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Abstract

There has been a rapidly growing demand for low-cost, integrated single-shot spec-
trometers to be embedded in portable intelligent devices. Even though significant
progress has been made in this area, two major problems are still remaining, namely
the high temperature sensitivity and poor bandwidth-resolution ratio (BRR) that can't
meet the requirement of most applications. In this work, we present an integrated
single-shot spectrometer relying on a silicon photonic circuit that has a footprint

less than 3mm?, but could achieve broad operation bandwidth about 100 nm and high
resolution up to 0.1 nm (with a BRR~ 1000). Moreover, for the first time, we demon-
strate an integrated spectrometer that could operate within a wide temperature range
(between 10 and 70 degrees Celsius) without additional power consumption for tem-
perature management.

Keywords: Optical spectrometers, Silicon photonics, Computational spectrometers,
Photonic integrated circuits

Introduction
Emerging applications like wearable healthcare devices and portable food scanning
equipment are imposing rapidly growing demand for low-cost integrated spectrometers
in past decade [1-7]. It is reported that chip-size spectrometers will exhibit a disrup-
tive growth in market value from 2million US dollars in 2019 to over 1.6billion dollars
in 2024 [6]. For those applications, single-shot spectrometers are particularly preferred
over scanning spectrometers as they do not require additional power consumption and
measurement time [7—14]. While to meet the low-cost, Silicon photonics is believed to
be one of the most promising platforms to realize integrated single-shot spectrometers-
due to its CMOS compatibility that enables wafer-scale fabrication of spectrometers.
Most of the demonstrated single-shot spectrometers on silicon photonics are
based on the same principle with free-space based equipment: utilize narrowband
optical components such as dispersive gratings or narrowband filters to spatially
split the spectral componentsinto different channels (will be described as conven-
tional spectrometers in following context). In other words, each channel produces a
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transmission spectrum with non-zero coefficients only within a narrow optical range
around certain wavelengthas shown in Fig. 1a, b. Then the measurements from all
channels can be simply stitched together to reconstruct the incident spectrum. This
technique is straightforward and requires no additional complicated signal process-

ing, thus attracts numerous research attentions [15-21].

But there exist two major limitations for those single-shot spectrometers to be fur-

ther developed towards commercially available products:

« First is the high temperature sensitivity that requires spectrometers to work at a fixed

temperature. Silicon spectrometers based on gratings or narrowband filters typically
utilize very long waveguides or resonant cavities to produce narrow transmission
bandwidth and high spectral resolution. Consequently, a small amount change in the
waveguide refractive index would accumulate and lead to a significant shift in each
channel’s transmission spectrum [22-24]. Since the channel transmission spectra
only contain non-zero components within a narrow optical range, the shift would
make the transmissions at certain optical range of interest become zero and the sam-
pling would be lost, which cannot be recovered by any post-processing algorithms.
Figure 1c shows simulations results of a simple spectrometer based on an array of
10 silicon ring resonators, supposed to provide spectral sampling between 1541 and
1542.5 nm with a spectral resolution of 0.1 nm. 5 degrees increase in temperature
would make the sampling at first 5 channels completely lost. Using integrated heaters
can only solve the blue-shift phenomenon induced by decrease in the working tem-
perature, at the cost of additional power consumption. No effective on-chip cooling
down approach is demonstrated so far to solve the red-shift problem when working

temperature increases.
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Fig. 1 a, b Conventional silicon spectrometers using narrowband components such as resonators or
dispersive gratings. ¢ Temperature change would lead to a significant shift in the narrowband spectrum and
for certain optical range of interest, the transmissions will become zero
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+ Second is the limited bandwidth-resolution ratio (BRR) that can’t meet most appli-
cations’ requirements. bandwidth and resolution are believed to be the most fun-
damental performance indicators. Large BRR indicates the spectrometer either has
broad bandwidth at fixed resolution or high resolution at fixed bandwidth. There-
fore, it is a good figure of merit to comprehensively characterize the spectrometers’
performance. The BRR of conventional spectrometers. While most applications like
Fuel detection, glucose analysis, water pollution, gas analysis would require the spec-
trometer’s BRR over a few hundreds [1]. On the other hand, it is nontrivial for con-
ventional spectrometers to obtain a large BRR, as a series of problems induced by
fabrication will be emerging when many grating channels or narrowband filters is
present, such as fabrication variations, resonance splitting of resonators, phase errors
of gratings etc. Moreover, use many grating channels or narrowband filters would
decrease the power received at each detector, leading to poor signal-to-noise ratio
and small dynamic range of the spectrometer.

In this work, we propose and validate a computational single-shot spectrometer inte-
grated on silicon photonics platform that successfully overcome the two issues intro-
duced above. It utilizes a novel type of broadband filters called multi-point self-coupled
waveguide (MPSCW) to sample the entire spectrum. A single-shot spectrometer con-
sisting of 64 such filters are demonstrated on silicon photonics. The total footprint of
the on-chip elements is less than 3mm? The spectrometer’s bandwidth exceeds 100nm
and the spectral resolution is up to 0.1nm, thus a BRR over 1000 is achieved. Moreo-
ver, for the first time, we experimentally demonstrate an integrated spectrometer that
can operate within a broad temperature range between 10 and 70 degrees Celsius. Other
advantages of this spectrometer included low insertion loss, good scalability and robust

to fabrication variations.

Results

Principle of computational spectrometers

Computational spectrometers employ an array of broadband components with non-zero
and distinct transmissions within a broad optical range. The schematic of a computa-
tional spectrometers and examples of broadband filters spectral responses are plotted in
Fig. 2a, b.

The incident signal ®(4) will first enter a power splitter to be evenly divided into N
portions. Each portion will propagate through a broadband filter with specific spectral
response F;(4), where i=1,2,3.....N. Consequently, the spectrum at the output of the fil-
ter will be modified to ®(4)F;(4), and the response of a photodetector receiving the sig-
nal will be the integral of this new spectrum:

M

I; = R/. O (A)F;(L)dA (1)
A1

where 41 and Ay refer to the starting and ending wavelength of the spectrum, R rep-

resents the responsivity of the detector, which is typically wavelength independent and

can be pre-calibrated. For signal processing purpose, the integral can be modeled as the

product of two discrete arrays:
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Fig. 2 a Schematic of a computational spectrometer that consists of 1xN power splitter and N broadband
filters with diverse transmission spectra. b Exemplar transmission spectra of broadband filters. ¢ lllustration of
temperature change induced spectrum shift for broadband filters

I; = RO Flypy (2)

This is a linear equation with M unknowns (®1,as), which represent the incident spec-
trum and M can be considered as the ratio of the bandwidth and resolution of the spec-
trum. The coefficients of this equation are the transmission coefficients of the filters at
corresponding wavelength points and can be obtained at calibration stage. Similarly, N
filters with diverse spectral responses (namely, different equation coefficients) will gener-
ate N linear equations with M unknowns. For computational spectrometers, the number of
equations N can be much smaller than the number of unknowns M, leading to smaller foot-
print, less splitting loss and larger dynamic range. Under this condition the system becomes
under-determined and it should be solved according to Eq. (3) [25, 26]:

minimize Iy — RO 1 Faran |2 + oD ®1aarl|? subject to 0 < & < 1 (3)

where I,y is an array containing responses of N detectors, Fasy is an array whose col-
umns are the filters’ spectral responses and « is the regularization coefficient to smooth
the results otherwise random spikes will appear due to the nature of the algorithm [25,
26].T" is an auxiliary matrix to calculate the derivative of ®1,,.
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Principle to work in a broad temperature range

Temperature change can make the spectrum of any silicon components shift. This
problem is unsolvable for conventional spectrometers as discussed in the introduc-
tion part andas plotted in Fig. 1c. Therefore, the operation temperature range of con-
ventional silicon spectrometers must be fixed, which seriously limits the development
towards commercially available products.

While for computational spectrometers, broadband filters that have non-zero trans-
missions within a wide optical range are used. The temperature change still shifts the
transmission spectrum, but for the optical range of interest, the transmissions are still
non-zero and the spectral information would not be lost as shown in Fig. 2c. Math-
ematically speaking, the spectrometers reconstruct the spectrum by solving Eq. (3),
where the sampling matrix Fan is obtained at calibration stage. Fjyn can be con-
sidered as a diagonal matrix for conventional spectrometers, and a full matrix for
computational spectrometers. When temperature changes, some rows in the Fjgn of
conventional spectrometers will become zero, leading to spectral info lost of certain
wavelengths. But for computational spectrometers, temperature change will only gen-
erate a new Fypn and Fan at different temperatures could be recorded at calibra-
tion stage, so that the Eq. (3) can still be solved at different temperatures, simply by
choosing correct Fyn. Therefore, employing a simple and cheap temperature sensor
is adequate for computational spectrometers to work in a broad temperature range.

Design of novel broadband filters for computational spectrometers

Naturally, the filters spectral responses Faryvy would have significant impacts on the
quality of solving Eq. (3). For a good computational spectrometer, M and M/N should
be large. Large M indicates higher spectral resolution at given bandwidth or broader
bandwidth at given spectral resolution. While large M/N means that less filters are
required to obtain a given bandwidth/resolution performance. Obviously, for conven-
tional spectrometers, M/N =1 and M depends on the transmission linewidth of each
channel. To obtain large M/N and M simultaneously, the spectral responses of broad-

band filters should fulfill following requirements:

1. Towards large M, namely high resolution: for computational spectrometers, this can
be achieved as long as individual filter’s spectral response contains adequate ran-
domness in order to provide high spectral sampling resolution. In other words, it
should have more distinguishable responses at two closely separated wavelengths,
|F(21) — F(A41 + AZ)| > 0, where F(4;) refers to the response at ;. This can be
characterized with the help of auto-correlation of the filter’s spectral response.

2. Towards large M/N, namely less filters: Each filter’s spectral response needs to be
very distinct with others, in other words, the linear dependency between any two
filters’ spectral responses should be close to zero. Therefore, the sampling of the inci-
dent signal using these filters generate independent results. Then a small number of
filters is needed to reconstruct unknown spectrum. This can be characterized with
the help of cross-correlation of different filters’ spectral responses.
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To better understand the design guidelines for broadband filters, we provide an illus-
tration of what good and poor spectral responses look like in Fig. 3. Note that the spec-
tral responses are artificially created and should not be related to any physical structures.
As shown in Fig. 3a, a good example of filters spectral responses for computational spec-
trometer should be random and distinct with each other. Its autocorrelation plotted in
Fig. 3b shows a main lobe with a Full-Width-Hal-Maximum (FWHM) of 0.5 nm, which
can be roughly considered as the spectral sampling resolution. Their cross-correlation
is also plotted in Fig. 3b confirming low linear dependency. While Fig. 3c gives a bad
example for filters spectral responses, where they are smooth and similar, as evident by
the high cross-correlation and broad auto-correlation lobe shown in Fig. 3d. Colloidal
quantum dots or Perovskite quantum dots based absorption filters are representatives
of smooth and similar spectral responses due to limited design freedom to manipulate
(mainly the quantum dots size), thus M/N is only 0.96 and 1.29 respectively [27, 28],
and the resolution is limited to above 1 nm. While for spectrometer based on disor-
dered chip or random cavities, the figure of merit M/N becomes much larger due to rich
design freedom that can be engineered to tailor the spectral responses [29, 30]. How-
ever, they face severe problem of high insertion loss due to additional scattering, radia-
tion and mode mismatch, which seriously degrade their dynamic range and hinder their
applications in scenarios that are dealing with weak signals.

This paper proposes and demonstrates a novel type of broadband filters for compu-
tational spectrometer that can provide diverse spectral responses with high sampling
resolution and exhibit low insertion loss as well as compact footprint. The structure,
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Fig. 3 a, b show an example of good filters spectral responses for computational spectrometers, the
auto- and cross-correlation of the filters’ spectral responses, respectively. ¢, d show an example of bad filters
spectral responses for computational spectrometers, the auto- and cross-correlation of the filters' spectral
responses, respectively
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called multi-point self-coupling waveguides (MPSCW), is shown in Fig. 4a. The princi-
ple is to introduce multiple interference pathways at the output of a waveguide, instead
of multiple scattering in those random medium based filters. The interference pathways
are induced by multiple evanescent coupling points. The coupling strengths x of each
coupling point and spacings L between any two adjacent couplings can be engineered
as design freedom in order to tailor the output spectral response. Therefore, a filter con-
taining 6 coupling points have 11 design freedom (6 coupling coefficients and 5 wave-
guide lengths), enabling diverse spectral responses. Those 6 coupling points can generate
up to 64 potential pathways between input and output, leading to rich interference at the
output and consequently high sampling resolution in its spectral responses. Moreover,
since it is purely based on waveguide, no additional losses are introduced. We chose sili-
con photonics as the platform to implement this structure, but it can be transplanted to
any other material platform for different optical range of interest, such as Indium Phos-
phide, Lithium Niobate, Silicon Nitride etc.

We design and simulate 64 filters, each of which has 6 coupling points. All the design
freedoms, namely coupling coefficients and spacings between two coupling points, are
chosen randomly. But the range for the parameters need to be correctly determined. To
understand this, we first set the range for spacings to be (30um, 100um) and vary the
value for the coupling coefficients from 0.1 to 0.45 (all couplings are the same). The sim-
ulated spectral responses are plotted in Fig. 4b. Clearly, the overall transmission drops
when coupling coefficient approaches 0.5. Therefore, to maximize the transmission at
the output, the upper limit for the coupling coefficients is set to be 0.1. Then we investi-
gate the impacts of the range for spacings by setting the lower limit of spacing as 30um
and varying the upper limit from 35 to 100um. The simulated spectral responses plot-
ted in Fig. 4c suggest increasing the upper limit otherwise the spectral responses will
show clear periodicity. The number of coupling points are also studied to understand its
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impact on the filter’s responses. As shown in Fig. 4d, more coupling points will lead to
more random responses, which are ideal for computational spectrometers. Therefore,
the filters are designed to have 6 coupling points, and the range for coupling coefficients
is (0.01, 01) while the range for spacings is (30um, 100um). Simulated spectral responses
of 3 representative filters are plotted in Fig. 5a with an inset providing a zoomed view.
Clearly, spectral responses exhibit sharp randomness and are very distinct with each
other, as evident by the auto- and cross-correlation shown in Fig. 5b. The FWHM of the
main lobe of the auto-correlation is about 0.05 nm, indicating an high sampling reso-
lution. The peak transmissions of those filters are around 0.965 as plotted in Fig. 5(c),
suggesting negligible insertion loss. In terms of the power splitter, we use Y-junction
tree based structure to ensure small footprint and broad bandwidth. And the Y-junction
is designed according to the work presented in [31]. The simulation results confirm its
ultra-wide bandwidth, low imbalance between two ports and low insertion loss as evi-
dent in Fig. 5d.

Experimental characterization of spectrum reconstruction

The circuit consisting of a 1 x 64 power splitter based on 5 stage Y-junction tree and 64
broadband filters is fabricated at Applied Nanotools. The fabrication details are intro-
duced in Methods section. The fiber/chip coupling is realized using vertical grating cou-
plers with two-step etch process (70 nm and 220 nm etch depth). Microscopic images of
the entire spectrometer and some filters are plotted in Fig. 6a, b, respectively. We first
measure the static spectral response of each channel using fiber array. The measurement
is performed using a narrow linewidth tunable laser with 1 pm step (Santec TSL710)
and a photodetector (Newport). The output from each channel of the fiber array is sent
to the photodetector using a 1 x 64 MEMS optical switch instead of manually connect-
ing and disconnecting. During the measurement, the chip is stabilized on a substrate by
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Fig. 5 a Simulated spectral responses of the broadband filters; b auto- and cross-correlation of the filters’
responses; ¢ peak transmissions of 64 filters; d structure and simulated performance of the Y-junction
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vacuum pump to avoid any mechanical vibrations and the temperature is controlled by a

temperature controller. The setup is illustrated in Fig. 6c¢.

Figure 7a, b plot the experimental results of the filters spectral responses in log and

linear scale, respectively. The transmission curve of a straight waveguide with two
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grating couplers is also given for reference in Fig. 7a. The insertion losses of the filters
are first analyzed. It is observed that the peak transmissions of the filters are around
-32 dB (ranges from -33 dB till -31 dB, with only one exception higher than -30 dB)
as shown in Fig. 7c. The total loss from laser to detector includes setup loss (fiber
connectors, polarization controllers etc.), fiber/chip coupling losses and spectrom-
eter’s insertion loss (from input to output). The previous two losses amount to about
14 dB according to the transmission curve of a straight waveguide with two grating
couplers. Besides, the 1 x 64 splitter introduces about 18 dB loss to each channel
(10*log10(1/64) = -18 dB). Therefore, we could conclude that the insertion loss of the
filter itself is negligible, which is in consistency with simulations. The auto- and cross-
correlations of some filters’ spectral responses are given in Fig. 7d, confirming high
sampling resolution around 0.1 nm and very low linear dependency. Note that, the
auto-correlation shows certain sidelobes compared with simulations, this is due to the
parasitic reflections at the grating couplers that impose a periodic signal on top of the
filters’ spectral responses. Utilizing low-reflection fiber/chip couplers can effectively
reduce this sidelobes [32]. The filter itself is believed to have very broad bandwidth
as it is purely based on waveguides, but the fabricated spectrometers have limited
bandwidth due to the presence of grating couplers. Using other coupling structures
such as edge couplers or subwavelength grating couplers can effectively improve the
bandwidth [32].

The spectral responses from each channel are recorded as the matrix RF i in
Eq. (3). Next, we validate the ability to reconstruct different spectra by sending both
broad and narrow spectra to the chip and record the responses from each channel as
matrix I,y in Eq. (3). Then Eq. (3) will be solved using CVX algorithm in MATLAB
[33]. We send various spectra to the chip. Those spectra are generated by a broadband
halogen light source followed by a Finisar programmable waveshaper with operation
range of 1526 nm-1568 nm and minimum resolution of 1 GHz to modify its spectrum.
Those spectra are also measured by a commercial Optical Spectrum Analyzer (Anritsu
MS9740B, resolution=0.03 nm) as reference. Before starting the reconstruction of
unknow spectra, we need to determine the regularization coefficient in Eq. (3). A spec-
trum with a 40 nm wide square shape is generated by the waveshaper for calibrating
the regularization coefficient as it contains both smooth and sharp spectral features, so
that we could better understand the impacts of regularization coefficient. The recon-
structions vs various regularization coefficients « are plotted in Fig. 8a. According to
the results, larger regularization coefficient would lead to strong distortion, particularly
for sharp spectral features, as the regularization is meant to force the spectrum to be
smooth. But smaller regularization would result in random spikes on top of smooth
spectral components. Therefore, we set the regularization coefficient to be 10~ for
reconstructing smooth spectral components and 107° for narrow spectral components.

Next, another more complicated broadband spectrum containing three broad peaks
is sent for reconstruction and the result plotted in Fig. 8b exhibit good accuracy. Fig-
ure 8c plots the test results when reconstructing two spectra containing narrowband
spectral components. First one is a spectrum with three 0.1 nm wide passbands at
1528 nm, 1545 nm and 1566 nm, respectively. The second spectrum contains three
closely standing passbands with around 0.1 nm border-to-border distance. All of
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Fig. 8 a Reconstruction of a spectrum with a 40 nm wide square shape vs various regularization coefficients.
b Successful reconstruction of a complicated broadband spectrum. ¢ Successful reconstructions of two
spectra with narrow components. d Successful reconstructions of various spectra under different working
temperatures

them can be clearly resolved, which confirms the high resolution of our spectrometer.
For all reconstruction procedures, the entire range from 1500 to 1600 nm is digitized
to 5,000 points, namely 0.02 nm step size. And those 5,000 unknowns are calculated
by solving 64 Egs. (64 filters). Even if the reconstructed spectra only contain non-
zero spectral components within about 50 nm due to equipment limitations, we feel
proper to claim the bandwidth and the BRR of our spectrometer to be 100 nm and
1000 respectively, with limitation purely comes from the bandwidths of the grating
couplers. The broadband filters’ transmission spectra are the only source that lim-
its the bandwidth of the spectrometer and the measured transmission spectra of all
filters cover the entire 100 nm range from 1500 to 1600 nm. The cross-correlations
within the entire 100 nm range also maintain to a very low level. Therefore, it’s safe
to expect the spectrometer to operate within this range, as the algorithms or the rest
part of the spectrometer are completely wavelength in-dependent.

We also test its ability to work under different temperatures. Besides 10 degrees,
each filter’s spectral responses at 40 degrees and 70 degrees were also recorded. Then
two spectra used in Fig. 8b and c were sent to the spectrometer under 40 degrees and
70 degrees for reconstruction. During the signal processing procedure, the sampling
matrix Fyry at corresponding temperatures is chosen to solve Eq. (3). The results
plotted in Fig. 8d confirms the spectrometer to work under different temperatures.
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This means that for real applications, our spectrometer doesn’t require any expensive
and power hungry temperature management circuits, instead, a cheap temperature
sensor is adequate for our spectrometer to work within a broad temperature range.
Note that, the range between 10-70 degrees Celsius should cover the reasonable
operating temperature range for practical applications, as this kind of on-chip spec-
trometers is potentially to be embedded into portable devices such as smartwatches.
For temperature beyond this range, particularly for higher temperature, the thermal
expansion effect would seriously degrade the coupling conditions between on-chip
couplers and free-space mode [8, 11], unless the fiber or other auxiliary coupling ele-
ments are permanently attached to the chip. Besides being simple and effective, this
method is also universal to any waveguide based computational spectrometers that
utilize broadband filters, as long as the transmission spectra of the filters at each tem-
perature are pre-recorded”

To demonstrate a concrete application for integrated spectrometer, we use our spec-
trometer as together with fiber Bragg grating (FBG) sensor to monitor environmental
change. FBG that produce narrowband spectrum can be used as sensors for temperature
change, stress change etc. They are extensively used in various applications including fire
monitoring, structural healthcare monitoring etc. Typically the environmental change
is obtained by analyzing the spectral shift of the FBG. Therefore, a spectrometer is
required. We send a broadband source to a FBG (0.1 nm bandwidth centered@1550 nm)
and send the reflection to our spectrometer for spectrum reconstruction. The narrow-
band spectral component can be accurately reconstructed as shown in Fig. 9. Moreover,
by applying environmental change such as temperature or stress to the FBG, the spectral
shift as small as 0.1 nm can also be clearly resolved as evident in Fig. 9.

Table 1 summarizes recently reported single-shot spectrometers realized on silicon
photonics platform, including both conventional spectrometers based on narrowband
components and computational spectrometers based on broadband filters. Clearly,

= Reconstruction 1
Spectral shift Reconstruction 2
AA = 0.1nm

!

0.8
0.6
0.4

0.2

. AL

1548.5 1549 1549.5 1550 1550.5 1551 1551.5
Wavelength (nm)

Fig. 9 Using our spectrometer for fiber Bragg grating sensor. A spectral shift caused by either temperature
change or stress can be clearly resolved
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Table 1 Comparison of various single-shot spectrometers realized on silicon photonics platform

Ref Spectrometer category Structure BRR Physical Insertion loss
channel

[15] Conventional spectrometer  Arrayed Waveguide Grating 100 100 Low

[21] Ring resonators 84 84 Moderate

[20] Echelle grating 120 121 Low

[29] Computational spectrometer Completely disorder chip 33 25 Very high

[34] Tailored disorder chip 120 8 High

[35] Spiral multimode waveguide 200 40 Low

[36] Stratified waveguide filter 400 32 Moderate

Our work Multi-point self-coupled wave- 1000 64 Very low
guides

computational spectrometers can achieve a BRR that is much larger than the number
of physical channels, which is beneficial in terms of footprint and dynamic range. While
among all of the computational spectrometers, our work exhibits impressive advan-
tages of low insertion loss and large BRR. Once again, the BRR of our spectrometer is
purely limited by the grating couplers. Using edge couplers could further improve it
significantly.

Conclusions

In this paper, we theoretically propose and experimentally demonstrate a computa-
tional single-shot spectrometer fully integrated on silicon photonics. The footprint
of on-chip components is less than 3mm?. It achieves broad operation bandwidth
around 100 nm and high resolution of 0.1 nm, thus a BRR over 1000. The bandwidth
limitations are mainly from the fiber/chip couplers and the Y-junctions. The broad-
band filters themselves are believed to have no bandwidth limitations within a few
hundred nm. While the resolution can be further improved by incorporating more
coupling points to the MPSCW filters. Theoretically, the resolution can be infinitely
increased with adequate self-coupling points. But due to the extreme random spec-
tral responses, the minimum number of filters required for spectrum reconstruction
would increase. The superior performance is enabled by an array of novel broad-
band filters, which is called multi-point self-coupling waveguide filters. The filter is
based on waveguide structure and introduces negligible additional losses, leading to
large dynamic range. It has rich design freedom therefore facilitating diverse spectral
responses that exhibit sharp randomness and low linear dependency among differ-
ent filters. 64 filters are employed for both broadband spectra and narrowband spec-
tra reconstructions. Moreover, for the first time, we experimentally demonstrate an
integrated spectrometer to work in a broad temperature range without power-hungry
temperature management system. Based on performance requirements of spectrom-
eters for varying applications [1], the broad bandwidth and high resolution of our
spectrometer makes it a good candidate for atmospheric monitoring, agricultural and
food scanning, lactate and glucose monitoring etc. As it can be fully integrated on
a single chip (potentially with photodetector integrated) and requires no additional
power consumption for thermal management, it is suitable to be embedded into
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power-sensitive portable devices for broader application scenarios. Our work signifi-
cantly increases the readiness of integrated spectrometers to be used in commercial
products.

Methods

The circuit consisting of a 1 x 64 power splitter based on 5 stage Y-junction tree and
64 broadband filters is fabricated at Applied Nanotools. The structures were defined on
a 220 nm thick silicon-on-insulator wafer using E-beam lithography with high fabrica-
tion accuracy, with feature size reported to be less than 60 nm. The layout area is about
9mmx9mm, but no noticeable stitching errors are present. The structure layer is sitting
on top of a 2um thick buried oxide layer to prevent leakage to the 725um handle wafer
and covered by a 3um thick oxide cladding layer for protection. The patterning process
begins by cleaning and spin-coating a material that is sensitive to electron beam expo-
sure. A device pattern is defined into this material using 100 keV EBL. Once the material
has been chemically developed, an anisotropic ICP-RIE etching process is performed on
the substrate to transfer the pattern into the underlying silicon layer. The etch is per-
formed until there is no remaining silicon and the underlying oxide layer is exposed. The
fiber/chip coupling is realized by using vertical grating couplers with two-step etch pro-
cess (70 nm and 220 nm etch depth). The measurement is performed using a narrow
linewidth tunable laser with 1 pm step (Santec TSL710) and a commercial photodetec-
tor. Fiber array is used to collect light out of the chip. The output from each channel is
sent to the photodetector using a 1 x 64 MEMS optical switch instead of manually con-
necting and disconnecting. During the measurement, the chip is stabilized on a substrate
by vacuum pump and the temperature is controlled by a TEC to avoid any mechanical
vibrations and temperature fluctuations.

Abbreviations

BBR Bandwidth-resolution ratio

CMOS Complementary Metal-Oxide—Semiconductor
MPSCW  Multi-point self-coupled waveguide

FWHM Full-width-Half-Maximum

SNR Signal-to-noise ratio

MEMS Micro-electro-mechanical system
TEC Temperature Controller

FBG Fiber Bragg grating
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