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ABSTRACT: Recent advancements in neuroimaging and micro-
surgery have sparked an increasing demand to capture images with
miniaturized optical probes such as optical fibers. In this work, we
present an approach to acquire images through a single fiber
without the need for mechanical scanning. At the distal end of the
fiber, a metasurface filter array encodes spatial information into a
highly orthogonal spectrum. At the proximal end, the object can
then be computationally recovered via the pseudo inverse of the
encoding process. We demonstrate captures of a 4 × 4 binary
object at the proximity of the spectral filter array using a 560−625
nm wavelength band. The recovered image maintains an error rate
of <11% when measured using a spectrometer with a spectral
resolution of 1.5 nm. Importantly, this modality remains unchanged as the fiber is bent or moved. Thus, our approach shows a robust
way to image through a single optical fiber, with potential applications in compact endoscopes and angioscopes.
KEYWORDS: metasurface, spectral encoding, spectral filter, fiber imaging, endoscope

■ INTRODUCTION
Over the past half century, the concept of imaging through
optical fibers has inspired an incessant drive in researchers to
invent novel fiber-based imaging methods and apparatuses.
The advent of neuroimaging and microsurgery has further
increased this need for miniaturization and flexibility. The
capability to see through a single optical fiber or a small bundle
with extremely small device dimensions holds the potential to
drastically transform the field of biomedical endoscopy, as
sutureless surgery would become possible. Various approaches
to this problem have been explored, including fiber-optic
confocal microscopy,1,2 scanning fiber endoscopy,3,4 coherent
fiber bundles,5 and micro-electromechanical systems-scanned
optical coherence tomography endoscopic probes.6,7 In
scanning-based modalities, an image is formed by scanning
the fiber3,8 or the beam at the distal end,6,9 which results in
bulky devices, relatively complicated integration, and low
speed.10,11 On the other hand, an ordered fiber array (i.e., a
coherent fiber bundle)12,13 enables direct imaging combined
with a lens, but the resolution is ultimately limited by the
number of fibers ∼10,000 in the bundle and typically has a
larger diameter (∼1 mm).
To decrease the size of the optical probe to the ultimate

limit, a range of imaging modalities utilizing single multimode
fibers have been explored, with first experiments as early as the
1960s.14 In this concept, one can exploit the fact that a
multimode fiber transmits a larger number of optical modes
simultaneously, which can be used to transmit more spatial
information. The capability of imaging through a single fiber
has been demonstrated via index profile engineering and modal

phase compensation.15,16 Recently, computational recovery of
images captured through a multimode fiber have also been
explored.17 The fundamental idea is to model the propagation
of the image through the multimode fiber using a transmission
matrix and computationally reconstruct the image by inversion
of this matrix. However, these methods lack robustness, and
any disturbance or bending of the fiber necessitates
recalibration of the transmission matrix.18 More recently, a
promising approach spatial-spectral encoding (SSE) has been
reported,19,20 where broadband light, incident at different
angles or positions, is mapped to different spectra. In this case,
the spectra is transmitted through the multimode fiber without
any distortion and can be retrieved using a spectrometer at the
proximal end. Through a computational decoding process, the
intensity distribution at the distal end can thus be
reconstructed. Such encoding methods have been demon-
strated by using two orthogonally tilted Fabry−Peŕot cavities19
and a random scattering medium.20

However, in these earlier works, the spectra encoded to the
light incident from distinct spatial pixels, known as the spectral
codes, were broad-band and nondesignable. These codes
contained high-frequency components that required a high-
resolution (∼0.5 nm) spectral measurements.19 Furthermore,
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as the codes were randomly generated, full post-fabrication
calibration is crucial to achieve the desired spatial intensity
reconstruction. This randomness also resulted in different
spectral codes for different devices, requiring calibration of
every device, hindering ubiquitous practical application of SSE.
The randomized spectral codes also lacked orthogonality,
leading to a high condition number for the spatial-spectral

transfer matrix. As a result, the decoding process, which
involved pseudo-inverting the transfer matrix, was sensitive to
white noise and prone to improper calibration. Since the
spectral codes were not designed, improving their orthogon-
ality was challenging. Moreover, in these earlier works, the SSE
optical devices are not compact, making integration with
miniaturized imaging devices such as endoscopes difficult.

Figure 1. Schematic of a SSE device based on a spectral filter array. Inset: schematic of a metasurface phase-shifting layer wrapped in a FP cavity.

Figure 2. (a) Schematic of the experimental setup. The lower left inset shows the binary mask to generate various binary test patterns. The lower
right inset depicts the cross-section of the SSE device. (b) Optical microscopy image of the SSE device. (c) SEM images of three different
metasurfaces at an oblique angle of 40°. We note that images were taken before integration with the Fabry−Perot cavity. Metasurfaces from left to
right were designed to impose phase-shifts of 1

4
, 2

4
, and 3

4
, respectively. (d) The measured transmission spectra of 16 individual pixels of the

SSE device (the spectral codes) in different colors from blue to red. These spectra are shifted to align to the corresponding resonance peaks of the
transmission spectrum of the all-open pattern. The transmission spectrum of the cavity without metasurface (the background) is plotted (in black)
for comparison. (e) The measured and fitting spectra of the all-open pattern. The fitting spectrum is the weight summation of the spectra codes.
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Fiber integrated spectrally encoded endoscopes using micro-
gratings have also been demonstrated,21,22 for which high
spatial resolution was achieved. These works further explored
the capability of endoscope integration and demonstrated fully
assembled devices. However, the diffraction grating is
fundamentally limited to spatial-to-spectral encoding in one
dimension. Therefore, this approach ultimately required
additional scanning mechanisms to acquire two-dimensional
images.
Metasurfaces, quasi-periodic structures with subwavelength

thickness and periodicity, can realize spatial and spectral
modulation of light.23 Moreover, metasurfaces have been
integrated with fiber systems to realize beam focusing,24

achromatic imaging,2 endoscopic optical coherence tomog-
raphy,9 and quantitative phase imaging.25 These characteristics
make metasurfaces promising candidates for SSE in single fiber
imaging.
By embedding a transmissive dielectric metasurface as a

phase shifting element in a Fabry-Peŕot (FP) cavity, a two-
dimensional array of narrow band spectral filters with distinct
passbands can be created,26 which is suitable for SSE. As
shown in the inset of Figure 1, the FP cavity is composed of
two distributed Bragg reflectors (DBRs) facing each other. The
metasurface phase shifter increases the effective optical path
length of the FP cavity, red-shifting the transmitted resonant
peak of the cavity. The spectral shift is proportional to the
acquired phase shift in the metasurface, which can be
engineered by the lateral size of the meta-atoms. A two-
dimensional array of metasurfaces with varying phase shifts can
thus function as a two-dimensional spectral filter array for
spectrally encoded nonscanning single fiber imaging, featuring
designable and highly orthogonal spectral codes. In addition,
this DBR-metasurface-DBR spectral filter array is suitable for
miniaturization and high-volume batch manufacturing. In
particular, the metasurface can be fabricated in a scalable
way by nanoimprint lithography.27,28 We emphasize that such
miniaturization is of utmost importance for an application like
endoscopy, which requires placing such an optical system
inside a living being.
In this work, we design and fabricate an SSE device based on

this configuration and perform SSE and decoding experiments
on 4 × 4 binary patterns in the wavelength range of 560−625
nm. By decoding the spectrum measured by a high-resolution
(∼0.2 nm) spectrometer, we recover the binary patterns with
an average error rate (defined as incorrect pixel assignment
over total pixel number) of 9.8%. We further show that the
error rate is maintained at 11% even when the spectral
resolution of the measurement drops to ∼1.5 nm.

■ RESULTS AND DISCUSSION
Design of the SSE Device. The SSE device is a 4 × 4

spectral filter array with a pixel size of 50 μm × 50 μm, with
each filter accommodating a distinct spectral and mutually
orthogonal passband. A schematic of the metasurface-FP cavity
is shown in the lower right inset of Figure 2a. Note that unlike
similar devices previously reported,26 we did not fully embed
the metasurface in a polymer. Instead, we use SU8 as a spacer
to effectively create an air pocket surrounding the metasurface.
This ensures the largest possible index contrast for the SiN
meta-atoms. Otherwise, the relatively low refractive index of
∼2.0 would reduce the index contrast, making it harder to
impose the required range of phase delays on transmitted light.

Ensuring orthogonality between spectral codes is a key
factor of the SSE and can be achieved by distributing the FP
resonances evenly across the full free spectral range (FSR) of
the FP cavity.19 We engineer the phase delay of each pixelate
metasurface (ϕi) to effectively increase the round-trip phase
delay of the cavity, ψ, by 2ϕi, thus shifting the resonance
wavelength λi. To form a resonant mode in a DBR-
metasurface-DBR cavity, the round-trip phase ψ must satisfy

i
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where L is the cavity length and q is an integer corresponding
to the order of the resonance mode, assuming the light
incident on the filter is a plane wave at normal incidence. We
set L = 2.5 μm, and use the resonance at q = 9. The
transmission peak wavelength for each filter can be written as
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The resonances λi of the spectral filters should be confined
within one FSR to avoid any overlap with resonances of
different orders. Thus, from eqs 2 and 3, we conclude that the
metasurface phase delay ϕi must range from 0 to π. With q ≫
1 and ϕ i ∈ (0, π), λ i can be approximated as

+ = + ·555.6 nm 61.7 nmL
q

L
q

2 2 i i
2 , which is close to the

design wavelength λd = 560 nm and increases linearly with i .

As (0, 1)i , the error term of this approximation,
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q q
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i i

2 ,

which is 8 times smaller compared to the linear term.
Therefore, this error term has a negligible effect on the
linearity of λi as a function of ϕi. As a result, to uniformly cover
the FSR, ϕi should range from 0 to π with equal intervals. We
choose a meta-atom with appropriate height, periodicity, and
width to cover the 0−π phase range at this wavelength range.
Design and simulation of the metasurfaces is further detailed in
the Methods section. The simulated phase delay of the meta-
atom as a function of lateral size and wavelength is shown in
the Figure S1. Fabrication details can also be found in the
Methods section. Figure 2b shows an optical image of the
fabricated SSE device from the top, while Figure 2c shows
scanning electron microscopy (SEM) images of three different
metasurface pixels, whereas for each structure, the meta-atoms
have different lateral sizes to impose different phase delays to
the light.
Experimental Setup. To demonstrate the functionality of

the metasurface SSE, we placed a sample containing a variation
of 4 × 4 pixel binary objects in front of the filter (distance ∼0.1
mm). Each individual binary object is a patterned chrome film,
with each pixel either being transparent or blocking light,
whereas each pixel has the same lateral dimensions as the SSE
metasurface filter array. Light from a laser beam was then
directed onto the binary mask, whereas only transparent
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portions appear bright (see Figure 2a). The width of the laser
beam in the focal plane of the sample is large enough to cover
the full pattern. Thus, as light from the object passes through
the SSE device, spatial pixel information is encoded into a
unique spectral code. The spectrally encoded light was coupled
into the optical fiber, which was connected to a spectrometer
to measure the transmitted spectrum. Detailed information on
the setup can be found in the Methods section. After
measurement, the spectrum is computationally decoded to
recover the pattern of the object using a pseudo inverse of the
matrix M containing the superposed spectral codes. To
minimize the cross-coupling between the spectral codes, the
columns of matrix M should be as orthogonal as possible.
Decoding. The SSE process can be described as b = Ma,

where a represents the m × 1 vector of the input pixel values of
a pattern, and b the n × 1 spectral output.19 M is the spectral

encoding transfer matrix. Each column of M is the spectral
code of one of the corresponding spatial pixel. Decoding
consists in retrieving the input pattern a, which can be
achieved by pseudo inverse of M: a = M†b, where M† is the
pseudoinverse of matrix M. The details of the decoding
algorithm can be found in the Supporting Information.
To retrieve the spatial input, we first characterize M by

measuring the transmission spectra of all 16 single pixels of the
SSE device (i.e., the spectral codes). We also measured the
transmission spectrum of the bare device in the absence of a
phase shifting metasurface. As discussed before, we chose the
wavelength range 560−625 nm for computational decoding,
which corresponds to the FSR of the FP cavity and covers the
resonance peaks of all 16 pixels (see Figure S2). The measured
spectral codes and background within this wavelength range
are plotted in Figure 2d. As can be seen in this figure, the peaks

Figure 3. (a) 12th, 22nd, 9th, and 13th original binary patterns, the microscope image of the corresponding binary patterns on the chrome mask,
the decoded grayscale patterns, and the recovered binary pattern from the decoded grayscale patterns. The threshold is set at the midpoint of the
minimal and maximal greyscale values. (b) The spectra of the 12th and 22nd patterns. The number of data points of the spectra is 316, for
decoding 16 spatial pixels. (c) The error rates of the 24 recovered binary patterns compared to the original patterns using the high resolution (0.2
nm) measured spectra data, which contains ≈20 spectrum data points per spatial pixels. (d) The pattern recovery average error rates (over 24
patterns) as a function of the resolution of the pattern spectra.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c01582
ACS Photonics XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01582/suppl_file/ph3c01582_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01582/suppl_file/ph3c01582_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01582?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01582?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01582?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01582?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c01582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the spectral codes are well separated with minimal overlap,
indicating a high orthogonality. We note that the intensity
peaks corresponding to the last two pixels overlap with the
signal of the bare cavity, as the metasurface phase shift of these
two pixels is close to π. However, the effect of this overlap can
be corrected by including it as a background signal in the
decoding process.
We note that the measured spectral codes are slightly shifted

and modulated in their amplitude as compared to the spectrum
of the all-open pattern (see Figure S4). Therefore, we
calibrated transfer matrix M by fitting the measured spectrum
of the all-open pattern using the measured spectral codes and
background. We shifted the measured spectral codes in
wavelength to align to the resonance peaks of the spectrum
of the all-open pattern, and add weight factors to modulate the
relative amplitude of the spectral codes. The calibration details
are reported in Section S3. The fitted spectrum of the all-open
pattern is plotted in Figure 2e (red dashed line), which
matches well with the measured spectrum (black solid line).
Using calibrated transfer matrixM and the decoding method

described above, we recovered the binary intensity patterns
from the measured spectra of 24 different original patterns.
Figure 3a shows four examples of the binary pattern decoding
process with the SSE. The first two patterns are recovered
without error, while the last two patterns are the most
erroneous among all measured patterns. The decoding process
for all 24 original patterns are summarized in Figure S5.
To quantitatively evaluate the fidelity of the imaging

approach, we define an error rate as the number of pixels
that are incorrectly reconstructed divided by the total number
of pixels. The error rates for all of the binary patterns are
plotted in Figure 3c. We used a high resolution (0.2 nm)
spectrometer with n = 316 data points in the wavelength range
of 562−625 nm (20 spectral data points per spatial pixel). This
results in an average error rate of 9.8%. We further investigated
the dependency of the decoding error rate on the resolution of
the pattern spectra. We synthesized low-resolution spectral
data by artificially compressing the number of data points of
the measured pattern spectra and the spectral codes, and
repeated the computational decoding on these low-resolution
pattern spectra. As seen in Figure 3d, the decoding error rate
only marginally increases when the spectral resolution
decreases. As long as the resolution is better than 1.5 nm the
error rate is maintained below ∼11%. This shows that with our
SSE, the decoding can be efficiently performed using a low-
resolution spectrometer. In addition, once the transfer matrix
M is calibrated, the decoding process can be achieved by a
computationally efficient matrix multiplication, which facili-
tates real-time imaging.
While most patterns are accurately reconstructed (one or

less incorrect pixel assignment), some (particularly ninth and
13th, Figure 3a) yield extremely high error rates, which
contributed most to the ∼10% average error rate of the spatial-
spectral decoding experiment. This high error rate may stem
from lateral misalignment between pixels of the binary patterns
and the SSE device, as illustrated in Figure 4a. For example, for
the 13th pattern, we observe that the recovered pattern yields a
similar shape as the original pattern but translated to the left by
one pixel, indicating misalignment between the pattern and the
SSE device during the measurement. The high error rate of the
ninth pattern could be caused by the divergence of light
transmitted through the pattern. Our SSE device is based on
the assumption that the incident light is a plane wave. This

assumption is satisfied under near-field imaging condition,
where the Fresnel number F = a2/λL ≫ 1. In our experiment
setup, the characteristic length for a single pixel of the pattern
is half the size of the pixel, a = 25 μm, the propagation distance
L ≈ 600 μm (slightly thicker than the substrate 500 μm), and
the wavelength λ ≈ 560 nm. These parameters give a Fresnel
number of F ≈ 1.8, which indicates that we expect the light
beam to diverge. Essentially, as described in Figure 4b, the light
from one single pixel of the pattern on the mask could leak to
the surrounding pixels of the SSE device. For the ninth pattern,
it has a long contour length so that the leaking of the light to
the surrounding pixel results in a more erroneous pixel in the
recovery pattern. The nonideal plane wave incident of the light
can cause deformations of the resonance transmission peaks of
the cavity (the spectral codes of the SSE), which may also
result in decoding errors.
The near field condition becomes harder to satisfy as the

pixel size decreases because the near field distance (F > 1) is
proportional to the square of the pixel size. In order to satisfy
the near-field condition, for a pixel size of 2 μm (a = 1 μm),
the working distance between the object and the filter would
have to be smaller than 1.8 μm, thus limiting the applications
of SSE in microscopy. On the other hand, as shown in Figure
4c, the beam focused by a lens (Gaussian pilot beam) can be
considered a plane wave near the focal point within a range
defined by the Rayleigh length ZR = πw02/λ. For a pixel size of 2
μm (w0 = 1 μm), ZR = 5.6 μm, which is larger than the
thickness of the SSE device. When the SSE device is placed
within this range, the plane wave condition is satisfied.
Therefore, by using a focusing lens, we can potentially image in
the far field via spectral encoding through the SSE device, even
if the pixel size of the SSE is reduced to 2 μm.
For filter-based SSE devices with completely orthogonal

spectral codes, the overall optical efficiency is limited to ∼1/N,
where N is the number of spectral filters (pixels), assuming a
transmission of 100% at 1/N of the whole working band and a
transmission of 0 at the other wavelengths. Thus, for our case
of N = 16, the highest possible collection efficiency for a single
pixel is 6.67%. We simulated an optical efficiency of 3.73%
(56% of the limit) and estimate the experimental optical
efficiency to be 1.85% (28% of the limit). Calculation details
are summarized in Section S2.

Figure 4. (a) Pixel misalignment between the binary pattern on the
mask and the SSE. (b) Pixel broadening in SSE near field imaging.(c)
Scheme for far-field imaging through a lens and the SSE device.
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Unlike the binary mask studied in this work, most biological
objects have a spatially varying spectral response. This,
however, may not significantly impact the SSE functionality
as long as the spectral response of the object does not
drastically vary (i.e., strong absorption line or fluorescence
emission) across the operating wavelength range. Because the
spectral codes of our SSE are narrow band, the value of a
specific pixel of the reconstructed image is mainly determined
by the local spectrum near the resonant wavelength of that
pixel. Thus, the impact of the spectral information on the
object to the reconstructed image will virtually be that of a
weak amplitude filter.
Although the small pixel number (16) of our SSE device

limits its application for conventional imaging, some laser
guided surgeries require as little as 3 pixels to navigate the
movement of surgical instruments.29 Thus, an SSE device with
only 16 pixels can already be useful and potentially replace the
previously used multicore fibers for collecting such informa-
tion, while being thinner, cheaper, more robust, and easier to
integrate.
We further note that the number of pixels in our current

device is limited by the FSR of the FP cavity over the
resonance width of the filter, i.e., the Q factor of the cavity.
Therefore, we could increase the number of pixels by
engineering the cavity Q-factor, or using photonic crystal
spectral filters with high Q resonances.30 In addition, by
implementing compressive sensing strategies, the number of
pixels could be further improved to an extent that exceeds the
limits imposed by the Q factor of the spectral filters. Another
straightforward way to increase the number of pixels is to
employ multiple fibers, whereas each fiber captures a low-
resolution image. Given that each fiber is very thin, we can
capture a large number of pixels with an array. Unlike in a
coherent fiber bundle, each fiber will collect 16 pixels, allowing
an order of magnitude increase in the number of pixels with
the same number of fiber cores. This method affords a novel
approach in guiding medical interventions which is placing the
2−4 imaging fibers individually around the disposable tool,
such as 2 on either side of forceps and 4 around the perimeter
of a suction or cautery catheter device.

■ CONCLUSIONS
We designed and fabricated an SSE device with a controllable
spectral code using a spectral filter array. This device is
composed of metasurfaces integrated with a FP cavity, whereas
a nonlocal metasurface imparts a desired phase shift to locally
change the transmission band. With this SSE device, we
perform a SSE and decoding experiment through a single
multimode fiber, imaging 4 × 4 pixel binary patterns (pixel size
of 50 μm × 50 μm). These binary patterns are implemented as
a transmissive mask, which is placed at the near field of the SSE
device. Light is encoded and collected by the device, which are
then measured at the proximal end of the fiber and decoded to
recover the binary patterns by least-squares fitting using the
summation of the spectral codes of the SSE. The decoded
patterns have an average error rate of 9.7% when the pattern
spectra has a high resolution of 0.2 nm (the number of data
points of spectra is 20 × the number of pixels of the patterns).
This error rate is maintained at ≈11% even at a much lower
spectral resolution of 1.5 nm (the spectral number of data
point is 2.5 × the number of pixels). Therefore, spectra could
be recorded by a cheaper, miniaturized, low-resolution
spectrometer. This miniaturized SSE device, when integrated

with an optical fiber, can function as an endoscope with an
ultrasmall diameter and short rigid tip length.
Even though our encoding of the patterns is performed

under near field condition, far field imaging and encoding
through our SSE device is possible by putting the SSE at the
focal plane of a lens. For far field imaging, the size of the pixel
of the SSE can possibly be reduced to 2 μm × 2 μm. While our
SSE device only has 16 pixels, it could still be useful in
applications such as laser-guided surgeries. The number of
pixels of the SSE could be further increased by using a cavity
with higher Q factors, a photonic crystal spectral filter with
high Q resonance, or employing a fiber array.

■ METHODS
Experimental Setup. Broadband light (Thorlab High-

Power Stabilized Quartz Tungsten-Halogen Source: 360−2500
nm, SLS302) is coupled to an optical fiber, then collimated by
a tube lens (Thorlab AC254-030-A-ML, f = 30 mm) at the
fiber output, and subsequently focused by an objective onto
the binary pattern mask and/or the SSE device. For the
transmission spectral measurements of individual pixels of the
SSE device, we used a fiber with core diameter: 10 μm
(Thorlabs M64L01, 0.1 NA), the objective: Nikon LU Plan
Fluor 10×, WD = 17.5 mm, NA = 0.30, the beam size on the
SSE device: ≈ 20 μm. For the transmission spectral
measurements of the binary patterns on the mask, the fiber
core diameter: 200 μm (Thorlabs M122L02, 0.22 NA), the
objective: Nikon LU Plan Fluor 5×, WD = 23.5 mm, NA =
0.15, the beam size on the mask: ∼800 μm. A 50/50 beam
splitter is placed in between the collimator and the objective,
combined with a tube lens (Thorlabs AC254-100-A-ML, f =
100 mm) and a camera (Thorlabs CS165CU) for viewing the
patterns on the mask. The binary patterns on the mask are
created by photolithography. The light transmitted through the
SSE device is coupled to another fiber (Thorlabs M74L05,
core diameter = 400 μm, 0.39 NA), which is connected to a
spectrometer (Teledyne Princeton Instruments, IsoPlane SCT
320) for spectral measurements of light coupled to the fiber.
Design of the Metasurface. The metasurface consists of a

4 × 4 pixel array, where each pixel is 50 × 50 μm square. The
metasurface is made of Si3N4 square meta-atoms on a fused
silica substrate (height = 500 nm, square lattice, pitch = 300
nm). The size of the meta-atoms for each individual pixel is
selected to satisfy the phase shift requirement: for the ith pixel,
the (single pass) phase shift is i

16
at the resonance wavelength

of the FP cavity of that pixel. We use rigorous coupled-wave
analysis31 to theoretically calculate the phase delay as a
function of the meta-atom lateral size and wavelength. The
results are shown in Figure S1.
These two DBRs are bonded together with a spacing of 2.5

μm, which defines the cavity length L, using the SU8 resist as
the bonding material and the spacer.
Fabrication of the SSE Device. The two DBRs are grown

on two 500 μm thick fused-silica substrates (10 × 10 mm2

chip) with plasma-enhanced chemical vapor deposition. These
DBRs are made of seven alternating layers of Si3N4 (n = 1.97 at
560 nm, thickness = 71 nm) and SiO2 (n = 1.44 at 560 nm,
thickness = 97 nm), which have a reflecting band centered at
560 nm. After that, 500 nm Si3N4 is deposited on one of the
DBRs, where the metasurface is fabricated by electron beam
lithography (EBL). A 300 nm thick e-beam resist (ZEP-520A)
is spin-coated and patterned by EBL, and then, a ≈ 65 nm
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thick Al2O3 hard mask is created by electron beam assisted
evaporation followed by resist lift-off in N-methyl-2-pyrroli-
done at 90 °C overnight. Subsequently, the Si3N4 layer is
etched by a fluorine-based reactive ion process. Meanwhile, a
2.5 μm thick SU8 resist is spin-coated on the other DBR and
patterned by photolithography to create a spacer structure (a
ring with inner diameter = 5 mm, outer diameter = 8 mm, and
height = 2.5 μm). Finally, the two DBRs are bonded together
with metasurface wrapped inside using a flip-chip bonder. The
SU8 bonding is done by heating up the two substrates to 250
°C and applying 40 N force for 1 h. The sketch of the process
flow can be seen in Figure S6.
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