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as well. These structures well address the trade-off
between the footprint and the spectral resolution45–54.
However, the constraints on the available spectral chan-
nels remain challenges for broadband operation. For
example, a speckle spectrometer using a random scat-
tering structure can achieve a resolution of 0.75 nm,
occupying an extremely compact chip area of only
25 μm× 50 μm. But, the operation bandwidth is 25 nm
due to a limited number of spectral channels45. More
recently, a two-dimensional (2D) photonic microring
lattice was demonstrated with improved performance of
15 pm resolution over 40 nm bandwidth, offering up to
2666 spectral channels20. But the device structure occu-
pies a chip area of 1 mm × 1mm, which renders a limited
channel density defined as channel-to-footprint
ratio (CFR).
In this work, we proposed an integrated speckle spec-

trometer based on layered disordered metasurfaces. The in-
plane optical guiding waves propagate through the meta-
surfaces where the diffraction behaviors are governed by
the disordered meta-atoms with random structures.
Speckle patterns can be created at the output plane of the
metasurface and read by 2D imaging via a multimode
grating coupler. The structure is scalable for multi-layers of
metasurfaces to further increase the spectral channel
capacity. The spectrometer based on three layers of meta-
surfaces can operate over 100 nm bandwidth with 70-pm
resolution, and the footprint is only 150 μm× 950 μm. It
indicates a benchmark large spectral channel density of
10021 ch/mm2. The foundry-fabricated spectrometer was
fully compatible with the standard silicon photonic fabri-
cation process. The proposed speckle spectrometer based
on diffractive metasurfaces achieves a high spectral density
which is promising to develop ultra-compact and high-
performance spectrometers.

Results
Principle and design
The proposed spectrometer is designed on silicon-on-

insulator (SOI) with 220 nm top silicon and 2 μm buried
oxide. It consists of an input single-mode waveguide, a
pair of collimated metalenses, three layers of diffractive
metasurfaces, and a multimode output grating coupler.
The schematic diagram of the device is shown in Fig. 1a
where the insets zoom up the thermo-optic heater, the
cascaded metasurfaces, and the output grating, respec-
tively. The single-mode waveguide followed by a slab
region was used as a diffused light source at the input. The
diffracted light was collimated and focused by a pair of
metalenses which were constructed via 1D array of etched
waveguide slots, called phase gradient transmit array55–58.
The metalenses have a focal length of 300 μm by proper
design of the phase gradient. To avoid wavefront distor-
tion, the first collimation metalens is used to create a

plane wave for refractive index modulation via thermos-
optic effects. The second lens is used for focusing the
steered optical bean to different locations of the meta-
surface. Such a beam steering process can be achieved by
thermo-optic modulation using the on-chip heaters59.
The planar waves propagate through three layers of
metasurfaces which were 100 μm away from the second
metalens. In contrast to the phase gradient metalens, the
metasurfaces modulated the planar waves with disordered
phase distributions. According to the Huygens-Fresnel
principle, the phase modulations from the meta-atoms
can be converted to intensity modulations at the output
plane. The spectral information can then be encoded to
the speckle patterns at the output. A multimode grating
coupler imaged the pattern on the camera followed by
signal processing. According to the theory of the com-
putational spectrometer, the input unknown spectrum
was denoted as S(λ), and the matrix I represented the
measured output speckles (fingerprints). If the transmis-
sion matrix T(λ) of the spectrometer was known by cali-
bration measurements, the unknown spectrum can be
resolved via IM ´ 1 ¼ TM ´N ´ SN ´ 1, where M is the number
of detection channels, and N is the number of spectral
channels.
The basic concept of the metasurfaces is the phase

modulation of the incident waves. The meta-atoms are
created by etching a waveguide slot on the light propa-
gation path. First of all, the meta-atoms should be lossless
within the operation spectral range. Here, the width of
each slot is chosen to be 180 nm to ensure a high trans-
mittance, as shown in Fig. 1b where the numerically cal-
culated efficiencies under different slot lengths and
wavelengths are almost above 0.9. By controlling the slot
length, the abrupt phase change of 0–2π can be intro-
duced to the light field as seen by the phase diagram in
Fig. 1f. This essentially makes it possible to manipulate
the lightwave propagation. Due to the subwavelength
scale of the etched slot, the phase response of the struc-
ture is wavelength-dependent, which is favorable for a
reconstructive spectrometer. The structure of the colli-
mation metalens is depicted by Fig. 1c. Its required phase
mask and the structure-created phase profile are quite
consistent as shown in Fig. 1d. The simulated optical field
distribution in Fig. 1e reveals a 300 μm focal length, which
matches with the design. The metasurface with randomly
distributed meta-atoms and its corresponding phase mask
are shown in Fig. 1g, h, respectively. Then, the optical field
distributions of the metasurface can be found in Fig. 1i
where a speckle pattern is obtained at the output plane.
Thus, by using the assembly of subwavelength meta-
atoms, the metasurfaces can be capable of simultaneously
commanding both spatial and spectral features.
The proposed layered metasurfaces have great scal-

ability to obtain a huge number of spectral channels
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Abstract
The chip-scale integrated spectrometers are opening new avenues for a much wider range of applications than their
conventional benchtop counterparts. While spectral reconstruction should be in command of both spectral resolution
and bandwidth, a large number of spectral channels is among the key goals of the spectrometer design. However, the
chip footprint eventually limits the spectral channel capacities of well-established spectral-to-spatial mapping
structures like dispersive elements, filter arrays, random media, and so on. Here we suggest an alternative scheme by
encoding the spectral information using on-chip diffractive metasurfaces. The in-plane metasurface is capable of
producing intensity speckles to resolve the spectra. The spectral richness is greatly increased by scaling the
architecture via three layers of cascaded metasurfaces. The readout of speckles is realized by two-dimensional imaging
of the grating-diffracted pattern, enabling a large matrix for spectrum reconstruction. The spectrometer has a
resolution of 70 pm over a bandwidth of 100 nm. Up to 1400 spectral channels were obtained within a compact chip
area of only 150 μm× 950 μm. The on-chip diffractive spectrometer has a benchmark channel density of up to 10021
ch/mm2, which compares favorably against other state-of-art waveguide structures.

Introduction
The needs for developing miniaturized spectrometer are

growing fast due to a wide span of emerging applications
in health care, agriculture, consumer electronics and so
on1–6. Compared with conventional benchtop spectro-
meters, chip-scale spectrometers offer unique advantages
in terms of size, weight, and power consumption (SWaP).
By eliminating the bulk optics and moving parts that rely
on precise alignment, the integrated spectrometers are
more suitable for spectra measurement outside the
laboratories. Making use of the proven integration plat-
form of silicon microelectronics, silicon photonic inte-
grated circuits offer the advantages of high reliability and
easy scalability to large-volume and low-cost manu-
facturing7–10. The recent progresses on co-packaging
unveil the potential opportunities for integration of both
photonics and electronics in a compact form factor11–13.

Different types of miniaturized spectrometers have been
realized on-chip while it remains a challenge to address
the spectral channel density problem14–17. Since high
spectral resolution is always desired in parallel with a
broad operation bandwidth, the spectrometers should
offer a large number of spectral channels which is nor-
mally defined as bandwidth/resolution. Several state-of-
art spectrometer designs offer a considerable spectral
capacity while they are associated with the issues of large
footprints or data acquisition speed18–20. Specifically,
dispersive components can be easily implemented by
various structures, but they need substantial chip area to
accumulate the optical path differences21–27. As an
alternative, narrowband filtering could be constructed by
an array of filters or a single tunable filter28–36. The
available spectral channels are proportional to the number
of filters or the tunable states which are eventually con-
strained by the chip area or response time. Similar issues
are associated with the Fourier transform spectrometers
as well37–44.
In addition to these carefully designed and controlled

systems, speckle spectrometers based on disordered ran-
dom media have been explored for spectra reconstruction
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as well. These structures well address the trade-off
between the footprint and the spectral resolution45–54.
However, the constraints on the available spectral chan-
nels remain challenges for broadband operation. For
example, a speckle spectrometer using a random scat-
tering structure can achieve a resolution of 0.75 nm,
occupying an extremely compact chip area of only
25 μm× 50 μm. But, the operation bandwidth is 25 nm
due to a limited number of spectral channels45. More
recently, a two-dimensional (2D) photonic microring
lattice was demonstrated with improved performance of
15 pm resolution over 40 nm bandwidth, offering up to
2666 spectral channels20. But the device structure occu-
pies a chip area of 1 mm × 1mm, which renders a limited
channel density defined as channel-to-footprint
ratio (CFR).
In this work, we proposed an integrated speckle spec-

trometer based on layered disordered metasurfaces. The in-
plane optical guiding waves propagate through the meta-
surfaces where the diffraction behaviors are governed by
the disordered meta-atoms with random structures.
Speckle patterns can be created at the output plane of the
metasurface and read by 2D imaging via a multimode
grating coupler. The structure is scalable for multi-layers of
metasurfaces to further increase the spectral channel
capacity. The spectrometer based on three layers of meta-
surfaces can operate over 100 nm bandwidth with 70-pm
resolution, and the footprint is only 150 μm× 950 μm. It
indicates a benchmark large spectral channel density of
10021 ch/mm2. The foundry-fabricated spectrometer was
fully compatible with the standard silicon photonic fabri-
cation process. The proposed speckle spectrometer based
on diffractive metasurfaces achieves a high spectral density
which is promising to develop ultra-compact and high-
performance spectrometers.

Results
Principle and design
The proposed spectrometer is designed on silicon-on-

insulator (SOI) with 220 nm top silicon and 2 μm buried
oxide. It consists of an input single-mode waveguide, a
pair of collimated metalenses, three layers of diffractive
metasurfaces, and a multimode output grating coupler.
The schematic diagram of the device is shown in Fig. 1a
where the insets zoom up the thermo-optic heater, the
cascaded metasurfaces, and the output grating, respec-
tively. The single-mode waveguide followed by a slab
region was used as a diffused light source at the input. The
diffracted light was collimated and focused by a pair of
metalenses which were constructed via 1D array of etched
waveguide slots, called phase gradient transmit array55–58.
The metalenses have a focal length of 300 μm by proper
design of the phase gradient. To avoid wavefront distor-
tion, the first collimation metalens is used to create a

plane wave for refractive index modulation via thermos-
optic effects. The second lens is used for focusing the
steered optical bean to different locations of the meta-
surface. Such a beam steering process can be achieved by
thermo-optic modulation using the on-chip heaters59.
The planar waves propagate through three layers of
metasurfaces which were 100 μm away from the second
metalens. In contrast to the phase gradient metalens, the
metasurfaces modulated the planar waves with disordered
phase distributions. According to the Huygens-Fresnel
principle, the phase modulations from the meta-atoms
can be converted to intensity modulations at the output
plane. The spectral information can then be encoded to
the speckle patterns at the output. A multimode grating
coupler imaged the pattern on the camera followed by
signal processing. According to the theory of the com-
putational spectrometer, the input unknown spectrum
was denoted as S(λ), and the matrix I represented the
measured output speckles (fingerprints). If the transmis-
sion matrix T(λ) of the spectrometer was known by cali-
bration measurements, the unknown spectrum can be
resolved via IM ´ 1 ¼ TM ´N ´ SN ´ 1, where M is the number
of detection channels, and N is the number of spectral
channels.
The basic concept of the metasurfaces is the phase

modulation of the incident waves. The meta-atoms are
created by etching a waveguide slot on the light propa-
gation path. First of all, the meta-atoms should be lossless
within the operation spectral range. Here, the width of
each slot is chosen to be 180 nm to ensure a high trans-
mittance, as shown in Fig. 1b where the numerically cal-
culated efficiencies under different slot lengths and
wavelengths are almost above 0.9. By controlling the slot
length, the abrupt phase change of 0–2π can be intro-
duced to the light field as seen by the phase diagram in
Fig. 1f. This essentially makes it possible to manipulate
the lightwave propagation. Due to the subwavelength
scale of the etched slot, the phase response of the struc-
ture is wavelength-dependent, which is favorable for a
reconstructive spectrometer. The structure of the colli-
mation metalens is depicted by Fig. 1c. Its required phase
mask and the structure-created phase profile are quite
consistent as shown in Fig. 1d. The simulated optical field
distribution in Fig. 1e reveals a 300 μm focal length, which
matches with the design. The metasurface with randomly
distributed meta-atoms and its corresponding phase mask
are shown in Fig. 1g, h, respectively. Then, the optical field
distributions of the metasurface can be found in Fig. 1i
where a speckle pattern is obtained at the output plane.
Thus, by using the assembly of subwavelength meta-
atoms, the metasurfaces can be capable of simultaneously
commanding both spatial and spectral features.
The proposed layered metasurfaces have great scal-

ability to obtain a huge number of spectral channels
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Introduction
The needs for developing miniaturized spectrometer are

growing fast due to a wide span of emerging applications
in health care, agriculture, consumer electronics and so
on1–6. Compared with conventional benchtop spectro-
meters, chip-scale spectrometers offer unique advantages
in terms of size, weight, and power consumption (SWaP).
By eliminating the bulk optics and moving parts that rely
on precise alignment, the integrated spectrometers are
more suitable for spectra measurement outside the
laboratories. Making use of the proven integration plat-
form of silicon microelectronics, silicon photonic inte-
grated circuits offer the advantages of high reliability and
easy scalability to large-volume and low-cost manu-
facturing7–10. The recent progresses on co-packaging
unveil the potential opportunities for integration of both
photonics and electronics in a compact form factor11–13.

Different types of miniaturized spectrometers have been
realized on-chip while it remains a challenge to address
the spectral channel density problem14–17. Since high
spectral resolution is always desired in parallel with a
broad operation bandwidth, the spectrometers should
offer a large number of spectral channels which is nor-
mally defined as bandwidth/resolution. Several state-of-
art spectrometer designs offer a considerable spectral
capacity while they are associated with the issues of large
footprints or data acquisition speed18–20. Specifically,
dispersive components can be easily implemented by
various structures, but they need substantial chip area to
accumulate the optical path differences21–27. As an
alternative, narrowband filtering could be constructed by
an array of filters or a single tunable filter28–36. The
available spectral channels are proportional to the number
of filters or the tunable states which are eventually con-
strained by the chip area or response time. Similar issues
are associated with the Fourier transform spectrometers
as well37–44.
In addition to these carefully designed and controlled
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average over wavelengths and spatial channels respec-
tively. In Fig. 2b, the spectral correlation curves were
calculated via the simulation results. The half-width-half-
maximum of C Δλð Þ implies the required minimum
wavelength shift to reduce the spectral correlation by
half, which is an indicator of the capability for distinguish-
ing the narrowband spectral components close to each
other. The inset shows the zoom-up features of the
correlation curves which indicate a much narrower
correlation width obtained by the three-layer structure.
For a reconstructive spectrometer, it implies better
spectral resolution or more channels available within the

spectral range from 1500 nm to 1600 nm. By sweeping the
input wavelength in the calibration process, a stack of 1D
speckle patterns can be obtained at the output plane and
used for spectral reconstruction, as shown by Fig. 1c. The
richness of the spectral information contained in these
patterns essentially reflects the performance of a speckle
spectrometer.
Rather than spatially sampling the 1D speckle pattern

via waveguide array, here a multimode grating was used to
expand the 1D intensity distribution to 2D speckle pattern
by diffracting the in-plane waves to the imaging camera in
free space. Here, we consider dual-layer metasurfaces to
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without significantly increasing the footprint. First of all,
multiple layers of metasurfaces introduce much more
complicated wave propagation behaviors which eventually
increase the effective interference path lengths. This
phenomenon will be reflected by the speckle patterns
containing more fine features of the spectra (i.e., spectral
channels). This can be seen from Fig. 2a where the
simulated intensity distribution at the output plane of
three-layer metasurfaces exhibits more significant wave-
length dependence than single-layer and dual-layer
structures. Here, the 1D intensity profiles at different
slices of the waveguide cross sections were obtained by

field monitors implemented in the 3D simulation model.
This advantage can be partially revealed by the correlation
function which is normally used for quantitatively inves-
tigation of spectral resolution. Given the spatial intensity
distributions obtained at different wavelengths, the cor-
relation function can be calculated by:

C Δλð Þ ¼ I λ; xð ÞI λþ Δλ; xð Þh iλ
I λ; xð Þh iλ I λþ Δλ; xð Þh iλ

� 1

� �

x
ð1Þ

where I λ; xð Þ is the recorded intensity at position x for
wavelength λ. The � � �h iλ and � � �h ix correspond to the
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average over wavelengths and spatial channels respec-
tively. In Fig. 2b, the spectral correlation curves were
calculated via the simulation results. The half-width-half-
maximum of C Δλð Þ implies the required minimum
wavelength shift to reduce the spectral correlation by
half, which is an indicator of the capability for distinguish-
ing the narrowband spectral components close to each
other. The inset shows the zoom-up features of the
correlation curves which indicate a much narrower
correlation width obtained by the three-layer structure.
For a reconstructive spectrometer, it implies better
spectral resolution or more channels available within the

spectral range from 1500 nm to 1600 nm. By sweeping the
input wavelength in the calibration process, a stack of 1D
speckle patterns can be obtained at the output plane and
used for spectral reconstruction, as shown by Fig. 1c. The
richness of the spectral information contained in these
patterns essentially reflects the performance of a speckle
spectrometer.
Rather than spatially sampling the 1D speckle pattern

via waveguide array, here a multimode grating was used to
expand the 1D intensity distribution to 2D speckle pattern
by diffracting the in-plane waves to the imaging camera in
free space. Here, we consider dual-layer metasurfaces to
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without significantly increasing the footprint. First of all,
multiple layers of metasurfaces introduce much more
complicated wave propagation behaviors which eventually
increase the effective interference path lengths. This
phenomenon will be reflected by the speckle patterns
containing more fine features of the spectra (i.e., spectral
channels). This can be seen from Fig. 2a where the
simulated intensity distribution at the output plane of
three-layer metasurfaces exhibits more significant wave-
length dependence than single-layer and dual-layer
structures. Here, the 1D intensity profiles at different
slices of the waveguide cross sections were obtained by

field monitors implemented in the 3D simulation model.
This advantage can be partially revealed by the correlation
function which is normally used for quantitatively inves-
tigation of spectral resolution. Given the spatial intensity
distributions obtained at different wavelengths, the cor-
relation function can be calculated by:

C Δλð Þ ¼ I λ; xð ÞI λþ Δλ; xð Þh iλ
I λ; xð Þh iλ I λþ Δλ; xð Þh iλ

� 1

� �

x
ð1Þ

where I λ; xð Þ is the recorded intensity at position x for
wavelength λ. The � � �h iλ and � � �h ix correspond to the
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minimizing jjTS� Ijj2 where jj � � � jj2 indicates taking the
norm. The I represent the measured speckles (finger-
prints), and the transmission matrix T(λ) of the spectro-
meter has been obtained via the calibration process.
While such transfer matrix method is normally vulnerable
to experimental noise induced by equipment, temperature
drift, environmental vibrations and so forth, the com-
pressed sensing approach based on CVX was employed in
this work to enhance the system robustness. Additionally,
to achieve accurate reconstruction for both sparse and
continuous spectra, we incorporate both l1 and l2 reg-
ularization terms34 as expressed in the following equation:

minS jjTS�Ijj2 þ α1jjSjj22 þ α2jjSjj1
� �

; subject to 0< S< 1 ð2Þ

where α1 and α2 represents the weight coefficient of l1
and l2 regularization respectively. It is important to note
that the value of a1=a2 is relevant to the spectra
properties. While a large value of a1=a2 is more efficient
for reconstruction of continuous spectra, smaller a2=a1 is
more appropriate for reconstruction of the discrete
spectra. The adaptive configuration of these weight
coefficients can be possibly achieved by the generalized
cross-validation statistic and deep learning models63.
To validate the capabilities of arbitrary spectra recon-

struction, various types of spectra were reconstructed by
the proposed spectrometer for a proof-of-concept
demonstration. The reconstruction results of the

proposed spectrometer (solid line) are compared with the
measurement data from a commercial optical spectrum
analyzer (OSA, YOKOGAWA AQ6370C) (dashed lines).
Firstly, the resolution of the spectrometer was evaluated
by dual-peak measurement where two closely spaced
spectral lines were generated by two sets of narrow-
linewidth lasers. The spectra obtained by the commercial
OSA and the proposed spectrometer are shown in Fig. 4a.
As seen from the inset, spectral lines with a minimum
separation of 70 pm can be differentiated by the spec-
trometer which is consistent with the theoretical resolu-
tion shown in Fig. 3f. The dual-peak spectrum measured
by OSA with 20 pm resolution is also plotted in the inset
for reference. The spectrometer is also capable of recon-
structing two spectral lines with a wide separation of
85 nm as illustrated in Fig. 4b. It is also worth considering
the multiple wavelength peaks with different amplitudes.
In Fig. 4c, three wavelengths with different spacing and
amplitudes were successfully reconstructed with perfect
match with the spectra obtained by OSA. To demonstrate
the capability of arbitrary spectrum reconstruction, a
more complex spectrum consisted of a narrowband
Gaussian peak with a flat-top broadband background was
measured as seen from Fig. 4d. The spectrum was created
by a broadband light source and a tunable laser (Santec
TSL-710). While discrepancies can be observed, the
reconstructed spectrum is almost consistent with the
original spectrum. It well validates the universal operation
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verify the advantage of the 2D speckle imaging scheme.
The schematic diagram of the structure is referred to Fig.
2d. The inset figures represent the simulated 1D optical
field at the metasurface output plane and the diffracted
2D optical field, respectively. The correlation functions of
both 1D and the 2D speckle patterns were calculated and
shown in Fig. 2e. By looking into the zoom-up curves, the
2D speckle exhibits a narrower correlation width than 1D
speckle, which reflects a better resolution as expected. In
Supplementary Note 1, this advantage can be validated by
detail comparative performance analysis of a dual-layer
metasurfaces spectrometer via 1D speckles obtained by
waveguide array and 2D speckles obtained by multimode
grating. By 2D speckle imaging approach proposed in this
work, the data stacks obtained by cascaded metasurfaces
can be scaled to a large data cube shown in Fig. 2f. This
method compares favorably with the conventional spatial
sampling using 1D waveguide array in which the number
of channels is constrained by the chip area. It also elim-
inates the risk of losing spectral information due to the
required physical spacing between adjacent channels.
Within a specified wavelength range, the spectral

resolution is relevant to the available wavelength channel
capacity of the speckle. Inspired by the angular sensitivity
of nonlocal metasurfaces in free space60–62, the spectral
channel capacity can be further scaled by detuning the
wavefront via a specifically designed on-chip heater. By
injection of electrical currents to the heater strips as
shown in Fig. 1a, the local refractive index can be mod-
ified with a desired distribution via thermos-optic effect.
Such an index profile introduces phase gradient to the
wavefront, which eventually steers the propagating wave
vector as indicated by Fig. 2g. The heater design and the
beam steering performance are described in detail as
referred to Supplementary Note 2. The light propagation
with a small steered angle within ±2° has negligible
impact on the transmission efficiency which was vali-
dated by the results in Fig. 2h. The angle-steered scheme
introduces an additional degree of freedom to control the
wave propagation. Indicated by Fig. 2i, the phase changes
induced by metasurface can cover full 2π range under
different steered angles as well. This bonus is credit to the
changes of wave propagation behaviors under different
wave vectors. By the combination of all these features, the
spectral capacity can be eventually scaled to a tre-
mendous level as indicated by the multiple data cubes
shown in Fig. 2k. The correlation functions of the speckle
patterns with and without the steering angle are calcu-
lated, as shown in Fig. 2j. The result reveals that the
control of the deflection angle expands the working
bandwidth of the spectrometer theoretically. These
scalabilities of the proposed structure enable the spec-
trometer to operate adaptively according to different
applications.

Calibration of the spectrometer
The proposed spectrometer was fabricated via multi-

project wafer shuttle run offered by a commercial silicon
photonic foundry. The detail fabrication process can be
referred to as Methods. The microscope image of the
whole device is shown in Fig. 3a. It occupies a compact
chip area of 150 μm× 950 μm. Three electrodes with
common ground configuration were used on a pair of
heaters for wavefront phase modulation. The zoom-up
features of the phase gradient metalens and disordered
metasurface are shown by the microscope images in Fig.
3b, c, respectively.
Prior to the reconstruction of an arbitrary spectrum, the

device was first calibrated by capturing the wavelength-
dependent speckle patterns across the whole operation
spectral range. We recorded the spectral-to-spatial map-
ping to create the required data cubes for the following
spectral reconstructions. The sweeping laser output was
coupled to the chip via a single-mode grating coupler with
efficiency of −5.5 dB/facet. The wavelength stepping size
is chosen to be 5 pm over the whole range from 1480 nm
to 1640 nm which is limited by the available laser source.
The output diffracted patterns from the multimode
grating coupler were imaged by an InGaAs infrared
camera. We select four sets of speckle patterns under
illumination from 1551 nm to 1554 nm as shown in Fig.
3d, respectively. The difference among them implies sig-
nificant wavelength dependencies among the measured
speckle patterns (i.e. spectral fingerprints). The complete
data of spectral-to-spatial mapping can then be obtained
as shown in Fig. 3e. Here the multiple data cubes have
been merged into a large matrix for easy data processing.
It is worth noted that the conventional on-chip spatial
sampling method via waveguide array inevitably losses
spectral information due to the waveguide spacing
between the neighboring channels. Here, the proposed
imaging scheme well preserves all the spectral informa-
tion. The digital imaging processing offers great versatility
for data acquisition. The detail process of image proces-
sing can be found in Supplementary Note 3. Thanks to the
scalability of the proposed spectrometer, it comes up with
thousands of available data channels for spectral recon-
struction. This is a considerably large capacity compared
with other on-chip counterparts, since the chip area
constraints would not allow for so many detectors. Given
the measured spectral-to-spatial matrix merged from the
data cubes, the correlation function was calculated and
plotted in Fig. 3f. As seen from the inset zoom-up figure,
the minimum decorrelation wavelength of the transfer
matrix was estimated to be δλ= 68 pm.

Spectral reconstruction
Generally the spectral reconstruction can be interpreted

by finding the input unknown spectrum S(λ) by
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minimizing jjTS� Ijj2 where jj � � � jj2 indicates taking the
norm. The I represent the measured speckles (finger-
prints), and the transmission matrix T(λ) of the spectro-
meter has been obtained via the calibration process.
While such transfer matrix method is normally vulnerable
to experimental noise induced by equipment, temperature
drift, environmental vibrations and so forth, the com-
pressed sensing approach based on CVX was employed in
this work to enhance the system robustness. Additionally,
to achieve accurate reconstruction for both sparse and
continuous spectra, we incorporate both l1 and l2 reg-
ularization terms34 as expressed in the following equation:

minS jjTS�Ijj2 þ α1jjSjj22 þ α2jjSjj1
� �

; subject to 0< S< 1 ð2Þ

where α1 and α2 represents the weight coefficient of l1
and l2 regularization respectively. It is important to note
that the value of a1=a2 is relevant to the spectra
properties. While a large value of a1=a2 is more efficient
for reconstruction of continuous spectra, smaller a2=a1 is
more appropriate for reconstruction of the discrete
spectra. The adaptive configuration of these weight
coefficients can be possibly achieved by the generalized
cross-validation statistic and deep learning models63.
To validate the capabilities of arbitrary spectra recon-

struction, various types of spectra were reconstructed by
the proposed spectrometer for a proof-of-concept
demonstration. The reconstruction results of the

proposed spectrometer (solid line) are compared with the
measurement data from a commercial optical spectrum
analyzer (OSA, YOKOGAWA AQ6370C) (dashed lines).
Firstly, the resolution of the spectrometer was evaluated
by dual-peak measurement where two closely spaced
spectral lines were generated by two sets of narrow-
linewidth lasers. The spectra obtained by the commercial
OSA and the proposed spectrometer are shown in Fig. 4a.
As seen from the inset, spectral lines with a minimum
separation of 70 pm can be differentiated by the spec-
trometer which is consistent with the theoretical resolu-
tion shown in Fig. 3f. The dual-peak spectrum measured
by OSA with 20 pm resolution is also plotted in the inset
for reference. The spectrometer is also capable of recon-
structing two spectral lines with a wide separation of
85 nm as illustrated in Fig. 4b. It is also worth considering
the multiple wavelength peaks with different amplitudes.
In Fig. 4c, three wavelengths with different spacing and
amplitudes were successfully reconstructed with perfect
match with the spectra obtained by OSA. To demonstrate
the capability of arbitrary spectrum reconstruction, a
more complex spectrum consisted of a narrowband
Gaussian peak with a flat-top broadband background was
measured as seen from Fig. 4d. The spectrum was created
by a broadband light source and a tunable laser (Santec
TSL-710). While discrepancies can be observed, the
reconstructed spectrum is almost consistent with the
original spectrum. It well validates the universal operation
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verify the advantage of the 2D speckle imaging scheme.
The schematic diagram of the structure is referred to Fig.
2d. The inset figures represent the simulated 1D optical
field at the metasurface output plane and the diffracted
2D optical field, respectively. The correlation functions of
both 1D and the 2D speckle patterns were calculated and
shown in Fig. 2e. By looking into the zoom-up curves, the
2D speckle exhibits a narrower correlation width than 1D
speckle, which reflects a better resolution as expected. In
Supplementary Note 1, this advantage can be validated by
detail comparative performance analysis of a dual-layer
metasurfaces spectrometer via 1D speckles obtained by
waveguide array and 2D speckles obtained by multimode
grating. By 2D speckle imaging approach proposed in this
work, the data stacks obtained by cascaded metasurfaces
can be scaled to a large data cube shown in Fig. 2f. This
method compares favorably with the conventional spatial
sampling using 1D waveguide array in which the number
of channels is constrained by the chip area. It also elim-
inates the risk of losing spectral information due to the
required physical spacing between adjacent channels.
Within a specified wavelength range, the spectral

resolution is relevant to the available wavelength channel
capacity of the speckle. Inspired by the angular sensitivity
of nonlocal metasurfaces in free space60–62, the spectral
channel capacity can be further scaled by detuning the
wavefront via a specifically designed on-chip heater. By
injection of electrical currents to the heater strips as
shown in Fig. 1a, the local refractive index can be mod-
ified with a desired distribution via thermos-optic effect.
Such an index profile introduces phase gradient to the
wavefront, which eventually steers the propagating wave
vector as indicated by Fig. 2g. The heater design and the
beam steering performance are described in detail as
referred to Supplementary Note 2. The light propagation
with a small steered angle within ±2° has negligible
impact on the transmission efficiency which was vali-
dated by the results in Fig. 2h. The angle-steered scheme
introduces an additional degree of freedom to control the
wave propagation. Indicated by Fig. 2i, the phase changes
induced by metasurface can cover full 2π range under
different steered angles as well. This bonus is credit to the
changes of wave propagation behaviors under different
wave vectors. By the combination of all these features, the
spectral capacity can be eventually scaled to a tre-
mendous level as indicated by the multiple data cubes
shown in Fig. 2k. The correlation functions of the speckle
patterns with and without the steering angle are calcu-
lated, as shown in Fig. 2j. The result reveals that the
control of the deflection angle expands the working
bandwidth of the spectrometer theoretically. These
scalabilities of the proposed structure enable the spec-
trometer to operate adaptively according to different
applications.

Calibration of the spectrometer
The proposed spectrometer was fabricated via multi-

project wafer shuttle run offered by a commercial silicon
photonic foundry. The detail fabrication process can be
referred to as Methods. The microscope image of the
whole device is shown in Fig. 3a. It occupies a compact
chip area of 150 μm× 950 μm. Three electrodes with
common ground configuration were used on a pair of
heaters for wavefront phase modulation. The zoom-up
features of the phase gradient metalens and disordered
metasurface are shown by the microscope images in Fig.
3b, c, respectively.
Prior to the reconstruction of an arbitrary spectrum, the

device was first calibrated by capturing the wavelength-
dependent speckle patterns across the whole operation
spectral range. We recorded the spectral-to-spatial map-
ping to create the required data cubes for the following
spectral reconstructions. The sweeping laser output was
coupled to the chip via a single-mode grating coupler with
efficiency of −5.5 dB/facet. The wavelength stepping size
is chosen to be 5 pm over the whole range from 1480 nm
to 1640 nm which is limited by the available laser source.
The output diffracted patterns from the multimode
grating coupler were imaged by an InGaAs infrared
camera. We select four sets of speckle patterns under
illumination from 1551 nm to 1554 nm as shown in Fig.
3d, respectively. The difference among them implies sig-
nificant wavelength dependencies among the measured
speckle patterns (i.e. spectral fingerprints). The complete
data of spectral-to-spatial mapping can then be obtained
as shown in Fig. 3e. Here the multiple data cubes have
been merged into a large matrix for easy data processing.
It is worth noted that the conventional on-chip spatial
sampling method via waveguide array inevitably losses
spectral information due to the waveguide spacing
between the neighboring channels. Here, the proposed
imaging scheme well preserves all the spectral informa-
tion. The digital imaging processing offers great versatility
for data acquisition. The detail process of image proces-
sing can be found in Supplementary Note 3. Thanks to the
scalability of the proposed spectrometer, it comes up with
thousands of available data channels for spectral recon-
struction. This is a considerably large capacity compared
with other on-chip counterparts, since the chip area
constraints would not allow for so many detectors. Given
the measured spectral-to-spatial matrix merged from the
data cubes, the correlation function was calculated and
plotted in Fig. 3f. As seen from the inset zoom-up figure,
the minimum decorrelation wavelength of the transfer
matrix was estimated to be δλ= 68 pm.

Spectral reconstruction
Generally the spectral reconstruction can be interpreted

by finding the input unknown spectrum S(λ) by
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great challenges for a large number of channel counts. As
mentioned, the readout of spectral-to-spatial mapping
requires a densely packed waveguide and detector array to
accommodate all the spectral channels, which sig-
nificantly increases the footprint. The spatial sampling via
waveguides inevitably losses spectral information due to
the waveguide spacing as well. Here, we applied the
multimode grating and imaging camera as an alternative,
which offers the advantages of great flexibility in imaging
processing and compactness. In Fig. 5a, we summarized
the recent advances in state-of-art on-chip spectrometers
and made a performance comparison. Even though the
speckle spectrometers have greatly improved the spectral
resolution due to their capabilities of creating more
spectral channels, a trade-off exists between the resolu-
tion and the compactness. This can be reflected by the
reduction of CFR with an improvement in spectral reso-
lution. As indicated in the left upper corner of the figure,
our proposed spectrometer has overcome this barrier with
a benchmark high channel density.
In pursuit of high spectral resolution, the optical

bandwidth is normally constrained. Intuitively, both fea-
tures can be improved simultaneously by incorporating
more spectral channels. However, the difficulty is asso-
ciated with the required large chip area to do so. Thus, it
makes sense to improve the spectral channel density for
miniaturized and high-performance spectrometers. As
seen from Fig. 5b, most of the reported high-resolution
speckle spectrometers have limited bandwidth. Extended
operation bandwidth can be possibly achieved by
increasing the CFR as implied by the trend on this curve.
Our work compares favorably against the others in terms
of CFR and goes well beyond the existing records. The
proposed spectrometer has excellent scalability allowing

for performance improvement via further increased CFR.
A comprehensive performance summary of the recent
advances in integrated spectrometers can be found in
Supplementary Note 4.
In conclusion, previous roadblocks for compact,

broadband, and high-resolution spectrometers can be
possibly overcome by one of the promising designs pro-
posed in this work. The spectrometer was fabricated via a
commercial foundry via a standard silicon photonic pro-
cess. It is fully compatible with the mature integration
platform of silicon microelectronics, which offers the
advantages of high reliability and easy scalability to large-
volume and low-cost manufacturing. The layered meta-
surface structure serves as a new type of speckle spec-
trometer and offers excellent scalability to further
increase the CFR for better performance. The metasurface
speckle spectrometers can also be integrated on various
material platforms for extended wavelength ranges in
visible light or mid-IR regimes.

Materials and methods
Device fabrication
The device was fabricated in a commercial silicon

photonic foundry via a multi-project wafer shuttle run.
The waveguide layer was defined by the 193 nm deep UV
lithography. Inductively coupled plasma dry etching was
used to deeply etch the grating coupler with 70 nm depth
and to deeply etch the strip waveguide with 220 nm depth,
respectively. Then the waveguides were cladded by ther-
mal oxidation followed by planarization. The heaters were
fabricated by deposition of 0.1 μm-thick TiN followed by
contact via opening and bond pad formation. The mini-
mum feature size of the spectrometer is 180 nm which
can be well fabricated in this process.
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capability of the proposed metasurface spectrometer. To
further verify the operation bandwidth of the spectro-
meter, a series of spectral lines were generated across the
1500 nm to 1600 nm range using a tunable laser and were
reconstructed individually. As shown in Fig. 4e, all the
spectral pieces were successfully reconstructed with good
accuracy, which implies the broad optical bandwidth
(>100 nm) of the spectrometer. To evaluate the accuracy
of the spectra reconstruction, the relative reconstruction
error can be quantified as follows:

ε ¼
PM

i¼1 S � S0ð Þ2
h i0:5

PM
i¼1S0

2
h i0:5 ð3Þ

where S and S0 denote the recovered and the original
spectrum, respectively. M is the number of wavelength
channels. For broadband wavelength peak reconstruction
in Fig. 4e, the calculated errors ε range from 0.0231 to
0.0736 as seen from Fig. 4f. The average error is estimated
to be 0.0481, which indicates a high reconstruction
accuracy. The relative reconstruction errors of all the
scenarios mentioned above have been labeled in Fig. 4.

The single peak over broadband background spectrum
reconstruction has slightly larger error of 0.459 due to the
complexity of the spectrum, which consists of both
narrow and broad spectral components. It can be seen
from these reconstructed spectra, the speckle spectro-
meter is more vulnerable to the background noise, as the
speckle spectrometer normally has lower sensitivity for
weak signals. This is because the speckle spectrometer
intrinsically divides even a monochromatic light into
many detectors instead of a single detector, which lowers
the sensitivity. The absolute intensity of the reconstructive
spectrum could be measured by calibration of the system
insertion loss in a similar way to the commercial
spectrometer.

Discussion
For a speckle spectrometer, the capabilities of arbitrary

spectrum measurement with high resolution and broad
bandwidth are highly related to the available wavelength
channels. It normally has a large channel capacity com-
pared with conventional dispersive spectrometers and
Fourier spectrometers. The on-chip integration of both
speckle pattern generation and readout comes up with
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great challenges for a large number of channel counts. As
mentioned, the readout of spectral-to-spatial mapping
requires a densely packed waveguide and detector array to
accommodate all the spectral channels, which sig-
nificantly increases the footprint. The spatial sampling via
waveguides inevitably losses spectral information due to
the waveguide spacing as well. Here, we applied the
multimode grating and imaging camera as an alternative,
which offers the advantages of great flexibility in imaging
processing and compactness. In Fig. 5a, we summarized
the recent advances in state-of-art on-chip spectrometers
and made a performance comparison. Even though the
speckle spectrometers have greatly improved the spectral
resolution due to their capabilities of creating more
spectral channels, a trade-off exists between the resolu-
tion and the compactness. This can be reflected by the
reduction of CFR with an improvement in spectral reso-
lution. As indicated in the left upper corner of the figure,
our proposed spectrometer has overcome this barrier with
a benchmark high channel density.
In pursuit of high spectral resolution, the optical

bandwidth is normally constrained. Intuitively, both fea-
tures can be improved simultaneously by incorporating
more spectral channels. However, the difficulty is asso-
ciated with the required large chip area to do so. Thus, it
makes sense to improve the spectral channel density for
miniaturized and high-performance spectrometers. As
seen from Fig. 5b, most of the reported high-resolution
speckle spectrometers have limited bandwidth. Extended
operation bandwidth can be possibly achieved by
increasing the CFR as implied by the trend on this curve.
Our work compares favorably against the others in terms
of CFR and goes well beyond the existing records. The
proposed spectrometer has excellent scalability allowing

for performance improvement via further increased CFR.
A comprehensive performance summary of the recent
advances in integrated spectrometers can be found in
Supplementary Note 4.
In conclusion, previous roadblocks for compact,

broadband, and high-resolution spectrometers can be
possibly overcome by one of the promising designs pro-
posed in this work. The spectrometer was fabricated via a
commercial foundry via a standard silicon photonic pro-
cess. It is fully compatible with the mature integration
platform of silicon microelectronics, which offers the
advantages of high reliability and easy scalability to large-
volume and low-cost manufacturing. The layered meta-
surface structure serves as a new type of speckle spec-
trometer and offers excellent scalability to further
increase the CFR for better performance. The metasurface
speckle spectrometers can also be integrated on various
material platforms for extended wavelength ranges in
visible light or mid-IR regimes.

Materials and methods
Device fabrication
The device was fabricated in a commercial silicon

photonic foundry via a multi-project wafer shuttle run.
The waveguide layer was defined by the 193 nm deep UV
lithography. Inductively coupled plasma dry etching was
used to deeply etch the grating coupler with 70 nm depth
and to deeply etch the strip waveguide with 220 nm depth,
respectively. Then the waveguides were cladded by ther-
mal oxidation followed by planarization. The heaters were
fabricated by deposition of 0.1 μm-thick TiN followed by
contact via opening and bond pad formation. The mini-
mum feature size of the spectrometer is 180 nm which
can be well fabricated in this process.
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capability of the proposed metasurface spectrometer. To
further verify the operation bandwidth of the spectro-
meter, a series of spectral lines were generated across the
1500 nm to 1600 nm range using a tunable laser and were
reconstructed individually. As shown in Fig. 4e, all the
spectral pieces were successfully reconstructed with good
accuracy, which implies the broad optical bandwidth
(>100 nm) of the spectrometer. To evaluate the accuracy
of the spectra reconstruction, the relative reconstruction
error can be quantified as follows:

ε ¼
PM

i¼1 S � S0ð Þ2
h i0:5

PM
i¼1S0

2
h i0:5 ð3Þ

where S and S0 denote the recovered and the original
spectrum, respectively. M is the number of wavelength
channels. For broadband wavelength peak reconstruction
in Fig. 4e, the calculated errors ε range from 0.0231 to
0.0736 as seen from Fig. 4f. The average error is estimated
to be 0.0481, which indicates a high reconstruction
accuracy. The relative reconstruction errors of all the
scenarios mentioned above have been labeled in Fig. 4.

The single peak over broadband background spectrum
reconstruction has slightly larger error of 0.459 due to the
complexity of the spectrum, which consists of both
narrow and broad spectral components. It can be seen
from these reconstructed spectra, the speckle spectro-
meter is more vulnerable to the background noise, as the
speckle spectrometer normally has lower sensitivity for
weak signals. This is because the speckle spectrometer
intrinsically divides even a monochromatic light into
many detectors instead of a single detector, which lowers
the sensitivity. The absolute intensity of the reconstructive
spectrum could be measured by calibration of the system
insertion loss in a similar way to the commercial
spectrometer.

Discussion
For a speckle spectrometer, the capabilities of arbitrary

spectrum measurement with high resolution and broad
bandwidth are highly related to the available wavelength
channels. It normally has a large channel capacity com-
pared with conventional dispersive spectrometers and
Fourier spectrometers. The on-chip integration of both
speckle pattern generation and readout comes up with
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Optical measurements setup
The experimental setup for device characterization

consists of a 1550 nm sweep laser (Santec TSL-710), a
fiber-based polarization controller, a fiber-chip coupling
stage, a benchtop power meter (MPM210), and an infrared
camera (LUSTER-CB2000). The single-mode fibers are
used to probe the I/O grating couplers. The polarization
controller was used to excite the TE guiding mode in the
waveguide. The transmission spectra are acquired by
measuring the output powers with wavelength swept from
1480 to 1640 nm with a step size of 5 pm. The multimode
grating output speckle is captured by the IR camera at the
far field. The imaging plane consists of 1280 × 1024 pixels
with a pixel size of 5 μm× 5 μm. For arbitrary spectrum
reconstruction, the incident spectra were created by a
broadband light source, a narrow-linewidth sweep laser,
and a programmable filter (Viavi MTFX-C1).
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Optical measurements setup
The experimental setup for device characterization

consists of a 1550 nm sweep laser (Santec TSL-710), a
fiber-based polarization controller, a fiber-chip coupling
stage, a benchtop power meter (MPM210), and an infrared
camera (LUSTER-CB2000). The single-mode fibers are
used to probe the I/O grating couplers. The polarization
controller was used to excite the TE guiding mode in the
waveguide. The transmission spectra are acquired by
measuring the output powers with wavelength swept from
1480 to 1640 nm with a step size of 5 pm. The multimode
grating output speckle is captured by the IR camera at the
far field. The imaging plane consists of 1280 × 1024 pixels
with a pixel size of 5 μm× 5 μm. For arbitrary spectrum
reconstruction, the incident spectra were created by a
broadband light source, a narrow-linewidth sweep laser,
and a programmable filter (Viavi MTFX-C1).

Acknowledgements
This research was funded by the National Natural Science Foundation of China
(U21A20454), the Science, Technology, and Innovation Commission of
Shenzhen Municipality (RCYX20210609103707009, JCYJ20220818102406013),
and the Natural Science Foundation of Guangdong Province for Distinguished
Young Scholars (2022B1515020057).

Author contributions
K.X. conceived the idea. K.X. and Q.H.S. supervised the project. Z.M.Z. and K.X.
designed the device and performed the theoretical analysis. Z. M. Z. performed
the device characterization and measurements. K.X. and Z.M.Z. analyzed the
data and wrote the manuscript with input from S.M.X. and Q.H.S. All the
authors discussed the results and commented on the manuscript.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflict of interest
Qinghai Song is an Editor for the journal, and no other author has reported any
competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-025-01797-y.

Received: 8 September 2024 Revised: 10 February 2025 Accepted: 19
February 2025

References
1. Crocombe, R. A. Portable spectroscopy. Appl. Spectrosc. 72, 1701–1751 (2018).
2. Yang, Z. Y. et al. Miniaturization of optical spectrometers. Science 371,

eabe0722 (2021).
3. Beć, K. B., Grabska, J. & Huck, C. W. Principles and applications of miniaturized

near-infrared (NIR) spectrometers. Chemistry 27, 1514–1532 (2021).
4. Li, A. et al. Advances in cost-effective integrated spectrometers. Light Sci. Appl.

11, 174 (2022).
5. Yang, W. et al. Ultracompact computational spectroscopy with a detour-

phased planar lens. Light. Adv. Manuf. 5, 523–531 (2025).
6. Cen, Q. et al. Microtaper leaky-mode spectrometer with picometer resolution.

eLight 3, 9 (2023).
7. Siew, S. Y. et al. Review of silicon photonics technology and platform devel-

opment. J. Light. Technol. 39, 4374–4389 (2021).

8. Shekhar, S. et al. Roadmapping the next generation of silicon photonics. Nat.
Commun. 15, 751 (2024).

9. Lipson, M. The revolution of silicon photonics. Nat. Mater. 21, 974–975 (2022).
10. Bogaerts, W. et al. Nanophotonic waveguides in silicon-on-insulator fabricated

with CMOS technology. J. Light. Technol. 23, 401–142 (2005).
11. Yoo, S. J. Hybrid integrated photonic platforms: opinion. Opt. Mater. Express 11,

3528–3534 (2021).
12. Mahajan, R. et al. Co-packaged photonics for high performance computing:

status, challenges and opportunities. J. Light. Technol. 40, 379–392 (2022).
13. Margalit, N. et al. Perspective on the future of silicon photonics and electronics.

Appl. Phys. Lett. 118, 220501 (2021).
14. Yoon, H. H. et al. Miniaturized spectrometers with a tunable van der Waals

junction. Science 378, 296–299 (2022).
15. Yang, Z. Y. et al. Single-nanowire spectrometers. Science 365, 1017–1020

(2019).
16. Sun, C. L. et al. Integrated microring spectrometer with in-hardware com-

pressed sensing to break the resolution-bandwidth limit for general con-
tinuous spectrum analysis. Laser Photonics Rev. 17, 2300291 (2023).

17. Yuan, S. F. et al. A wavelength-scale black phosphorus spectrometer. Nat.
Photonics 15, 601–607 (2021).

18. Yao, C. H. et al. Broadband picometer-scale resolution on-chip spectrometer
with reconfigurable photonics. Light Sci. Appl. 12, 156 (2023).

19. Yao, C. H. et al. Integrated reconstructive spectrometer with programmable
photonic circuits. Nat. Commun. 14, 6376 (2023).

20. Lin, Z. J. et al. High-performance, intelligent, on-chip speckle spectrometer
using 2D silicon photonic disordered microring lattice. Optica 10, 497–504
(2023).

21. Cheben, P. et al. A high-resolution silicon-on-insulator arrayed waveguide
grating microspectrometer with sub-micrometer aperture waveguides. Opt.
Express 15, 2299–2306 (2007).

22. Calafiore, G. et al. Holographic planar lightwave circuit for on-chip spectro-
scopy. Light Sci. Appl. 3, e203 (2014).

23. Ryckeboer, E. et al. Silicon-on-insulator spectrometers with integrated GaI-
nAsSb photodiodes for wide-band spectroscopy from 1510 to 2300 nm. Opt.
Express 21, 6101–6108 (2013).

24. Cheng, R. S. et al. Broadband on-chip single-photon spectrometer. Nat.
Commun. 10, 4104 (2019).

25. Zhang, Z. Y., Wang, Y. & Tsang, H. K. Tandem configuration of microrings and
arrayed waveguide gratings for a high-resolution and broadband stationary
optical spectrometer at 860 nm. ACS Photonics 8, 1251–1257 (2021).

26. Faraji-Dana, M. et al. Compact folded metasurface spectrometer. Nat. Com-
mun. 9, 4196 (2018).

27. Zou, J. et al. High resolution and ultra-compact on-chip spectrometer using
bidirectional edge-input arrayed waveguide grating. J. Light Technol. 38,
4447–4453 (2020).

28. Nitkowski, A., Chen, L. & Lipson, M. Cavity-enhanced on-chip absorption
spectroscopy using microring resonators. Opt. Express 16, 11930–11936 (2008).

29. Zhang, J. H. et al. Cascaded nanobeam spectrometer with high resolution and
scalability. Optica 9, 517–521 (2022).

30. Zhang, Z. Y. et al. Integrated scanning spectrometer with a tunable micro-ring
resonator and an arrayed waveguide grating. Photonics Res. 10, A74–A81
(2022).

31. Zhang, L. et al. Ultrahigh-resolution on-chip spectrometer with silicon pho-
tonic resonators. Opto-Electron. Adv. 5, 210100 (2020).

32. Sun, C. L. et al. Broadband and high-resolution integrated spectrometer
based on a tunable FSR-free optical filter array. ACS Photonics 9,
2973–2980 (2022).

33. Tittl, A. et al. Imaging-based molecular barcoding with pixelated dielectric
metasurfaces. Science 360, 1105–1109 (2018).

34. Cheng, Z. W. et al. Generalized modular spectrometers combining a compact
nanobeam microcavity and computational reconstruction. ACS Photonics 9,
74–81 (2022).

35. Xu, H. N. et al. Breaking the resolution-bandwidth limit of chip-scale spec-
trometry by harnessing a dispersion-engineered photonic molecule. Light Sci.
Appl. 12, 64 (2023).

36. Zhang, Z. M. et al. Folded digital meta-lenses for on-chip spectrometer. Nano
Lett. 23, 3459–3466 (2023).

37. Velasco, A. V. et al. High-resolution Fourier-transform spectrometer chip with
microphotonic silicon spiral waveguides. Opt. Lett. 38, 706–708 (2013).

38. Grotevent, M. J. et al. Integrated photodetectors for compact Fourier-
transform waveguide spectrometers. Nat. Photonics 17, 59–64 (2023).

Zhang et al. Light: Science & Applications ���������(2025)�14:130� Page 9 of 10


