*\
ated

Pixelated|BICmetasurfaces ',|fn'té'g'.r.

Opto-Electronic
- Advances
aging

andiim

. sensing

.. .
o i

https://dei.org/10:29026/0ea.2026.250211




OptozElectronich

CN 51-1781/TN ISSN (Print) 2096-4579 ISSN (Online) 2097-3993

Pixelated BIC metasurfaces for terahertz integrated sensing and imaging
Zhangiang Xue, Guizhen Xu, Junliang Chen, Junxing Fan, Hongyang Xing, Ye Zhou* and Longging Cong*

Citation: Xue ZQ, Xu GZ, Chen JL, Fan JX, Xing HY, Zhou Y, Cong LQ. Pixelated BIC metasurfaces for terahertz integrated sensing and
imaging. Opto-Electron Adv 9, 250211 (2026).

https://doi.org/10.29026/0ea.2026.250211

Received: 11 August 2025; Accepted: 2 December 2025; Published online: 10 February 2026

Related articles

Spectro-polarimetric detection enabled by multidimensional metasurface with quasi-bound states in the continuum
Haoyang He, Fangxing Lai, Yan Zhang et al

Opto-Electronic Advances 2025, 8(10): 250015 doi: 10.29026/0ea.2025.250015

Superchirality induced ultrasensitive chiral detection in high-Q optical cavities
Tianxu Jia, Youngsun Jeon, Lv Feng et al

Opto-Electronic Advances 2025, 8(10): 250079 doi: 10.29026/0ea.2025.250079

Hybrid bound states in the continuum in terahertz metasurfaces
Junxing Fan, Zuolong Li, Zhangiang Xue et al

Opto-Electronic Science 2023, 2(4): 230006 doi: 10.29026/0es.2023.230006

e . . N
More related articles in Opto-Electronic Journals Group website LI

Opto-Electronic
Journals Group

il
“l I"LI]"/Z[“ 1

https://www.oejournal.org L) OE_Journal . 4 @OptoElectronAdv


https://www.oejournal.org/oea/
https://doi.org/10.29026/oea.2026.250211
https://www.oejournal.org/article/doi/10.29026/oea.2025.250015
https://doi.org/10.29026/oea.2025.250015
https://www.oejournal.org/article/doi/10.29026/oea.2025.250079
https://doi.org/10.29026/oea.2025.250079
https://www.oejournal.org/article/doi/10.29026/oes.2023.230006
https://doi.org/10.29026/oes.2023.230006
https://www.oejournal.org/article/doi/10.29026/oea.2026.250211#relative-article
https://www.oejournal.org/article/doi/10.29026/oea.2026.250211#relative-article
https://www.oejournal.org

Opto-Electronic
Advances

Article

March 2026, Vol. 9, No. 3

B
OEFA |
-

Pixelated BIC metasurfaces for terahertz integrated sensing and

imaging

Zhangiang Xue'', Guizhen Xu'', Junliang Chen'', Junxing Fan?, Hongyang Xing?, Ye Zhou?* and Longging Cong'**

Abstract: Conventional terahertz (THz) single-pixel imaging relies on a sequential process involving compressed sens-
ing, which requires a spatial modulator and is often time-intensive. Here, we propose a new THz single-pixel imaging
scheme operating in a parallelized fashion with a pixelated metasurface, demonstrated within a standard THz time-
domain spectroscopy system. This approach encodes spatial information through multiple narrow linewidth reso-
nances based on bound states in the continuum (BIC) physics, and the BIC-enabled pixelated metasurface facilitates
the near-field distributed sensing through local field enhancement. We validate this integrated imaging and sensing
capability using a 2x2 metasurface array in a proof-of-concept experiment, with scalability to larger arrays. The
approach achieves 100% accuracy in binary imaging reconstruction from a single THz pulse and enables refractive
index sensing with a sensitivity higher than 14.39 GHz/RIU. Leveraging the intrinsic penetration capability of THz radi-
ation, this technique offers significant promise for next-generation noninvasive applications such as security inspec-
tion and defect detection in semiconductor chips and pharmaceutical products.
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1 Introduction

Terahertz (THz) waves, characterized by low photon energy,
broad bandwidth, and abundant fingerprint information,
present substantial spectral advantages, facilitating diverse
applications from chemical identification and material char-
acterization to security screening and high-speed wireless
communications' . In many of these advanced THz applica-
tions, imaging plays a critical role in mapping local invisible
features of objects, such as detecting hidden defects in semi-
conductors or uncovering concealed drugs and explosives.
However, conventional THz imaging techniques primarily
rely on raster scan or computational methods due to the
absence of large-area detector arrays, where a counterpart of
charge coupled device (CCD) is missing in THz regime®.
The inherent low photon energy of THz waves presents
challenges in developing detectors capable of operating at
room temperature, and most commercial THz detectors are

either bulky or expensive, limiting their adaptability for
large-area integration®. For instance, Ge:Ga photoconductor
arrays require extremely low operating temperatures (0.3 K)
to suppress thermal noise and achieve a sufficient signal-to-
noise ratio’. While other detectors like field-effect sensors,
pyroelectric detectors, and micro-radiometers can operate at
room temperature, they often grapple with balancing sensi-
tivity, bandwidth, and responsibility®, and their large foot-
prints and high costs further complicate integration in large-
scale applications®.

Under the constraint of the single-pixel detector in the
current state-of-the-art THz apparatus, computational
imaging techniques have been developed that leverage
spatially modulated structured light on the targeted object,
retrieving images through compressed sensing’!!. In this
method, a sequential intensity profile, synchronized with the
spatially modulated THz beam, is recorded by the single-
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pixel detector lacking spatial resolution'?. Spatial modula-
tion® is typically achieved by incorporating active
elements such as metallic masks'?, spinning disks'®, reconfig-
urable metamaterials’, or digital micromirror devices’. This
approach eliminates the need for large-scale detector array,
enabling image reconstruction through computational algo-
rithms. However, this comes at the expense of low framer-
ates, as a mass of spatial light patterns must be projected and
the subsequent imaging retrieval requires multiple itera-
tions, making it time-consuming to generate a single frame.
Achieving video-rate imaging at ~26 fps'” remains a signifi-
cant challenge under this computational single-pixel imag-
ing scheme. Furthermore, the technique is typically limited
to retrieving binary information, often losing material or
spectral information about the target.

The broad bandwidth and ability to penetrate most dielec-
tric materials of THz waves offer significant advantages for
integrated sensing and imaging (ISAI), in analogy to the
ongoing technical push for integrated sensing and THz
communications (ISAC). Hyperspectral imaging enables a
powerful toolkit for ISAI, allowing the simultaneous acquisi-
tion of both spectral and spatial information from targets.
THz pulses have been applied in hyperspectral imaging with
stochastic filters leveraging the broad bandwidth, where 25
or more filters are used to obtain convergent data through
iterative processes, incorporating compressed sensing or
deep learning algorithms'®. However, the stochastic hyper-
spectral imaging lacks the ability to integrate the spectral
sensing capability, where the spectral information is utilized
to decrease the number of stochastic filters for imaging
reconstruction. Recently, pixelated metasurfaces® have
emerged as a novel class of spatial light modulators that are
capable of reconstructing broadband spectrum incorporat-
ing CCDs operating in visible and infrared regimes* in a
passive fashion. Moreover, they can enhance the local light-
matter interactions and boost the capture of the fingerprints
of analytes?”. The pixelated metasurfaces demand a series of
ultrasharp resonances spreading in a broad spectral range
supported by the two-dimensional metasurface pixels
(metapixels). For this purpose, advanced physics should be
developed to support resonances possessing high quality
factors (Q), large-range scalable frequencies, and a neat
spectral background in the broad spectral range. Bound
states in the continuum (BICs)*-*¢ offer a systematic mecha-
nism to engineer the resonances, which have gained consid-
erable attention for applications in imaging?!, biosensing?**’
and lasing?>*. Exploiting the Mie theory of dielectric scatter-
ers, BIC-based metasurfaces have been shown to exhibit
high-Q resonances without additional resonance back-
ground —essential for spectrally selective enhancement
across a broadband spectrum. These spectrally narrow and
neat resonances can be directly correlated to specific spatial
locations with a one-to-one correspondence so that spatial
information can be encoded in and subsequently retrieved
from the spectrum without the necessity of complex compu-

tation or data training processes.

Here, we report a scheme for integrated sensing and
imaging using BIC-enabled pixelated metasurfaces in the
THz regime. In the standard configuration of THz time-
domain system with a single-pixel detector, we demonstrate
single-pulse hyperspectral imaging in the far field and
distributed sensing in the near field. The single-pulse ISAT is
realized through the precise correlation between spectral
resonances and spatial locations, facilitated by the powerful
physics of BICs. Unlike conventional methods that rely on
complex and time-intensive algorithms, and external active
modulation apparatus, our approach allows spatial informa-
tion of targets to be directly encoded into the broadband
THz spectrum and processed in an all-optical and paral-
lelized fashion with just one pulse, eliminating the need of
raster scanning or sequential spatial light modulation. As a
proof-of-concept demonstration, we experimentally vali-
date the performance of single-pulse binary imaging and
distributed sensing of refractive index with a 2x2 pixelated
metasurface. The metapixels provide spectrally stable and
traceable resonances whose intensities and frequency shifts
characterize the local optical extinction and refractive
indices of objects, respectively. The proposed method, which
encodes spatial information into a frequency-multiplexed
spectrum using pixelated metasurfaces in a single pulse, has
the potential to reshape the paradigm of THz real-time
imaging by enabling high framerate while simultaneously
integrating distributed sensing capabilities.

2 Results
2.1 Principle of THz single-shot imaging

In the configuration of a THz time-domain system (THz-
TDS), THz pulses are generated and coherently probed
using commercially available single-pixel antennas. The
emitted THz pulses are collimated by parabolic mirrors,
interact with the samples, and are then collected by another
set of parabolic mirrors for detection (see Supplementary
information of Fig. S1). Within this setup, we illustrate the
principle of the proposed THz single-pulse imaging, as
schematically shown in Fig. 1. A specially designed pixe-
lated metasurface (Fig. 1(a)) with spectral responses varying
at different spatial locations is placed in the optical path of
parallel beam. As THz pulses pass through, the metasurface
encodes spatial information into a frequency-multiplexed
distribution within the transmitted time-domain signals. In
the same optical path, the imaging object is positioned
behind the pixelated metasurface, where it is illuminated by
the structured THz beam. The scattered signals, which
contain object information, are collected by a coherent
single-pixel detector. By performing a fast Fourier trans-
form (FFT) and normalizing with reference signals (see
Methods in the Supplementary information), the frequency-
domain spectra are extracted. Each resonance frequency in
the broadband spectrum corresponds precisely to a specific
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spatial location on the metasurface, establishing a direct
correlation between spectral and spatial information (Fig.
1(b)). When the imaging object interacts with the beam, the
resonances at certain locations are modulated, which are
captured by the single-pixel detectors within a single THz
pulse (Fig. 1(e)). The spatial information of the object is
reconstructed by reading the variations in resonance inten-
sity in the frequency-domain spectra (Fig. 1(d)).

In order to numerically recognize the spatial distribution
of targets, a criterion is defined by quantifying the transmis-
sion intensity difference ATi(w) = |Toi(w)-Te(w)|/AL where
T:(w) represents transmission intensity spectrum of the
pixelated metasurface, Toi(w) is the transmission spectrum
of resonance #i modulated by the object, and AI is the peak-
to-peak intensity of resonance induced by metapixel #i. For
binary imaging, a numerical threshold of 0.5 is applied. The
threshold is used to classify the corresponding imaging pixel
as either THz transparent ("1" when AT; 2 0.5) or opaque
("0" when AT; < 0.5), which allows for the spatial distribu-

tion of the imaging object to be numerically identified based
on the analysis of the intensity difference spectra (Fig. 1(f)).
The proposed imaging principle completes one-frame
acquisition with a single-shot THz pulse, processing the
information in a parallelized fashion through frequency
multiplexing by leveraging the broadband spectral charac-
teristics of THz waves. The method eliminates the need for a
raster scanning process in conventional imaging configura-
tions or sequential spatial light modulation in compressed
sensing®. The process operates in an all-optical approach,
removing mechanical components and external electrical
modulators. As a result, the imaging framerate is solely
determined by the THz pulse repetition rate, which is 24 Hz
using the Menlo systems TeraSmart (> 6.0 THz bandwidth),
making it suitable for real-time display. The imaging resolu-
tion is defined by the number of metapixels as well as the
resonance density loaded within the available bandwidth. In
the absence of noise from mechanical or electrical modula-
tion components, the all-optical imaging configuration will
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Fig. 1 | Principle of THz single-shot imaging using a pixelated metasurface. (a) Configuration of a 2x2 pixelated dielectric metasurface that supports four
resonances at different frequencies. (b, d) Transmitted time-domain and frequency-domain spectra through the pixelated metasurface and the object,
respectively. (c) Schematic of the imaging target with distributions of THz transparent and opaque regions. (e) Single pixel detector to collect the multi-
plexed time-domain signals. (f) Intensity difference spectrum carrying the spatial information of the imaging target, and the reconstructed binary image.
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significantly improve imaging quality and system stability.

2.2 BIC-empowered pixelated dielectric metasurface

The core component in the proposed imaging scheme is the
pixelated metasurface, which encodes spatial information
into broadband THz pulses. The incoherence of resonances
across the different metapixels is crucial to ensure no
crosstalk between them. This requires each metapixel to
support a clean resonance within a broadband frequency
range with a narrow linewidth and scalable central
frequency. The powerful physics of BICs offers an ideal solu-
tion for this purpose, as their resonance linewidth is
customizable, from a finite value (quasi-BIC) to zero, and
the resonance frequency can be tuned via geometrical
parameters and the dispersion relation®.. By employing the
unit cell composed of a pair of tilted elliptical silicon pillars
as shown in Fig. 2(a), a quasi-BIC resonance is achieved. The
symmetry-protected BIC properties are verified by the infi-
nite Q when the tilting angle 0 is tuned to zero (Fig. 2(b)). A
comprehensive theoretical analysis is provided in the
Supplementary information of Section 2, rigorously estab-
lishing the nature of the observed quasi-BICs through both
symmetry classification and multipolar decomposition. As

the tilting angle (0) increases, breaking the C, symmetry
causes bounded photons to leak into free space, resulting in
a Q factor that follows an inverse quadratic dependence on
the asymmetry degree (Q o< sin™?(6))*2. The quasi-BIC
resonance, with clean spectral characteristics covering the
frequency range from 0.55 to 0.75 THz and narrow
linewidth, can be shifted across a large extent of frequencies
by scaling the geometrical parameters of the unit cells** (see
Supplementary information of Fig. S5). The spectral evolu-
tion versus tilting angle is evident from the far-field trans-
mission spectra, where broadening linewidths and frequency
shift are observed in Fig. 2(c). The local electric field distri-
butions at the resonance frequency for a tilting angle of 0 =
10° (Fig. 2(d)) show that, unlike guided-mode resonances,
the quasi-BIC resonance significantly enhances the local
field in the gap between the pillars. The enhanced localized
fields are critical for surface-enhanced sensing.

As a proof-of-concept demonstration, we fabricated the
BIC-empowered pixelated metasurfaces, with optical micro-
scopic images shown in Fig.2(e). The metasurfaces were
fabricated using conventional photolithography based on 80
um-thick high-resistivity silicon (dielectric constant &
11.7). After patterning the photoresist, deep reactive
ion beam etching (Deep RIE) was carried out, leaving the
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Fig. 2 | BIC-empowered pixelated dielectric metasurface. (a) Schematic diagram of a unit cell comprised of tilted elliptical silicon pillar pair on a quartz

substrate. The geometrical parameters are r, =176 pum, rp = 54 um, Py = 200 um, Py = 177 um, and h = 80 um. (b, c) Simulated Q factors and transmission

intensity spectra versus tilting angles 9. (d) Electric field distributions of quasi-BIC resonance at the resonance frequency with tilting angle & = 10°. (e) Opti-
cal microscopic images of the fabricated multipixel dielectric metasurface. The excellent fabrication quality is observed in the zoomed-in microscopic image
of the sample. (f) Normalized measured (dots) and simulated (shaded lines) transmission intensity spectra. The four metapixels are measured in a parallel

fashion in a single-shot pulse, and the simulated spectra are calculated independently for each metapixel with periodic boundary conditions. Loss-free sili-

con and quartz are used in simulations.
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elliptical silicon pillar pairs attached on a 200 pm-thick
quartz substrate (see Methods in the Supplementary infor-
mation). The geometry parameters of the 2x2 metapixels
were optimized by using simulations to produce spectrally
independent resonances at different frequencies, exhibiting
nearly uniform frequency spacing (fi—fs, at 0.61 THz, 0.63
THz, 0.67 THz and 0.70 THz) and similar linewidths (Q =
100 in simulations, as detailed in Supplementary informa-
tion of Table S2). Figure 2(f) compares the simulated trans-
mission spectra of each isolated metapixel with the spectra
measured from the pixelated metasurface in parallel in a
single THz pulse. The excellent agreement between simula-
tions and experiments confirms the precision of the fabrica-
tion, although the measured spectra show slightly larger
linewidths attributed to the finite size of metapixels and
scattering losses from fabrication imperfections. The pixe-
lated metasurface establishes a precise one-to-one corre-
spondence between the spatial locations of the metapixels
(i-iv) and their spectral resonances (fi—fs), which would
effectively modulate THz pulses and encode spatial informa-
tion within the frequency domain.

2.3 Far-field single-shot binary imaging

Following the analysis and experimental characterization of
quasi-BIC metapixels, we validate the performance of the
proposed THz single-pixel imaging scheme in the far-field
measurements using THz-TDS based on the pixelated meta-
surfaces. A series of imaging objects were prepared, utilizing
a polytetrafluoroethylene (Teflon) board as the substrate

(transparent to THz waves) with structured aluminum foil
(opaque to THz) attached to the board, as schematically
illustrated in Fig. 3(a) (also see Supplementary information
of Fig. $8). The imaging setup measured one single-pulse
THz signal before and after placing the object in the THz
optical path. The corresponding transmission intensity spec-
tra, obtained after performing FFT, are displayed in Fig.
3(b), where the grey-shaded spectrum represents the
spatially encoded THz spectrum, and the colored line shows
the modulated signals by the object, respectively (see Meth-
ods in the Supplementary information).

For the imaging target with a specific distribution, the
frequency-domain signals reveal clear contrasts in reso-
nances at frequencies f; and fs, encoding spatial information
related to metapixels #i and #iv, respectively. Spatial infor-
mation was retrieved using the intensity difference spectra
ATi(w), as shown in Fig. 3(c), with the spatial correlation to
each metapixel clearly visualized. By applying the binary
threshold of 0.5, the image was reconstructed with high
contrast and perfect accuracy (Fig. 3(d)), demonstrating the
efficacy of the frequency-multiplexing strategy to overcome
the bottleneck of low signal-to-noise ratio in the current
apparatus. The binary imaging measurements were
conducted in the far-field regime, ensuring that the mode
properties of each metapixel remained intact without reso-
nance frequency shifts during the imaging process. Minor
deformations of resonance lineshapes come from weak
coupling between neighboring resonances, but these effects
are negligible compared to the modulation induced by the
target pixels. Therefore, the intensity modulation at each
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X

Fig. 3 | Far-field single-shot binary imaging. (a) Schematic of the imaging target. The yellow areas indicate the THz opaque pixels, while the white parts

represent THz transparent pixels. (b) Measured single-shot THz time domain signals and normalized transmission intensity spectra of reference and target
after performing FFT. The shaded envelope is transmission spectrum of the frequency-multiplexing THz beam passing through a Teflon substrate, serving
as the reference in the background. The colored line is measured spectrum through target. AT denotes the difference of spectral intensity. (c) Target spatial

distribution retrieval according to the discrete variation of resonances. (d) Reconstructed image of the target from a single-shot measurements. (e—g)

Imaging experiment results with targets of different distributions.
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resonance is purely linked to the overall transmittance or
extinction coefficient of each pixel in the target.

The accuracy and versatility of the single-shot binary
imaging scheme were further demonstrated with imaging
targets of all possible spatial distributions (Fig. 3(e-g) and
Supplementary information of Fig. S10). Under the same
measurement condition, the reconstructed images match the
target with 100% accuracy, demonstrating reliability and
eliminating common errors inherent in conventional
computational imaging. Although the proof-of-concept
experiments were performed using a 2x2 pixelated metasur-
face, the proposed far-field imaging scheme is scalable to
large-scale arrays by reducing the metapixel size and enlarg-
ing the THz beam spot. Expanding spectral multiplexing
capabilities would depend on increasing the resonance
density with narrower linewidths for each metapixel and
broadening clean spectral bandwidth of quasi-BIC reso-
nances. This will enable the integration of more spatial
information into a single THz pulse, making this technique a
promising avenue for large-scale real-time THz imaging.
Furthermore, we increased the object-metasurface distance
to experimentally evaluate how diffraction at larger separa-
tions impacts single-shot binary imaging (Fig. S12). These
results confirm that our pixelated metasurface retains its
imaging capability over a range of distances, with only grad-
ual degradation at larger separations.

As a direct application, we experimentally demonstrated
the capability of our system to resolve the contour of a
concealed metallic object, leveraging the penetrative nature
of THz radiation, as illustrated in Fig. 4(a). More detailed
information of the object's size, position, and relative align-
ment with the beam is provided in Fig. S13. A surgical blade
with a simple contour, enclosed within an opaque envelope
and invisible to the naked eye, was positioned vertically
behind the pixelated metasurface. Transmission spectra

were recorded at various lateral positions by translating the
envelope horizontally by a distance d, allowing us to probe
two distinct regions near the blade's edge (Fig.4(b) and
4(c)). Using the same spectral retrieval methodology
described earlier, we mapped the spatial distribution of spec-
tral modulation across the metasurface. To enhance the
imaging resolution, we introduced an additional modula-
tion threshold (grey: 0.2 < ATj(w) < 0.5), representing
partially blocked metapixels. Fully blocked pixels (black: 0.5
< ATij(w) < 1) correspond to regions where the blade
occludes the incident THz radiation. From these measure-
ments, and with knowledge of the blade's orientation, we
estimated the position and contour of the concealed blade,
as shown in Fig. 4(d). By acquiring spectra at more spatial
locations and incorporating finer grayscale levels, the
contour reconstruction can be further refined, offering a
fast, noninvasive method for identifying concealed
hazardous metallic objects.

2.4 Near-field single-shot distributed sensing

The high Q factors and accompanying local field enhance-
ment of quasi-BIC resonances (Fig.2(d)) lead to signifi-
cantly improved light-matter interactions. This provides a
crucial platform for lasing®, nonlinear photonics***, and
biosensing®**’, phase singularity sensing*. By capitalizing on
the near-field enhancement in the vicinity of air gaps of
metapixels, we explored the distributed sensing capability of
the pixelated metasurface, as illustrated in Fig. 5(a). In this
configuration, the typical quasi-BIC resonances undergo a
linear frequency shift proportional to changes in the refrac-
tive index of analyte (Af; o< An;)*. The pixelated metasur-
face, acting as both a spatial and spectral modulator, enables
the retrieval of the spatial distribution of the refractive index
of the analyte. This is achieved by tracking the resonance
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Fig. 4 | Generalized single-shot imaging for concealed metallic objects within a package. (a) Imaging setup. The concealed blade in an envelope is placed

behind the metasurface. (b) Two imaging positions by translating the envelope horizontally with a distance d. (c) THz transmission spectra measured at the

two chosen positions. (d) Reconstructed image of the hidden metallic target derived from two single-shot measurements.
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frequencies encoded with spatial information, leveraging the
same mechanism used in the imaging process (Fig. 5(a)).
The accurate retrieval of the local refractive index relies
on the known sensitivity (S) of each metapixel, which is a
pivotal metric for quantifying how the resonances respond
to changes in the refractive index. The sensitivity is defined as
Af
§S=3, (1
where Af represents the shift in resonance frequency, and
An = n, — nyer is the change in refractive index, with n, and
nref denoting the indices of analytes and reference air,
respectively. Using the same 2x2 pixelated metasurface as a
proof-of-concept demonstration, we experimentally charac-
terized the sensitivity of each metapixel. A distinguishable
frequency shift is observed by coating metapixel #iv with a
50 pm-thick polyimide (PI, n = 1.66) layer, compared to the
reference spectrum of air as shown in Fig. 5(b). To clearly
resolve the frequency shifts, resonances with narrower
linewidths are preferred, as they enable more precise detec-
tion of the refractive index changes. This highlights the
importance of high-Q resonances in enhancing sensing
performance.
Following the same process, analytes with different
indices were coated at an identical thickness (50 um) on the
pixelated metasurface, and the frequency shifts for the four

metapixels were recorded and summarized in Fig. 5(c). In
experiments, polydimethylsiloxane (PDMS, n = 1.41), poly-
tetrafluoroethylene (PTFE, n = 1.46), and polyimide (PI, n =
1.66) were adopted to characterize the sensitivity (see
Supplementary information of Fig. S17(a)). From the linear
fitting of the frequency shifts (see Supplementary informa-
tion of Table S3), the sensitivities of the four metapixels were
determined (Fig. 5(d) and Supplementary information of
Table S4). Note that the sensitivity was measured with an
analyte thicker than the saturated value to ensure that thick-
ness variations do not affect the resonance frequency (see
Supplementary information of Fig. S18). In this context, a
requirement of the analyte thickness larger than the satu-
rated value is essential for the accurate retrieval of the local
refractive index. The measured spectra could resolve the
refractive index variations between PDMS and PTFE from
the frequency shift based on metapixel #iv (see Supplemen-
tary information of Fig. S17). The sensing resolution could
be improved by using metapixels with higher Q factors®. A
comparison of the imaging and sensing performance with
existing pixelated metasurface platforms is provided, with
key performance parameters, including resonance Q-factor,
resonance number, and spectral range summarized in Tables
S5 and S6.

The distributed sensing capabilities of the pixelated meta-
surface were experimentally demonstrated in single-pulse
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Fig. 5 | Near-field single-shot distributed sensing. (a) Schematic diagram of pixelated metasurfaces for distributed sensing where the analyte is coated on
the pixelated metasurface, and spatial variation of the index is retrieved from the spatial-encoded resonances obtained through a sing-shot THz measure-
ment. (b) Simulated (top) and experimental (bottom) transmission spectra of metapixel #iv coating with and without 50 um-thick PI film. (c) Experimental
frequency shifts of the four metapixels. The solid and dashed lines represent the linear fitting to the simulated and experimental data, respectively, using
the equation y = ax + b, where a and b are constants. (d) Summary of the sensitivities (S) of the four metapixels.
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measurements (Fig. 6). Analytes with distributed indices
were coated on the pixelated metasurface (air, PDMS, and
PI, Fig. 6(a)), and transmission spectra were measured using
a single THz pulse. Figure 6(b) displays the frequency-
domain intensity spectra for three types of index distribu-
tion measurements, where the background is the reference
spectra of the pixelated metasurface with uniformly coated
analytes of air (grey), PI (purple), or PDMS (blue) for a
comparison.

The index distributions of unknown samples can be
recognized by matching the central frequencies of the
measured spectra to the background spectra of uniformly
coated analytes. In the first type of index distribution
measurement, frequency shifts (Af) relative to reference
spectrum of air-coated pixelated metasurface are deter-
mined for each metapixel (Fig. 6(c)) and the refractive index
distributions of analyte are established by consulting a look-
up table of metapixel sensitivities (Fig. 6(d)). The retrieved
index distribution of [1.63, 1.66, 1.66, 1.00] matches the
predesigned sample well, where metapixels #i, #ii, and #iii
are covered with PI leaving metapixel #iv with air. Similar
results [1.63, 1.66, 1.00, 1.00] were achieved with another
type of index distribution measurement (middle row of
Fig. 6).

The capability to detect low-contrast refractive index
distributions was demonstrated in the third type of spatial
index measurement, where analytes with similar indices
were coated on the pixelated metasurface (third row of Fig.

6). The measured spectrum reveals the recognizable
frequency shifts for the four resonances, and the retrieved
spatial index distribution of [1.63, 1.66, 1.42, 1.41] accu-
rately reflects the predesigned configuration coated by PI
and PDMS. In the proposed near-field distributed sensing
scheme, the accuracy of local refractive index retrieval is
primarily limited by the frequency resolution and stability of
the measurement apparatus.

As a practical application of distributed sensing utilizing
the nondestructive and penetrative properties of THz waves,
we envision how this technique can be employed to detect
hidden defects in high-quality silicon chips with high spatial
resolution. By monitoring local variations in the refractive
index, the presence of defects, such as embedded invisible
pores, can be captured, as schematically illustrated in Fig. S19.
For a typical silicon chip (n = 3.42), the detection of defects
as small as 2% of the volume is possible based on the sensi-
tivity according to the effective medium theory*'. Given the
current spatial resolution, which is determined by the area of
each metapixel, defects on the scale of the probing wave-
length can be detected. The resolution of distributed sensing
could be further enhanced to detect defects much smaller
than the wavelength. This improvement can be achieved
through two primary approaches: by improving the
frequency resolution of the THz-TDS, and by reducing the
size of each metapixel while simultaneously improving
sensitivity.

; PI PDMS

Norm. T (a.u.)

of (GHz)

17

f (GHz)

Frequency (THz)

0.60 0.65 0.70

Fig. 6 | Experimental results of near-field single-shot distributed sensing. (a) Optical images of pixelated metasurface coated by different distributions of
analyte. The purple and green shaded areas represent Pl and PDMS, respectively. (b) Experimental transmission spectra to discern the spatial distributions
of the analyte. The solid lines indicate the transmission spectra of samples coated by analytes. The shaded spectra represent the references when samples
are coated by uniform air (grey), Pl (purple), and PDMS (green), respectively. (c) Spatial frequency shift distributions of the four resonances from experi-
mental spectra. (d) Spatial index distributions according to frequency shift and linear sensitivity.
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3 Conclusions

We have demonstrated the versatile and powerful capabili-
ties of BIC-enabled pixelated metasurfaces from both far-
field binary imaging and near-field distributed sensing in a
commercial THz-TDS. In these approaches, spectral inten-
sity and frequency shifts serve as additional degrees of free-
dom to characterize local extinction and refractive index
variations of target objects, respectively, while preserving the
inherent coherence advantages of time-domain spec-
troscopy. When combined with raster scanning, the
proposed scheme enables a fourfold improvement in spatial
resolution based on the current metasurface design.

Notably, during near-field sensing, slight intensity modu-
lation was observed attributed to two factors: intrinsic
absorption from the analyte (nonzero imaginary part of the
refractive index) and coupling between the neighboring
resonances. Despite these perturbations, central frequencies
can be accurately retrieved for precise refractive index detec-
tion. On the other hand, the ISAI performance is primarily
obstructed by the frequency resolution, signal-to-noise ratio,
and repetition rate of the THz-TDS. To advance this tech-
nology, the next step involves increasing the number of
metapixels while addressing a key challenge: the trade-off
between the Q factors and the area of the metapixels for
quasi-BIC resonances. Scaling to larger multi-pixel arrays
(e.g., 8x8, Figure S16) is feasible in simulation but imposes
more stringent constraints on material thickness. A deeper
understanding of BIC physics is necessary to address these
constraints. In terms of distributed sensing, enhancing the
sensitivity of metapixels is crucial for detecting tiny defects,
such as pores or impurities in semiconductors, integrated
circuits, and pharmaceuticals. Increasing the frequency
spacing between neighboring resonances could mitigate
spectral coupling effects on intensity modulation and extend
the sensing range for distributed index changes.

Most prior THz imaging approaches, which are often
enhanced by algorithms or deep learning*-*, rely heavily on
active hardware, spatial light modulators, or mechanical
raster scanning for image reconstruction. These active
components introduce additional instability, noise, and
tremendous time consumption with a sequential process. In
contrast, our proposed scheme integrates sensing and imag-
ing into a streamlined, compact platform compatible with
commercial THz-TDS. The scheme eliminates the need for
high-power pump beams, complex optical paths, external
driving components, or bulky mechanical components. The
ISAI capability is achieved in a single THz pulse, with imag-
ing reconstruction performed in a parallel, all-optical
manner. Without auxiliary computation reconstruction, the
spatial distributions of binary imaging and material proper-
ties are directly and immediately mapped in the spectral
domain, reducing both error probability and time consump-
tion. In the proof-of-concept experiments, we demonstrated
100% accuracy in binary imaging and achieve a sensitivity

higher than 14.39 GHz/RIU in distributed sensing. This
highlights the significant potential of the proposed approach
for real-time ISAI applications, particularly in next-genera-
tion security screening and quality inspection, where the
non-destructive and penetrative properties of THz radiation
can be fully utilized.

4 Materials and methods

Fabrication. We first bonded an 80 pm thick high-resis-
tance silicon to a quartz substrate using adhesive (NOA74).
The bonded samples were placed in a UV box (wavelength
365 nm) precuring for 10 seconds at 150 W, followed by a
final cure for 300 seconds at 300 W. The bonded samples
were cut into square pieces of 17 mm X 17 mm, which is
necessary for uniform heat dissipation in the subsequent
etching processes. A 1.5 um thick photoresist layer (S1818)
was spin-coated on top of the silicon film, followed by
baking on a hotplate at 115 °C for 60 seconds. The metasur-
face pattern was defined using a maskless photolithography,
and the samples were then developed for 60 seconds. An
additional step of baking was carried out to harden the
photoresist at 120 °C for 120 seconds before the etching
process using deep reactive ion etching. The fabrication
completed after performing the deep reactive ion etching.

Measurements. The measurements of transmission spec-
tra were performed using a commercial THz-TDS, equipped
with a pair of fiber-based THz transmitter and receiver. The
transmitted intensity spectra were calculated by the formula
T(w) = |Ts(w)/Tair(w)|% where Ts(w) and Ty(w) are the
Fourier transforms of the time-domain signals of the
samples and air reference, respectively. The setup was recon-
figured with four parabolic mirrors yielding a uniformly
collimated THz beam with a diameter of 10 mm for sensing
and imaging measurements.

Data processing. The intensity spectra measured in far-
field imaging experiments were normalized by adding a
certain value to the entire spectra so that the maximal trans-
mission intensity is 1. The data processing is to guarantee
the same spectral baseline for different types of imaging
targets, and the subsequent calculation of ATi(w) was
performed to retrieve the spatial pattern of targets. No other
data processing was carried out except FFT in the near-field
distributed sensing experiments.
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