrometer has good scalability, can be extended to a broader
spectral range, and can be flexibly configured by designing a set
of filters covering required or even discrete bands.

Table 1. Comparison of Reported Integrated Spectrometers

resolution
schemes AA/nm range/central wavelength/nm
digital planar holograms* 0.15 148/600
arrayed waveguide 0.1 25.4/1555
gratings + microring”
microdonut array® 0.6 50/1580
diffraction grating + rnicroring7 0.1 10/1488
coiled spirals based Fourier 0.04 0.75/1550
transform'®
spatial heterodyne Fourier 0.085 0.6/1568
transform'’
stationary-wave integrated S.S 500/1550
Fourier transform
Fourier transform'® 3.1 56.2/1550
multimode Fourier transform'* 0.88 60/1550
microring assisted Fourier 0.47 90/1571
transform'®
digital Fourier transform'® 0.2 4.8/1560
random structure'” 0.75 25/1512
multimode spiral waveguide'® 0.01 2/1520
linear coherent network'” 0.02 12/776
tailored disorder modes®® 0.25 30/1555
stratified waveguide filters™" 0.45 180/1560
our work 0.43 73.2/1472
our work 0.51 102.7/1472

spectral physical applicability of
channels channels size/mm*  power/mW spectral analysis
987 987 2 0 general
254 9 9 363 general
84 84 1 0 general
100 10 2 general
18 32 12 0 general
7 16 4.5 0 general
91 1 10 general
18 1 1 2500 general
68 1 5200 general
191 1 1835 general
24 1 99 particular type
33 25 0.005 0 particular type
200 40 0.25 0 particular type
600 64 0.01144 0 particular type
120 8 0.00039 0 particular type
400 32 0.0126 0 particular type
170 S 0.0258 606 general
201 7 0.03612 873 general
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B MATERIALS AND METHODS

Numerical Simulation Method. The transmission
response of the tunable filter is calculated by using the 3D
finite difference time domain numerical method. Scattering
bound condition is taken into account and a perfectly matched
layer is used to surround the simulation domain. The
temperature field distributions of the filter at different bias
voltages using the finite-element solver realize external
wavelength tuning.

Device Fabrication. The TFA spectrometer was fabricated
on a 220 nm silicon-on-insulator platform with the processes of
patterning structures by electron beam lithography (Raith
Voyager) and subsequent dry etching through inductively
coupled plasma (Samco). First, a shallow etching with a depth
of 150 nm was executed to form the waveguides and grating
couplers. Then, a 1 um-thick silica thin film was deposited to
cover the entire device by utilizing the plasma-enhanced
chemical vapor deposition process. Finally, the contact pads
and thermo-optical microheaters were defined by an ultraviolet
lithography process, followed by the deposition of the metal
titanijum and gold with different thickness combinations
utilizing e-beam evaporation (10 nm Ti/100 nm Au for
contact pads and 100 nm Ti/10 nm Au for microheaters). All
the filters were tuned at the same time by the heater. The
width of the microheater is 2.75 yum.

Experimental Method. The spectral responses of the TFA
spectrometer were characterized by a broadband tunable laser
system (Santec full-band TSL, 1260—1630 nm), launching
light into the input port and monitoring the transmissions at
the drop ports of the filter cells. The measured spectral
responses were normalized concerning the transmission of the
reference grating couplers on the same chip. The resolution is
10 pm in the measurements. A broadband spectrum from a
supercontinuum source (YSL SC-Pro) with an acousto-optic
tunable filter (YSL AOTF) as an input broadband signal was
used to test the performance of the TFA spectrometer. The
AOTF had a 3 dB bandwidth of 10 nm, and the central
wavelength was set at 1434, 1449, 1465, 1480, and 1496 nm,
respectively. The commercial spectrometer (YOKOGAWA
AQ6370D) recorded the broadband spectra as the reference.
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