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ABSTRACT: Compact and integrated spectrometers are sought
after with great effort for the applications of portable spectroscopy
devices and lab-on-a-chip systems. Material engineered spectrom-
eters exhibited superior performances in terms of their compact
footprint and high resolution after assistance by computational
reconstruction but were still hindered by low yield, poor scalability,
and poor transplantation to other frequency bands. Here we
propose a structure engineered spectrometer based on an
ultracompact photonic crystal nanobeam cavity (PCNC) array
with computational reconstruction. The spectrometer shows a
compact footprint, good scalability and good transplantability
simultaneously. We fabricate the PCNC structure on a silicon-on-
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insulator chip and demonstrate the reconstruction of incident-light spectra around 1580 nm with the measured powers of the
nanobeam filter array. The spectrometer is proven to be easily transplanted to other operation bands, such as 1310 and 2400 nm.
With the advantages of high yield fabrication and structure flexibility, this PCNC spectrometer can be easily customized as a
generalized modular solution to realize various commercial spectrometer products for different spectroscopy bands.

KEYWORDS: spectrometer, computational reconstruction, photonic crystals, nanobeam cavity

pectrometers are ubiquitous analytical tools of optics in

many fields from fundamental scientific research to
industrial applications such as astrophotonics, earth sciences,
precision agriculture, and clinical and chemical analysis.'~*
The increasing demands for portable and low-cost devices and
lab-on-a-chip systems have fostered the development of
miniaturized and integrated spectrometers with comparable
spectral resolutions.”~'® Most microspectrometers are realized
by miniaturizing the diffractive optics or interference filters
from conventional bulky spectrometers with integrated optical
technology.”'”~*° However, the long optical path length of
diffractive elements leads to a relatively large footprint to
accumulate a detectable phase difference for high resolu-
tion.”’~** Although resonant filters such as film filters'” and
integrated microrings'**>™*” can reduce the path length, it is
difficult to precisely control the resonant wavelength in
fabrication as the requirement of the narrowband filter
spectrometers. Besides, the operating wavelength range
would be limited by the free spectral range (FSR) of these
filters.

Photonic crystal (PhC) filters on two-dimensional dielectric
slabs are suitable to act as the compact basic unit for
microspectrometers due to the flexible structure engineering
and excellent performance on control and confinement of
light.>*~** A photonic crystal nanobeam cavity (PCNC)
further greatly reduces the footprint of the photonic crystal
slab to a one-dimension narrow beam while preserving the
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ability of strong light confinement.*~>° The photonic bandgap
engineering and mode volume compressing enable the single
band-pass filter feature in a large operating wavelength range as
well as the prominent cavity footprint among integrated filters.
However, those compact narrowband filters have low yield in
massive production because of the fabrication sensitivity to the
high Q factor and resonant frequency.

Most recently, the rise of computational spectral recon-
struction methods has promoted the development of miniature
spectrometers by circumventing the strict filtering con-
straints.”*” The precalibration of spectrum mapping from
input channel to output array offers more tolerance in structure
and material selection, bringing out novel spectrometers based
on disordered structure,®* random PhC slabs,** quantum dots
(QDs)**** and single nanowires.”® The on-chip disordered
structure proposed by Redding et al. implemented multiple
light scattering, enabling high resolution with a small
footprint.”> The PhC slab array with different random
responsivities demonstrated by Wang et al. realized a single-
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Figure 1. Operational schematic and characterization of the PCNC array spectrometer. (a) Receiving and response process of the PCNC
spectrometer to arbitrary spectrum incident-light: schematic incident process (top), transmitted intensities (middle), and transmission functions
(bottom). (b) Computational reconstruction process. Mathematical description of the receiving and response process of PCNC spectrometer
(bottom), solving method for the equation set (middle), and reconstructed spectrum of the incident light (top). (c) SEM image of fabricated
PCNC spectrometer SOI chip. There is only a 3 ym distance between each PCNC unit. Scale bar: 2 ym. (d) Normalized spectral transmission of

each filter unit in the PCNC spectrometer.

shot spectrometer with high resolution and low cost."* By
using continuously tunable and broadband CdSe QDs or CdS
QDs, Bao and Bawendi illustrated a convenient QD
spectrometer for the whole visible range.”* And, Yang et al.
showed an extremely compact spectrometer only as a single
nanowire by the composition-gradient alloying method.*®
These computational spectrometers paved the way for accurate
reconstruction of spectra across visible and infrared bands with
extra small footprints and simplified structures. However, with
nonstandard structures with random responsivities, it may be
difficult to keep resolution uniformity. Finely tuned-material-
based spectrometers such as QDs and nanowires still face some
challenges with respect to fabrication complexity and transfer
difficulty for integration and stability. Fortunately, structure
engineered photonic devices such as PCNC can benefit from
the complementary metal oxide semiconductor (CMOS)
compatible fabrication process.

In this work, we demonstrate a structure engineered
spectrometer by combining the advantages of a continuously
tunable PCNC dense array and computational spectral
reconstruction method. The PCNC units are densely arrayed
with an only 6 um core length and a 3 um distance, forming a
compact footprint of the whole spectrometer. The number of
PCNCs could be easily increased with the demand for higher
resolution or broader operating bandwidth. Compared with
the material based computational spectrometers, the PCNC
spectrometer not only has advantages in terms of fabrication
and integration with the CMOS compatible process but also
can be transplanted to other wavelength ranges due to the
correlation between the operating frequency and lattice size of
PhC."”»** We achieve accurate reconstruction of spectra
around 1580 nm with an extinction ratio up to 30 dB and

transplant the spectrometer to near 1310 and 2400 nm by
simply scaling the size parameters of the prototype. The
generalized modular PCNC spectrometer shows promising
potential to construct commercial spectrometer products for
applications in wideband scenarios through an agile custom-
ization flow.

Bl RECONSTRUCTION PRINCIPLE

Figure la schematically describes the operating process and
principle of the PCNC spectrometer. The unknown incident
light, whose spectrum is defined as function S(1) (where 4 is
wavelength), passes through the horizontally aligned PCNC
filters from top to bottom. The colored Lorentzian line shape
above a certain PCNC filter represents the transmission
spectrum of this filter with different resonant wavelengths. The
corresponding transmission functions are calibrated as T;(4)
(where i = 1, 2, ... n is the PCNC serial number) in advance. A
set of transmitted intensities are measured after the PCNC
units as P, as shown in middle of Figure la. The intensity is
the integral of incident-light spectrum and transmission
function of each PCNC with respect to wavelength. The
S(A) could be reconstructed by solving a system of linear
equations of this process:

1
f ST A =P (i=1,2 3. n)

A (1)
where A, and 4, define the operating wavelength range of the
spectrometer. Figure 1b illustrates the computational recon-
struction process based on the precalibrated T;(1) and
measured P, Considering the inconsistencies of the equations
introduced by the measurement errors in both T;(4) and P,
the iterative regression method is needed to obtain
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approximate solutions.”” Here we apply adaptive Tikhonov
regularization algorithm to further reduce the instability of
overfitting, which uses a linear combination of Gaussian basic
functions to fit the target spectrum®®*® [see Supplement 1].

Without loss of generality, we design and fabricate a
universal PCNC arrayed spectrometer on a silicon-on-insulator
(SOI) platform due to its small size, fabrication maturity, low
cost in massive production, and applicability for Telecom
Band.” This spectrometer scheme is also suitable for other
integrated platforms as long as the material is low-loss to the
target wavelength range such as ultraviolet light, visible light,
and mid-infrared light. As shown in the scanning electron
microscope (SEM) image in Figure lc, the one-dimension
waveguide shape and low sidewall power leakage enable the
dense arrangement of PCNC units on the other dimension by
3 um spacing, contributing to the compact footprint of the
whole spectrometer. The close distance can effectively reduce
the fabrication errors between two adjacent PCNC units.
Therefore, the fabrication errors would only reduce the Q
factor of PCNCs which results in a relatively broadband filter
but does not affect the gradual change among PCNC
resonance, which is an exactly suitable feature for the
computational reconstruction method. There are 38 PCNC
units in the spectrometer, which can be flexibly increased or
decreased with the requirements of resolution or operating
spectrum range. The calibrated transmission spectra of the 38
PCNC units are shown in Figure 1d. Note that we used same
grating coupler structures for the input and output of each unit,
which can basically ensure the consistency. The deviation
introduced is included in the transmission spectra, and it can
be compensated by computational reconstruction algorithms.
If on-chip spectrum measurement is required, a beam splitter
can be introduced for the input light of each unit. As we can
see, the central resonant wavelength of each PCNC is slightly
shifted and gradually changed while the line shape of the
transmission spectrum remains consistent. Note that this
feature can optimize the consistency of resolution to a certain
extent, and a more uniformly distributed transmission line
shape is expected to ensure better consistency.

B DEVICE DESIGN

Figure 2a shows the SEM image of a distinct PCNC. The PhC
F—P cavity is a simple silicon waveguide structure etched with
14 ellipse holes. The end coupling structure simplifies the
PCNC filter unit as the shape of a waveguide with a 6 ym core
length and near 470 nm width. Figure 2b illustrates the
operating principle and a variety of adjustable detailed
parameters of single PCNC to realize a compact cavity with
a finely tunable resonant wavelength. Hx, Hy, a, W, and D are
the ellipse hole horizontal axis, vertical axis, period, nanobeam
width, and center distance of a PCNC, respectively. The input
light of resonant wavelength from one end of the nanobeam
will be strongly coupled into the center of the PCNC and
coupled out from another end. The input port can receive the
light directly from the inner waveguide or from free space by
grating couplers [see Figure S2 of Supplement 1], while the
mature Ge/Si photodetector could be integrated on the SOI
chip to detect the transmitted power of the output port. As a
proof-of-concept demonstration, grating couplers are used to
couple light into and out of the PCNC. The photonic crystal
bandgap of the tapered ellipse holes of PCNC structure is
shown in the Figure 2c. The ellipse holes in the schematic with
leading lines represents a type of one-dimensional PhC
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Figure 2. PCNC unit design. (a) SEM image of a PCNC unit. The
core length is only 6 ym. (b) Schematic of a PCNC unit. Hx, Hy, a,
W, and D are the ellipse hole horizontal axis, vertical axis, period,
nanobeam width, and center distance of a PCNC, respectively. The
number of holes is a parameter of design. (c) Photonic band gap of
tapered one-dimensional photonic crystal structure. (d) Insertion
losses in resonant wavelength and Q factors of PCNC structures with
different numbers of holes.

consisting of such periodic holes. And, the corresponding
blue and red lines are the upper and lower photonic band of
the bandgap of this type of PhC. It shows that the light modes
with a wavelength near 1550 nm can exist in the central holes
but will be reflected by the uniform periodic holes in two ends
where the light mode is located in the bandgap. The Bloch
mode of the 10 gradually changed holes in between matches
the light mode to increase the intrinsic quality factor (Q;) of
this F—P cavity and reduce the leakage of power in the side
wall. Therefore, the PCNC units can be arranged closely with
negligible crosstalk. The characteristic of single resonance peak
in the working wavelength range makes it more convenient to
reconstruct the spectrum.

After all the parameters are optimized through the three-
dimensional finite difference time-domain (3D-FDTD) iter-
ated simulations with the steepest decent algorithm, we
obtained a high Q; of 2.6 X 10° and a small mode volume of
0.014 um?® The detailed design methods and specific
parameters are provided in Figure S1 and Table S1 of
Supplement 1. The intrinsic and total quality factors Q; and Q,
can be related to the intrinsic and total loss rates y, and y, = y; +
7. of the cavity, as y; = ®,/2Q; and y, = ®,/2Q,, where y, is the
coupled rate. To simplify the PCNC unit with end coupling
structure, we directly cut down the holes number of the PhC
mirrors in two ends while keeping the 10 tapered holes
structure at the center. As the number of whole holes decrease
from 20 to 10 (10 to S in each side), the coupled rates y, will
increase to enhance the light-cavity coupling. The total Q
factor will decrease as the relationship between Q, and y,. On
the other hand, the insertion loss (IL) of the resonant
wavelength will be reduced since the light passes through the
cavity by twice light-cavity coupling. Figure 2d reveals the
change of IL and Q factor at the resonant wavelengths.
Considering both factors, we choose 14 holes as the final
PCNC design.
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As to the PCNC array, the resonant wavelength of PCNC
unit could be tuned by changing the size of the cavity. Figure
3a illustrates that the two parameters of the cavity size,
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Figure 3. PCNC array design. (a) Resonant wavelength as a function
of nanobeam width and center distance of PCNC (W and D in Figure
2b) in blue and black, respectively. (b) Intrinsic Q factor as a function
of nanobeam width and center distance of PCNC in blue and black,
respectively. (c) Measured results of Q factors and resonant
wavelengths of the fabricated 38 PCNC units in blue and black,
respectively.

nanobeam width and center distance (W and D in Figure 2b),
are nearly linearly related to the resonant wavelength of
PCNC. One may see that the rate of change differs between
the wavelength shorter and longer than 1570 nm, which can
result in an uneven distribution of resonant wavelengths (in
Figure 1d) when we use uniform W changes. But thanks to the
reconstruction algorithm and the bandwidth of the resonance
peak, this difference in uniformity can be allowed to achieve
spectral reconstruction. However, the intrinsic Q factor, Q; will
deteriorate rapidly when the center distance shifts from its
optimal value due to the breaking of mode match along the
nanobeam, as shown in Figure 3b. Fortunately, the Q; remains
high and stable when changing the nanobeam width, ensuring
the coherence of transmission spectra. We measured the
transmission spectra of all the 38 PCNC units, and the
resonant wavelengths and Q factors (Q,) are shown in Figure
3c. One can see that indeed the resonant wavelengths are
increased linearly and the Q factor remains stable with a little
fluctuation. Thus, the measured spectra agree well with the
theoretic prediction. The average difference of resonant
wavelengths between two adjacent PCNC units is 0.9 nm.
The overall resonant wavelengths have a red shift, covering the
bands from 1560 to 1600 nm, and the measured Q factors are
reduced to around 1000, but the fine linear distribution of

resonant wavelengths and stable Q factor can meet the
requirements of the computational reconstruction method.
Even though the overall wavelength range shifts out of our
target spectra, the mature thermal-optic microheaters on an
SOI chip can be easily utilized to calibrate the resonant
wavelengths to the targeted spectra.

B RESULTS

Now, we demonstrate the capability to reconstruct the
incident-light spectra employing the PCNC spectrometer.
The incident light was generated using a broadband optical
source across infrared conventional band and long-wavelength
band and a programmable optical filter. As a comparison to the
reconstruction results of the PCNC spectrometer, shown in
Figure 4, the incident light was also directly measured by a
commercial benchtop optical spectrum analyzer (OSA,
YOKOGAWA AQ6370C). The PCNC spectrometer is able
to reproduce all the major shapes of the spectra. Note that the
reconstruction spectrum is normalized for the different total
losses of two methods to clearly display the deviation of the
spectra. The deviations between spectra detected by a
commercial OSA and reconstructed by our spectrometer are
small in the major component. A high extinction ratio up to 30
dB is realized by the PCNC. In resolving single peak spectra
light with 3 and 1 nm bandwidth as shown in Figures 4a,b, the
full width at half-maximum (fwhm) (minus 3 dB from peak
intensity) of reconstructed spectra is almost equivalent to that
of reference and the measured central wavelength is accurate.
The ability to distinguish two close spectral peaks is also
proven in Figures 4d,e with 10 and S nm distance. Ramp
spectrum and multiple narrow peak spectrum can also be
reconstructed as shown in Figures 4c,e.

The resolution can be further improved by increasing the
quantity of PCNC units to measure more samples. More filter
units can offer denser resonant wavelength distribution in
operating range by shortening step length of parameters or
even repeating the same structure. The operation wavelength
range can also be extended by more PCNC units, which is not
easy for material engineered spectrometers. Benefiting from the
compact footprint and flexible structure of PCNC and CMOS
technology, a large quantity of different PCNC units can be
fabricated on one chip through standard CMOS processes.

B GENERALIZED MODULAR SPECTROMETERS

As mentioned above, the spectrometer is an important
instrument for spectrum analysis in various scenarios, which
means totally different operation spectral bands. In general,
one novel prototype of spectrometer is elaborately designed for
one specific spectral band. And it would take great efforts and
costs to redesign and adapt to another wavelength range,
especially for the spectrometers based on the intrinsic spectral
response of artificial materials. Thanks to the correlation
between the PhC structure scale and the frequency of photonic
bands, we can easily transplant the reference PCNC
spectrometer to any other spectral bands by scaling all the
parameters of nanobeam structures. For example, based on the
optimized structure of our PCNC spectrometer and its
capability to reconstruct spectrum around 1550 nm wave-
length, we further transplant the prototype of this spectrometer
to 1310 nm band and 2400 nm band. The former band is
another low-loss communication window of fiber-optic
communication other than 1550 nm band, and the latter
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Figure 4. Incident spectra measured by a conventional benchtop spectrometer and computational reconstruction with the PCNC spectrometer as
blue and red lines, respectively. (a) 3 nm fwhm single peak spectrum of the incident light. (b) 1 nm fwhm single peak spectrum of the incident
light. (c) Broadband incident light with triangular spectrum. (d) Two-peak spectrum of incident light with 10 nm distance. (e) Two-peak spectrum
of incident light with S nm distance. (f) Broadband incident light with a range of spectral peaks.

aims to the spectroscopic sensing applications with the help of
prominent absorption cross sections of the molecules in the
mid-infrared band.>

The transplant strategy is simply increasing the size of
prototype by 1.55 times for 2400 nm band and scaling down
the size to 0.85 for 1310 nm band without extra design and
optimization, shown as Figure Sa. Then the resonant
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Figure S. Schematic and results of easy transplant process. (a)
Transplanting the prototype PCNC for 1550—2400 and 1310 nm by
simply scaling the structure parameters by 2 and 0.85 times. (b)
Intrinsic Q factor and resonant wavelength as a function of nanobeam
width of PCNC in blue and black, respectively. The resonant
wavelength is around 2400 nm. (c) Intrinsic Q factor and resonant
wavelength as a function of nanobeam width of PCNC in blue and
black, respectively. The resonant wavelength is around 1310 nm.

wavelengths of PCNC array can also be gradually shifted by
changing the width of nanobeam. Figure Sb,c show the
simulated results of the resonant wavelength and intrinsic Q
factor of the corresponding PCNC structure for 2400 and
1310 nm, respectively. The linear wavelength tuning and stable
Q factor are realized due to the universal mechanism of the
PCNC spectrometer. As a structure engineered spectrometer,
the transplanting ability to farther optical bands would not be
hindered by the fabrication platform. For example, the PCNC
spectrometer can be realized on a visible-light transparent
platform such as S;N, for visible light applications.
Considering all these advantages in design and manufacture,
the PCNC spectrometer has great potential to be a generalized
modular spectrometer that can be easily customized as the
varied demands of applications. Figure 6 illustrates the
standard customization flow to fast deliver the commercial
miniaturized spectrometer products from the PCNC proto-
type. The design processes start from determining the
operation bands of the working scenarios, as the demands of
practical applications such as chemical gas characterization and
telecom spectrum analysis. The materials of the chosen CMOS
platform should be low-loss to the operation bands. The
corresponding resonant wavelength of the PCNC is adjusted
by scaling and optimizing the structure parameters from
prototype structure, as mentioned above. Then, the measure-
ment wavelength range and resolution requirements are taken
into consideration together. To meet the requirement of a high
resolution, the width change between nanobeams needs to be
fine-tuned. Or if the broadband operation range is the primary
goal, a relatively large wavelength gradient would be accept-
able. Based on the wavelength gradient, a sufficient number of
PCNCs are used in the PCNC array to reach the indicators of
requirement. After adding the mature receiving interface and
photodetector on the layout design, the photonic device can be
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Figure 6. Standard customization flow from proposed PCNC
prototype to commercial miniaturized spectrometers. Two types of
application demands: chemical gas characterization and telecom
spectrum analysis as examples.

fabricated on a wafer through CMOS processes and tape out in
large-scale and low-cost. A chip level turn-key solution can be
realized by packaging the photonic chip and an application
specific integrated circuit (ASIC) with built-in computational
reconstruction algorithm. Various types of competitive small
spectrometer products can be easily constructed base on these
solutions. The agile development processes of the custom-
ization flow would make the iteration of products faster and
more efficient.

B CONCLUSION

In summary, we have demonstrated a compact chip-based
spectrometer by combining the complementary advantages of
flexible PCNC array structure and computational reconstruc-
tion scheme. Using 38 PCNC units with an only 6 ym core
length and a 3 pm spacing between units, the spectrometer
accurately reconstructs the incident-light spectra around 1580
nm with an extinction ratio up to 30 dB. The employing of
computational reconstruction exempts the requirement for
high Q factor of the PCNC filter, thus loosening the fabrication
process. And the use of CMOS compatible PCNC structure
make it easier to be fabricated and integrated in large scale for
higher resolution and boarder operating range. Moreover, the
structure engineered PCNC spectrometer overcomes the
inherent defect of the material based computational
spectrometers since it can be easily transplanted to other
optical bands, such as around 2400 and 1310 nm. Based on the
generalized modular PCNC spectrometer, we illustrate a

flexible customization flow to construct various spectrometer
products from the proposed PCNC prototype. The compact,
scalable and transplantable PCNC spectrometer with low
fabrication cost and high yield shows great potential to be
widely applied in various spectroscopic applications such as
portable chemical characterization, personalized health care
and lab-on-a-chip system.

B METHODS

Chip Fabrication. We fabricate the PCNC spectrometer
on a silicon-on-insulator (SOI) wafer with a 220 nm thick top
silicon layer and a 2 um buried oxide layer. The fabrication of
the PCNC spectrometer is very simple with only two steps.
First, the PCNC array structure is defined using a single
electron-beam lithography exposure. Then, the pattern is
transferred to the silicon layer via inductively coupled plasma
(ICP) etching. Because of the use of shallow etched grating
couplers, other lithography and etching steps are implemented
to fabricate the fan-shaped grating couplers in this demon-
stration. The two grating couplers and one waveguide
structures without PCNC etching holes are also fabricated as
a comparison. The measured total insertion loss of two side
grating couplers and the waveguide is approximately 7 dB.

Characterization and Test. The spectrometer is tested
with the signal generated by a combination of a broadband
amplified spontaneous emission laser source (ASE laser
source) and a programmable optical filter (FINISAR
W1000s). The spectral response of each PCNC is
predetermined and calibrated before the reconstruction by
setting the filter in full-pass status. Then the filter is
programmed as six different spectral transmission functions
to simulate six typical unknown incident-light spectra that need
to be measured. The generated light is received by the PCNC
spectrometer through a fiber and grating coupler. The
transmitted light power of each PCNC unit is measured with
an optical power meter. The obtained data as well as the
predetermined spectral responses are used in the algorithm to
reconstruct incident spectra. The shaping spectra are also
directly measured by a conventional benchtop optical
spectrum analyzer (OSA, YOKOGAWA AQ6370C) as a
comparison.
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