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Metasurface spectrometers beyond

resolution-sensitivity constraints
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Conventional spectrometer designs necessitate a compromise between their resolution and sensitivity, especially
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as device and detector dimensions are scaled down. Here, we report on a miniaturizable spectrometer platform
where light throughput onto the detector is instead enhanced as the resolution is increased. This planar, CMOS-
compatible platform is based around metasurface encoders designed to exhibit photonic bound states in the
continuum, where operational range can be altered or extended simply through adjusting geometric parameters.
This system can enhance photon collection efficiency by up to two orders of magnitude versus conventional de-
signs; we demonstrate this sensitivity advantage through ultralow-intensity fluorescent and astrophotonic spec-
troscopy. This work represents a step forward for the practical utility of spectrometers, affording a route to
integrated, chip-based devices that maintain high resolution and SNR without requiring prohibitively long inte-

gration times.

INTRODUCTION

Optical spectroscopy plays an essential role across scientific research
and industry for noncontact materials analysis (I1-3), increasingly
through in situ or portable platforms (4-6). A central aim in optical
device design is to make the most efficient use of photons available
and, in doing so, extract as much information as possible from inci-
dent radiation. This is especially the case when looking to accurately
characterize low-intensity light spectra and of particular impor-
tance for miniaturized systems working in situ with uncontrolled or
ambient illumination; here, the efficiency or sensitivity of a system
dictates its capability to collect data with satisfactory resolution in a
given timeframe (7). However, a major constraint in (miniaturized)
spectrometer design lies in an inherent trade-off between the reso-
lution and sensitivity of devices. For platforms based on conven-
tional strategies (e.g., those using grating-mediated dispersion or
filter arrays), higher resolutions have typically had to come at the
expense of the transmitted light intensity incident onto the detec-
tors, leading to decreasing signal-to-noise ratios (SNRs) and longer
integration times (8, 9). This limitation can be described via the
resolution-luminosity product (8), E = RL, (where R is the resolu-
tion and L is the luminosity, the light throughput from the source
onto the detectors), given that the device’s efficiency, E, is constant
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for a given sensing area. Now, the most feasible option for moving
beyond this constraint is to use cooled, high-sensitive detectors
(10), an impractical solution for many in situ or portable devices.

Here, we report on a microspectrometer platform based around
dielectric metasurface encoders, which overcome these limitations by
exploiting photonic quasi-bound states in the continuum (qBICs) (11).
These encoders, combined with a computational reconstruction algo-
rithm (4, 12-14), enable a platform where detector flux in the device
increases with resolution, affording a notably more efficient system,
where high sensitivity and performance can be simultaneously real-
ized. Through excitation intensity-resolved fluorescence spectroscopy
of bacteria samples and telescopic planetary spectroscopy under differ-
ent visibility conditions, we demonstrate the strengths of this system in
being able to perform sensitive analyses under ultralow irradiance, all
while in a highly miniaturized form factor. These microspectrometers
could afford notable advances for lab-on-a-chip—, drone-, or satellite-
based detection of subtle signals in applications such as trace chemical
analysis, nanoscale biomedical sensing (7), or astrophotonics (15).
Furthermore, the planar, complementary metal-oxide semiconductor
(CMOS)-compatible nature of the platform, requiring only a single
lithographic patterning step, would allow for straightforward manu-
facture of a device array onto a CMOS imaging sensor. This could offer
a route toward highly sensitive snapshot spectral imaging cameras that
do not require any complex optics or moving parts.

RESULTS

Bandstop strategy

The schematic in Fig. 1A illustrates the comparison of sensitivity
between bandpass and bandstop strategies. A bandstop system can
transmit the same portion of spectral information while losing few-
er photons. Figure 1B shows the differences in operational principle
between our qBIC bandstop array spectrometer and conventional
bandpass grating or filter array systems. In the latter, each detector
reads light with a single wavelength component that comes from
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Fig. 1. Bandstop strategy for BIC-inspired spectrometer design. (A and B) Comparison of bandpass and bandstop strategies when designing a filter-array based spec-
trometer. (C) Simulated bandpass and qBIC bandstop features. (D) Light throughput as a function of the FWHM of transmission features under illumination of a broadband
light (500 to 600 nm), as transmitted through simulated and commercial grating- and filter-based system with varying values of transmission FWHM.

gratings or narrow bandpass filters. The number of filters and their
characteristic full width at half maximum (FWHM) dictate the ef-
fective resolution that such a system can achieve. Intuitively, given
the nature of a bandpass transmission profile, where light outside of
a target wavelength component is blocked, higher resolution (a nar-
rower FWHM for each filter) necessarily results in lower flux and
sensitivity.

A gBIC filter instead transmits the inverse, reflecting a narrow
band of wavelengths. The characteristic transmission spectrum of a
qBIC metasurface contains a collapsing Fano feature, resembling a
“bandstop” profile (16, 17). We integrate a range of different qBIC
metasurfaces onto a CMOS detector array to create a computational
spectrometer device, in which wavelength components are not di-
rectly read, but where the gBICs are used to encode spectral infor-
mation into the electronic responses of the sensors beneath them.
An algorithm is developed to then reconstruct the spectra of inci-
dent light by solving the inverse problem posed by these bandstop
encoders. Crucially, we show that the light throughput in a qBIC-
based system is not only at least an order of magnitude higher than
that of a bandpass system for broadband light, but the intensity is
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also proportional to the resolution or FWHM of the spectral feature
(see section S1), rather than inversely proportional as seen in Fig. 1,
C and D. This gBIC-based scheme offers a route toward highly sen-
sitive yet high-resolution microspectrometers.

Bound states in the continuum

We first present simulations and experimentally demonstrate the
physics of the qBIC encoders, which underpin our platform. BICs are
localized states with an infinitely long lifetime in the radiation con-
tinuum (11); they usually manifest in the form of quasi-bound states
(18), which can couple to the surrounding environment with notably
enhanced light-matter interaction. They have demonstrated potential
in a range of applications, such as low-threshold micro-/nanolasers
(19), high-sensitivity biosensors (16, 17), and ultrafast vortex beam
generators (20), although have yet to be applied toward spectroscopy.
Figure 2A shows a schematic of the dielectric gBIC metasurface de-
signed for this work, consisting of an array of cylindrical nanoholes
arranged in a square lattice. Each diatomic unit cell of the metasur-
face includes two nanoholes, with radii 7o and r;. Unit cells are spaced
at a pitch, P. Crucially for our devices, we will show that P can be

20of9

¥202 ‘2T Jlequeosq uo A1sieAiun abpLgue) e 610°80us 10s MMM,/ SO1IY Lo papeo uMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Arbitrary polarized

700

—TE —TM ---Lightline

Ar=0nm

incidence =Se=

600},

¥ 500}
=
5 400
3
S 3000
(0]

- 200+

1001

£ |

D-qBICT
y « Max.!
- —

£ |

| —
' '-0

.1 Polarization insensitive :

520.68 THz

/i K 1o
r X

r 550 560 570
Wavelength (nm
F G Exp. H gth (nm)
® 1.0 I 11
.
10 ¢ Ar=28nm |
108 ¢ Ar=38nm 0.8
¢ Ar=46nm 8 —
105 Ar=52 nm = 3
S Ar=58nm £ 0. |a
§ 10¢ — Simulation 5 Polarization g
o ® 04 —0° 5
10° = 90° 3
102 1 0.2 I
10° 289 0
0 10 20 30 40 50 60 540 550 560 570 80 540 570 600
Ar (nm) Wavelength (nm) Wavelength (nm)

Fig. 2. Pixelated metasurfaces with polarization-independent gBICs. (A) Schematic diagram of the as-designed diatomic metasurface, formed from cylindrical nano-
holes, arranged in a square lattice, and etched into a TiO; slab with thickness H = 92 nm. Unit cells (left) spaced at a pitch P, compose of diagonally arranged holes with
two different radii, ro and ry. (B) Band structures and field distributions of such a metasurface when Ar = ro — r; = 0 nm. The middle panel shows a magnified region of the
band structure near the doubly degenerate BICs. The right panel shows the field distributions of D-BIC1. (C) Band structure near D-gBIC, and corresponding field distribu-
tions of D-gBIC1 when Ar= 10 nm. (D) SEM images of a fabricated 1 x 5 gBIC-based metasurface filter array with Ar = 28, 38, 46, 52, and 58 nm, respectively. (E) Measured
transmitted spectra at varying values of Ar. (F) Q factor of D-gBIC1 extracted from simulated and measured (E) transmitted spectra. (G) Measured transmission spectra
under 0 and 90° polarizations, demonstrating a polarization-independent response. (H) Simulated metasurface transmission spectra for 100 filters with varying unit cell

pitch, P. For all other demonstrations in this figure, P = 338 nm.

varied to tune the central wavelength of the metasurface’s bandstop
transmission feature, while Ar = ry — r; can be tuned to vary the
FWHM of the transmission feature. The nanoholes are etched into a
titanium dioxide (TiO;) film deposited onto quartz at a thickness
H =92 nm. Here, TiO, provides low absorption while retaining suf-
ficient index contrast with the quartz substrate (See the “Device fab-
rication” section in Materials and Methods). When ry = r; = 30 nm,
due to the band folding mechanism and the C4v symmetry of the
metasurface (21, 22), simulations show that the metasurface has dou-
bly degenerate BICs (D-BICs) at I', which can be decomposed into
two orthogonal dipole-like modes that are a 90° rotation of each oth-
er (see Fig. 2A). In our metasurface design, there are two pairs
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of D-BICs: a transverse-electric (TE)-like mode at 513.25 THz (D-
BIC1) and a transverse-magnetic (TM)-like mode at 579.19 THz (D-
BIC2), respectively. They have similar physical characteristics and
origins, and so for simplicity, we focus here on the analysis of D-BIC1
(see the “Numerical analysis of BIC” section in Materials and Meth-
ods and also section S2). We introduce variations in ry so that Ar is
nonzero; this geometrical perturbation breaks the original transla-
tion symmetry but preserves the C4v symmetry of the metasurface.
In this way, the D-BICs degrade to doubly degenerate quasi-BICs (D-
qBICs) that are slightly coupled to the radiation continuum (see Fig.
2C) and that have finite but large Q factors (see the “Numerical anal-
ysis of BIC” section in Materials and Methods).
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To experimentally confirm the characteristics of these D-qBICs,
we fabricated five metasurfaces with Ar = 28, 38, 46, 52, and 58 nm,
respectively. A full simulation of the relationship between metasur-
face transmission and the geometrical perturbation, Ar, is shown in
section S3. Figure 2D shows scanning electron microscopy (SEM)
images of the metasurface slab array. Q factor values derived from
both numerically simulated and experimentally measured (Fig. 2E)
transmission spectra are displayed in Fig. 2F There is an inverse
quadratic dependence between the Q factor and Ar, and the Q fac-
tor tends to infinity when Ar = 0, as commonly seen in qBICs (18).
The experimental results are in good agreement with the simulated
counterparts. For Ar < 40 nm, the reduction in the actual Q factor
relative to simulations can be attributed to linewidth broadening of
the transmitted spectra due to measurement limitations imposed by
the monochromator’s resolution and SNR. Moreover, because of the
preservation of C4v symmetry, the D-qBICs have been designed to
be equally sensitive to light regardless of polarization (Fig. 2G)
(21, 22) and, hence, do not require a polarizer to filter the input
light, further increasing the throughput of photons to the detector
array. Crucially, we show through simulation the transmissive prop-
erties of D-gBICs as a function of P (while maintaining fixed Ar;
Fig. 2H), confirming that D-qBICs can function as tunable and nar-
row bandstop filters through modification of the P value, enabling
their use for spectral sensing in the visible range.

qBIC spectrometers

Next, we demonstrate a high-performance microspectrometer based
on our ¢BIC metasurface filters. Instead of a direct read-out, our
spectrometer uses an array of qBIC metasurfaces, mounted on to a
CMOS image sensor (Fig. 3A), to sample a light signal before com-
putationally reconstructing the spectra. Represented mathematical-
ly, the light intensity incident on each of the detectors I is a
convolution of the incident spectrum S(A) and the transmitted pro-
file T;(A), given by a system of linear equations (4, 12)

N

A

where m is the detector number. By solving the system of equations

for all detectors via a reconstruction algorithm (see the “Recon-

struction algorithms” section in Materials and Methods), which also

works to minimize the effects of measurement noise, we can arrive
at an approximation of S(A).

The device is composed of a 10 X 10 metasurface filter array (Fig.
3B) with P values varying linearly between 285 and 384 nm across
the 100 filters and the operational wavelengths of the corresponding
metasurface filters across 480 to 610 nm. Note that the operational

wavelengths can be extended to other spectral regions simply via ad-
justments in both P and Ar. The metasurface filter array is designed
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Fig. 3. Microspectrometer based on qBIC metasurfaces. (A) Schematic of the spectrometer featuring an individual 10 x 10 gBIC bandstop filter array integrated atop a
CMOS imaging sensor. (B) SEM image of the fabricated metasurface filter array. (C) Bandstop transmission profiles t(A) of the 100 filters. (D) Measured, reconstructed
spectra of a series of monochromatic spectral lines (dark dotted lines) in the visible range. (E) Measured, reconstructed spectrum of two narrow spectral lines, demonstrat-
ing ability to resolve distinct monochromatic spectral features down to 1.7-nm separation. (F) Measured, reconstructed spectrum of a broadband light source, relative to
the same incident signal measured by a conventional spectrometer. a.u., arbitrary units.
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with a fixed Ar at 46 nm. This is a compromise between lowering Ar
to achieve higher resolutions while being constrained by the limits of
the transmission function calibration system and the noise level of
the CMOS sensor array, as discussed in the section S2.

As shown in Fig. 3C, the transmission profiles ;(A) of the meta-
surface filter array are measured under a customized micro-area
ultraviolet-visible spectrophotometer and show good agreement
with the simulated responses in Fig. 2H. We note that the secondary
bandstop feature seen at lower wavelengths does not interfere with
the function of the spectrometer, as it is accounted for in the calibra-
tion of the system. Measurement of the spectral response profiles for
the system as a whole, Tj(A)—a combination of the filters’ transmis-
sion profiles ¢,(\) and the photoresponse profiles R;(\) of the CMOS
pixels—is discussed in the Supplementary Materials (see the “Cali-
bration” section in Materials and Methods). While operating, under
illumination by an arbitrary light signal with spectra S(A), the CMOS
image sensor measures the set of light intensities, I;, transmitted
through the metasurface filter array. As described earlier in Eq. 1,
the I; measured at each detector represents a set of linear equations,
integrals of the incident spectrum S(A) and Ti(A) over the wave-
length range; S(A) can be reconstructed by solving the inverse prob-
lem posed by this dataset. In practice, such a calculation is ill-posed
and highly susceptible to experimental noise; hence, an algorithm
was developed to solve the set of linear equations generated by the
encoders, the details of which are discussed in the “Reconstruction
algorithms” section in Materials and Methods.

To demonstrate the accuracy of the device, we tested the recon-
struction fidelity of the microspectrometer when resolving a series of
narrow spectral lines across a range of 480 to 610 nm. The results by
the spectrometer match the positions of the individual probe lines
with a mean accuracy of +0.11 nm and an average SNR of ~300 Fig.
3D. The dynamic range of spectrometer is ~500, calculated as the ra-
tio of the detector saturation level and the lowest detectable intensity
that we define as the power density incident on the detectors at the
point where the signal is just indistinguishable from the noise floor.
For evaluating the spectral resolution of the device, we use the Ray-
leigh criterion: That two spectral lines are just resolved when the
maxima of the first peaks are positioned at the base of the second. As
shown in Fig. 3E, this device enables a spectral resolution of 1.7 nm;
such a resolution is comparable to that of most microspectrometer
counterparts (4, 5) [for reference, the resolution of a mature product,
the Hamamatsu C12666MA microspectrometer, is 12 nm (23)]. Our
metasurface spectrometer can also accurately reconstruct continuous
broadband spectra across the operational wavelength span, as shown
in Fig. 3F The typical reconstruction time is only 0.2 s for each spec-
trum on a laptop, making it readily available for portable device.

Performance under ultralow irradiance

As discussed previously, the fundamental advantage of this qBIC-
based system is that because of the nature of the spectral responses,
the sensitivity should actually increase with resolution, rather than
exhibiting a resolution-luminosity trade-off. As shown in Fig. 4A, to
study the relationship between the resolution and sensitivity in our
gBIC-based platform, five metasurface spectrometers were fabricated
with different bandstop line widths, and their performance was stud-
ied with respect to resolution and the minimum detectable irradiance
as a measure of their sensitivity. The spectrometers contain 16 meta-
surface filters with Ar = 28, 38, 46, 52, and 58 nm, corresponding to
FWHMs 0f2.8,4.2, 5.6, 6.5, and 7.0 nm, respectively. For a controlled
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comparison, to make these five spectrometers work over the same
spectral range, the lattice constants, P, of each array element covers
336 to 351 nm, 333 to 348 nm, 330 to 345 nm, 326 to 341 nm, and
321 to 336 nm, respectively, in steps of 1 nm. These results shown in
Fig. 4A suggest first that (for a constant number of filters) a smaller
linewidth does indeed lead to higher spectral resolution, confirming
our simulated work in the section S1. We note that the maximum
resolution of 1.9 nm achieved here is constrained by the number of
filter array elements used (in this case, 16 filter elements); the ulti-
mate resolution limit for this device could be much lower. More cru-
cially, the minimum detectable irradiance increased in correlation
with the measured resolution. This supports our assertion that these
systems are not constrained by a resolution-luminosity trade-oft and
can be engineered to achieve high sensitivity and spectral resolution,
simultaneously, unlike in equivalent narrowband filter array systems.
Through direct comparison with an equivalent reconstructive device,
we further confirm the advantages of our platform over narrowband
systems in enhanced sensitivity through a greater utilization of avail-
able flux onto the detector (section S4).

The key strength of this platform is in providing high sensitivity so
as to maximize the limited available light in highly miniaturized sys-
tems. We first demonstrate the real-world applicability of the qBICs
metasurface spectrometer’s sensitivity via fluorescence measurements
of bacteria samples (see the “Spectroscopy measurements” section in
Materials and Methods). The samples are characterized under three
different illumination intensities, as shown in Fig. 4B. Comparisons
between spectra measured by the qBICs metasurface spectrometer
and a conventional mini-spectrometer are shown in Fig. 4C. As the
excitation power decreases, the spectra measured by the conventional
spectrometer become overridden by noise, while the gBICs metasur-
face spectrometer can still reconstruct the fluorescence spectrum. En-
abling low-light excitation fluorescence measurements could help to
avoid damage or photobleaching when measuring biological samples.
Further to this, as shown in Fig. 4D, we use our platform to gather
spectral data from the night sky through telescopic measurements of
Venus (see the “Spectroscopy measurements” section in Materials and
Methods). We show that even for clear conditions, where measure-
ments become noise-dominated in a conventional device at an inte-
gration time of 1 s, our system produces clear data with an order of
magnitude lower integration times (Fig. 4E). We note that the irradi-
ance for both fluorescence and planetary demonstrations cannot be
directly measured by a power meter; we estimate the stated values via
the linear power response of the gBIC spectrometer (section S5). Fur-
thermore, when cloudy conditions make measurement of the conven-
tional system untenable, our device is still capable of collecting useful
spectral data. We note here that through tuning the geometric param-
eters of the qBIC array, the operational range could be straightfor-
wardly extended into the infrared (see section S6), which is of more
relevance to many astrophotonic applications. Last, in Fig. 4F, we ex-
perimentally demonstrate the sensitivity advantages of a gBIC system
by measuring light throughput onto the detector, in comparison with
grating and filter strategies, at varying bandstop/bandpass FWHM,;
throughput in the qBIC system lies between one and two orders of
magnitude higher than the conventional strategies.

DISCUSSION
We demonstrated that by engineering metasurfaces with qBICs, it is
possible to produce the building blocks of a new paradigm of
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Fig. 4. Demonstration of the metasurface spectrometer for low-light level detection. (A) Resolution and lowest detectable intensity of five qBIC-based spectrometers
with different values of Ar, each composed of 16 metasurface filter units, demonstrating a positive correlation between resolution and sensitivity. Inset shows SEM im-
ages of the five different spectrometers and a magnification of one filter unit (bottom right). (B) Fluorescence photographs of bacteria under different excitation intensi-
ties and (C) corresponding spectra measured by a qBIC-based metasurface spectrometer (red) and conventional mini-spectrometer (black), respectively. (D) Colorful
photograph of the night sky, with magnified insets showing Venus in clear and cloudy conditions. (E) Visible range spectra of Venus corresponding to clear (top) and
cloudy (bottom) conditions from (D), as measured by our BIC spectrometer versus a conventional mini-spectrometer. For both (C) and (E), the conventional mini-
spectrometer model is an Avaspec-uls2048cl (600/mm grating, 25-pum slit, 37,5000 counts/pW per ms integration time, which represents high-end commercial mini/
microspectrometers). (F) Light throughput efficiency (expressed as eventual intensity onto the detectors as a percentage of total light intensity before spectral dispersion/
selection) and resolution of a selection of state-of-the-art (reconstructive and conventional) miniaturized spectrometers (12, 14, 27-42).

microspectrometers that are not bound by the same limits on sensi-
tivity that constrain conventional filter array systems. Augmented
by a computational spectral reconstruction algorithm, these devices
offer a route toward a platform that maintains high resolution and
sensitivity in a highly miniaturizable planar form. These devices
could prove ideal for a wide range of low-light-level applications
such as Raman measurements, astronomical spectrographs, and na-
noscale biomedical spectroscopy.

MATERIALS AND METHODS

Device fabrication

The fabrication of our metasurface consists of two main steps: De-
position of a TiO; layer and the production of nanoholes in the TiO,
film. TiO, films were deposited onto a quartz substrate via electron-
beam evaporation. Substrates were first cleaned through successive
ultrasonication steps in acetone, methanol, and deionized water,
respectively, for 20 min each before electron-beam evaporation at a
base vacuum of 2 X 107 torr and a deposition rate of 0.8 A/s. After
TiO; film deposition, absorptive coeflicient, k, and refractive index,
n, are characterized through ellipsometry. As illustrated in fig. S7,
the absorption coefficient vanishes within the wavelength range of
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480 to 610 nm, while the refractive index is approximately 2.3. As
summarized in fig. S8, electron-beam lithography (EBL) and ion
beam etching (IBE) processes were used to fabricate nanoholes in
the films, ensuring high accuracy and precision.

A three-stage mask process was used, with an EBL patterned re-
sist to mediate etching onto a chromium (Cr):gold (Au) layer, which
in turn was used to etch an amorphous silicon (a-Si) film that acted
as the final mask for the TiO,. A 200-nm a-Si layer was first deposited
by plasma-enhanced chemical vapor deposition (SYSTEM 100) on
the TiO, film. This was followed by a 5-nm Cr adhesion layer and a
75-nm Au film, deposited by electron-beam evaporation (COOKE).
A 300-nm photoresist (ARP) film was then spin-coated onto the chip
and baked at 85°C for 90 s.

The designed nanohole lattice was patterned into ARP by an
electron-beam writer (MA6, with an acceleration voltage of 30 kV)
before development in REX3038 solution and deionized water at 25°C
for 60 and 30 s, respectively. The Cr:Au mask layer was then etched
using the IBE before etching of the a-Si layer through an inductively
coupled plasma (ICP) process. The ARP and Cr:Au mask layers were
then removed by an oxygen plasma and wet chemical etch, respec-
tively. Last, the nanoholes were patterned into the TiO, layer by IBE
through the Si mask before removal of the mask by another ICP etch.
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The choice to use three masks (ARP, Cr:Au, and a-Si) was made
as the TiO,-etching gas readily etches photoresist, and thus, a hard
mask is needed to pattern the TiO,. Amorphous silicon was chosen
as the hard mask material to avoid any influence on the optical
properties of the BIC layer from metallic residues. However, to ob-
tain an a-Si mask with accurately defined nanohole dimensions, the
mask used to pattern it must be very thin (<100 nm); a resist mask
of this thickness would be removed too quickly during the a-Si etch,
so an Au mask is used instead, which itself can be first patterned via
the EBL resist.

Numerical analysis of BIC

The studied metasurface can support two sets of D-qBICs in the fre-
quency range of interest. The D-gBIC1 (D-qBIC2) are transverse
electric-like (transverse magnetic-like) polarized, whose electric
fields in the middle plane are out of the plane (in the plane). In the
main text, we mainly focus on the D-gBICI, as discussed in Fig. 2.
Here, we show the magnetic field distribution of D-qBIC2 and their
Q factor dependence on Ar, as illustrated in fig. S9. Compared with
D-gBIC1, D-gBIC2 has a much larger Q factor and a much narrow
FWHM in the case of the same Ar. As a result, the behavior of D-
qBICl is by far the dominant factor in the operation of the spec-
trometer (section S2).

Simulated electric field distributions of D-BIC1 and D-gBIC1 in
the yoz plane are displayed in fig. S12. It is seen that the field of D-
BIC1 is strongly confined near the metasurface along the normal
direction without any escaping radiation, implying an infinite Q fac-
tor. However, for D-gBIC1, we can observe that there is radiation
out of the metasurface body, although the field is still localized along
the normal direction of the metasurface, which makes qBIC an ide-
al candidate for optical spectrometers breaking the resolution-
luminosity limit.

Reconstruction algorithms

The photoelectric response of the spectrometers’ sensors can be ex-
pressed in the form of the integral equation (Eq. 1). For any set of
response functions Tj(A) that are continuous over a bounded do-
main of Q: = [Ag, A,], the reconstruction problem is inherently ill-
posed, where the presence of a small perturbation in the response
signal I; could produce an infinitely large change in the reconstructed
spectrum (24). Physically, this ill-posedness reflects the unavoid-
able information loss during the encoding procedure (Eq. 1), mak-
ing the spectrum S(A) impossible to be directly obtained from the
measurements [;. If the incident spectrum S(A) can be well approxi-
mated by a function S() that lies in the function space spanned by
basis functions @; with j = 1, 2, ..., n, then we can discretize the
problem by the expansion

S~ S = Y v9,(0) @)
=1
T
,ym] . In our case, we
discretized the spectrum S(A) using a piecewise polynomial and ap-
proximated the integral by Gaussian quadrature (25). Compared
with Gaussian basis functions used in our previous studies (13),
piecewise polynomials are more expressive and eliminate the need to
manually select basis function parameters (i.e., FWHM of Gaussian
bases), while the use of Gaussian quadrature ensures the exactness of

where the coefficients vector x = [yl,yz,
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numerical integration as long as the integrand is a polynomial with a
fixed degree (25).

Then, problem (Eq. 1) can be transformed into a finite-dimensional
least square problem in the form of

3)

1
== min= || Ax—b||?
%5 = min> || Ax—b|l;

where b := [Il,IZ, ,Im] Te R is the vector of photoelectric re-
sponses and A is the coefficient matrix with each element aj; deter-
mined by the inner product of response function T; and basis
function @; over the bounded domain Q.

To regularize problem (Eq. 3), we imposed both [; and [, regular-
ization alongside with the non-negative constraint on x

o1 2 | P9 2
Xqp = MIOZ | Ax—b]l; +0‘||X||1'|‘5[3 x5 (4)

where L € R®~D*" is a first-order discrete gradient matrix that con-
strains the smoothness of the reconstructed solution. By using the
non-negative constraint of x, the minimization problem (Eq. 4) can
be expanded into a constrained quadratic programming problem

= minix” (ATA+LTL)x + 27 (a1, —ATb)  (5)

;
x%ﬁ x>02
wherel, =[1,1, ..., 1]" €R.
The two regularization terms serve different purposes. The
norm will promote sparsity which ensures high-resolution recon-
struction for narrow spectra, while the I, norm regularization on the
gradient will increase the smoothness of the reconstruction, thus
more effective for broad spectra. The relative importance of sparsity
and smoothness is measured by regularization parameters a and £,
respectively, which are selected using K-fold cross-validation (26).

Calibration

To calibrate the spectral characteristics of the proposed spectrome-
ter, a homemade calibration setup was constructed. Because of the
narrow FWHM of BICs, it is necessary to find a monochromatic
light source for calibration that has a narrower bandwidth and, cov-
ering the operational range of our device, can be tuned in the wave-
length region of 440 to 620 nm. As illustrated in fig. S14A, the light
source used was a Xenon lamp (Microsolar 300), providing a white
light source; a monochromator (CME-Mo301) was then used to dis-
perse the light spatially, and the monochromatic light of wavelength
was selected by tuning the position of a grating. Here, a bandpass
filter is also used to remove the harmonic wave stemming from the
grating in the monochromator. The FWHM of the output light is
0.5 nm. The calibration light is divided by a 50:50 splitter, with the
two beams directed to the spectrometer chip and a commercial
spectrometer, respectively. The commercial spectrometer is used to
monitor the central wavelength and power of the calibration light.
The spectrometer chip is realized by aligning and attaching the
metasurface onto the sensor surface of a CMOS pixel array. The
CMOS chip is from Indigo Inc. (model: S400MRU), with a pixel
size of 6.5 pm by 6.5 pm. The commercial spectrometer is an
Avaspec-uls2048cl, which operates with a resolution of 0.5 nm.
Using the calibration setup, the spectral responses of the meta-
spectrometer are characterized, as shown in fig. S14B. Here, it can be
seen that the bandstop peaks are linearly dependent on the P value
(i.e., pitch) of the nanohole lattice.
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Spectroscopy measurements
To verify the high-throughput ability of the spectrometer chip, a
weak fluorescence spectrum of bacteria is measured. The test setup
for this experiment is shown in fig. S17. The LED source emits
broadband light, from which the fluorescence excitation is selected
using a bandpass filter of 420 to 485 nm. A beam splitter (BS1) is
used to reflect the light onto a fluorescent sample via a 4X micro-
scope objective. The same objective collects the fluorescence and the
reflected excitation light. A 515-nm longpass filter removes residual
excitation light, leaving only the fluorescence signal. The fluores-
cence is divided equally by a 50:50 beam splitter (BS2). One beam is
incident on the metasurface-spectrometer, while the other one en-
ters the commercial spectrometer. Adjustments are made so that the
apertures of the commercial spectrometer and meta-spectrometer
are conjugated, and henec, the fluorescence measured by the two
spectrometers comes from the same point on the fluorescent sample.
The Venus measurement setup is shown in fig. S18 (A and B).
Venus was photographed with an astronomical telescope CGEM-II-
1100HD from Celestron Co. Ltd. The telescope has a Schmidt-
Cassegrain configuration with an aperture of 11 inch and a focal
length of 2800 mm. A lens with a X5 magnification is used to focus
the light captured by the telescope onto the BIC spectrometer. A
50:50 beam splitter is placed in front of the BIC spectrometer to split
half of the light into the conventional, grating-based spectrometer.
The BIC spectrometer and the conventional spectrometer have an
aperture with the same size. Between the imaging lens and the beam
splitter, a 412 to 569 nm bandpass filter FGB18 from Thorlabs and a
550-nm longpass filter CB550 from Yongxing-Sensing Co. Ltd are
mounted to filter the Venus light to those within the operating
wavelength of the BIC spectrometer. In addition, a 600-nm lowpass
filter is also used to reduce noise from background infrared light.
The clear image of Venus was taken at about 2100, and the cloudy
one was taken at about 2140.

Supplementary Materials
This PDF file includes:

Sections S1to S9

Figs.S1to0 S23
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