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Angle-Insensitive Spectral Imaging Based on
Topology-Optimized Plasmonic Metasurfaces

Jiawei Yang, Kaiyu Cui,* Yidong Huang,* Wei Zhang, Xue Feng, and Fang Liu

On-chip spectral imaging based on engineered
spectral modulation and computational spectral reconstruction provides
a promising scheme for portable spectral cameras. However, the angle
dependence of modulation units results in the angle sensitivity of spectral
imaging, which limits its practical applications. Here, metal is utilized instead
of dielectric materials to realize on-chip angle-robust computational spectral
imaging based on a group of topology-optimized plasmonic metasurface units
under a 30° field-of-view, and demonstrate angle-insensitive spectral imaging
in the wavelength range of 450–750 nm for average polarization. Furthermore,
it is experimentally verified that the angle-insensitive spectral filtering
effects of the fabricated metasurface units, and demonstrated angle-robust
spectral reconstruction with a fidelity of over 98% as well as spectral
imaging for a standard color checker. This approach expands the application
scale of spectral imaging, which has great potential on metal-based on-chip
multimodal imaging with dimension of depth, polarization, spectrum and
so on.

1. Introduction

Spectral imaging acquires images across a wide range of the
electromagnetic spectrum, finding its applications in numer-
ous fields such as astronomy,[1,2] biomedicine,[3,4] atmospheric
science,[5] and art conservation.[6] The majority of spectral
imaging devices are based on spatial or spectral scanning, which
requires a long acquisition time and may produce undesir-
able artifacts for motional objects. While for snapshot spectral
imagers, real-time dynamic spectral image information can be
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captured without moving components.[7]

Besides, the increasing demand for
portable or handheld spectral cameras
pushes the integration and miniatur-
ization of spectral imaging devices.
Recently, computational spectral recon-
struction techniques based on engi-
neered spectral response characteristics
become a research hotspot. Related
schemes include quantum dots,[8,9]

disordered scattering structures,[10]

nanowires,[11,12] photonic crystal
slabs,[13,14] and so on. Among these
schemes, quantum dots and nanowires
are angle-insensitive while they are
not complementary metal oxide semi-
conductor (CMOS) compatible for
large-area fabrication to achieve spec-
tral imaging. Scattering structures
are designed for in-plane propagating
light, which is not suitable for spectral
imaging. As for photonic crystal slabs,

or metasurfaces in a more general view, they have a rich
diversity of design for light control[15,16] and support CMOS-
compatible fabrication, well suited for spectral imaging.[17–19]

For on-chip snapshot spectral imaging, our group has previously
reported a 72 × 88 pixel ultraspectral imager based on silicon
metasurfaces.[18,19] However, due to the angular dispersion of the
spectral modulation units, the incident angle is required to be
the same for the calibration andmeasurement to ensure accurate
spectral reconstruction, which hinders the practical applications
of on-chip spectral imaging. For angle-insensitive spectral recon-
struction, a large number of angle-insensitive distinctive spectral
filtering functions with as low mutual correlation as possible are
required.[13] The physical origin for angle-dependent spectral
response is the momentum matching condition, and localized
resonant modes have been proposed to realize angle robust
filtering.[20–26] However, these works are based on regular shapes
or structures with limited degrees of freedom, and only several
angle-insensitive color filters are realized for structural colors,
not able for on-chip spectral imaging.
In this work, we propose to employ topology-optimized plas-

monic metasurface units to generate diverse angle-insensitive
spectral response functions for computational spectral recovery.
In order to expand the metasurface design space for diverse
spectral responses, we get rid of the traditional methods of
metasurface design based on regular shapes and develop an
inverse design approach based on freeform-shaped meta-atoms.
By establishing a large geometric library containing thousands of
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Figure 1. a) A schematic view of the proposed structure integrated with a CMOS image sensor (CIS). The structure consists of a 20-nm thick gold
metasurface layer on a quartz substrate and a cover layer of spin on glass (SOG). b) The vertical section of the structure in (a). c) Principles of the
computational spectral reconstruction based on the proposed structure.

different shapes with proper feature sizes and adopting a genetic
algorithm, both the period and shape of the meta-atom (i.e.,
the unit cell of each metasurface unit) are optimized. Different
from other inverse design methods[27] such as particle swarm
optimization algorithm,[28] adjoint topology optimization[29–32] or
deep neural network,[33–37] our method combines a global opti-
mizer and a freeform shape generator which takes the fabrication
constraints into account. As a proof of principle, we designed
100 plasmonic metasurface units using gold material for
angle-robust spectral reconstruction, and further demonstrate
angle-insensitive spectral imaging based on simulated spectral
reconstruction using an auto-encoder. Experimentally, we fabri-
cated a spectral imaging chip composed of 30 × 20 groups of the
100 metasurface units and calibrated the transmission spectra of
the metasurface units. Furthermore, we measured the spectrum
of a light emitting diode (LED) light signal under different inci-
dent angles, showing angle-insensitive spectral reconstruction,
and demonstrated spectral imaging for a 24-patch Macbeth color
chart. The proposed scheme has great potential for various appli-
cations of spectral imaging and provides a promising method for
designing a wider variety of angle-robust devices. Besides, to the
best of our knowledge, this work is the first attempt to applymetal
materials instead of dielectric materials to on-chip computational
spectral imaging, which can be potentially extended to ultraviolet
spectral imaging,[38] multimodal imaging,[39,40] and so on.

2. Results

2.1. Structure and Principle

The schematic geometry of the proposed structure integrated
with a CMOS imaging sensor (CIS) is depicted in Figure 1a, and
the vertical section is shown in Figure 1b. An ultrathin goldmeta-
surface layer of 20 nm is built on a quartz substrate and covered
by a layer of spin on glass (SOG). The layer of SOG is used to
avoid shorting with metallic pads on the CIS.[41] The plasmonic
layer consists of multiple periodic array units with different peri-
ods and shapes, producing distinctive spectral response charac-
teristics. Therefore, the photodetector underneath each metasur-
face unit receives a different signal from which the spectrum of

incident light can be reconstructed. As shown in Figure 1c, sup-
pose N metasurface units are used for spectrum recovery, and
the unknown spectrum f (𝜆) is discretized into an M-dimension
vector, then the detected signals can be summarized as:

I = Tf + e (1)

where I is the N×1measurement vector, T is the N×M transmis-
sion spectrum matrix, f is the M×1 unknown spectrum vector,
and e is the N×1measurement noise vector. The target spectrum
f (𝜆) can be recovered by solving Equation (1). The spectral recon-
struction process can be realized by a neural network. Further-
more, the N metasurface units form a micro-spectrometer, and
an array of identical micro-spectrometers can be used for spectral
imaging.
For the purpose of spectral reconstruction, we need to obtain

diverse spectral modulation functions by tuning the structural
parameters. To break through the limitation of regular shapes
in traditional metasurface design[13,14,18,21] and further expand
the design space, we developed an algorithm for generating a
great number of freeform shapes with controllable feature sizes
(Figure S1, Supporting Information for details), and optimize
both the period and shape of each meta-atom.
To explore the incident angle dependence of the metasur-

face units with freeform shaped meta-atoms, we simulated
the angle-resolved transmission spectra of a gold hole array
as shown in Figure 2a and a gold pillar array in Figure 2d
for average polarization using Reticolo V9,[42] an open source
software based on rigorous coupled-wave analysis (RCWA).[43]

In the simulation, the complex refractive index of gold is taken
from the data in ref.,[44] while quartz and SOG have a constant
refractive index of 1.52 and 1.45, respectively. From the results
in Figure 2b–e, it can be seen that the transmission spectrum
almost remains the same when the incident angle varies from
0° to 30°. Furthermore, we simulated the electric field profile
of the corresponding structure for the wavelength of 675 and
687 nm as shown in Figure 2c–f, respectively. For the gold hole
array structure, the electric field is well confined within the hole
region corresponding to a metal-insulator-metal Fabry-Perot
(MIMFP) cavity mode which is an angle-independent mode.[20]
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Figure 2. a) A gold hole array structure with a period of 175 nm, and b) its transmission spectra for average polarization with the incident angle varying
from 0° to 30°. c) The corresponding simulated electric field distribution for the wavelength of 675 nm (indicated by the white dashed line in (b)). d) A
gold pillar array structure with a period of 130 nm, and e) its transmission spectra for average polarization with the incident angle varying from 0° to
30°. f) The corresponding simulated electric field distribution for the wavelength of 687 nm (indicated by the white dashed line in (e)).

Figure 2f shows the gold pillar array structure supports localized
surface plasmon resonance (LSPR) modes,[21] which is excited
by appropriate polarization and frequency of the incident light
regardless of the incident angle. Therefore, by introducing metal
material to the structure, the localized modes such as MIMFP
mode or LSPR mode can be supported while propagating
modes are not dominant since they decay fast. For localized
modes, the decoupling between adjacent meta-atoms makes the
metasurface insensitive to the incident angle.
To obtain a group of angle-robust transmission spectra for

spectral reconstruction, we set the design objective as:

minimize(
1
N

N∑
i−1

‖Ti1 − Ti2‖1‖Ti1‖1 − 𝛼 ⋅
1
N

N∑
i=1

min
i≠j

‖T̃i1 − T̃j1‖2
)
, 𝛼 > 0 (2)

where N is the number of transmission spectra, 𝛼 is the weight
factor, Ti1, Ti2 are the transmission spectra of the ith metasur-
face unit at the incident angle of 0° and 15°, respectively, and
T̃i1, T̃j1 are the l2-normalized transmission spectra of the ith, jth
metasurface units under normal incidence, respectively. Here,
the average relative difference of the transmission spectra at the
incident angle of 0° and 15° is defined by the first part in Equa-
tion (2), which represents the angle sensitivity. Here, we choose
an angle of 15° for a proof-of-principle demonstration, corre-
sponding to a 30° field-of-view, which is also a typical value for
most camera lenses. The second part in Equation (2) means
the mean minimum mutual differences among the N spectra,
which is maximized for improving the performance of spectral
reconstruction.
The optimization process is illustrated in Figure 3a. With the

aid of the shape-generation algorithm, we first build a geometric

library containing thousands of freeform shapes and pick those
with feature sizes larger than 50 nm with the period varying
from 120 to 300 nm in a step of 5 nm. Then, the transmission
spectra for all the selected shapes under each period are sim-
ulated via RCWA. After that, we apply a genetic algorithm to
find the optimal N pairs of period and shape number, where a
population of individuals is first initialized by random sampling,
and the fitness scores of corresponding transmission spectra
are calculated, followed by an iteration process of selection,
reproduction, mutation and score evaluation until the fitness
scores converge. The optimization process is a discrete topology
optimization since the freeform shapes are not continuously
varied due to the fabrication constraints.
After optimization, we obtain 100 angle-insensitive transmis-

sion spectra, two samples of which are shown in Figure 3b (the
data of all samples are given in Figure S5, Supporting Infor-
mation). For comparison, we randomly select 100 samples from
220-nm c-Simetasurface units with freeform-shapedmeta-atoms
and simulate their transmission spectra, two samples of which
are shown in Figure 3c (the data of all samples are given in
Figure S6, Supporting Information). As manifested in Figure 3d,
the average relative difference at the incident angle of 0° and
15° (i.e., angle sensitivity) is merely 0.98% for the optimized
angle-insensitive transmission spectra, while the transmission
spectra for the c-Si metasurfaces exhibit an angle sensitivity as
high as 23.18%. Furthermore, for the same average relative dif-
ference of 10%, the angle tolerance is up to 48° for the angle-
insensitive transmission spectra, much larger than that for the
angle-sensitive transmission spectra, where the angle tolerance
is only 6° as indicated by the dashed line in Figure 3e. In addi-
tion, to show the generality of our method, we also designed 100
metasurface units based on silver material (Figure S2, Support-
ing Information for details).
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Figure 3. a) The flowchart of the optimization process with a loop of score evaluation, selection, reproduction, and mutation. b) Two samples of the
optimized 100 angle-insensitive transmission spectra for the proposed structure at the incident angle of 0° and 15°. c) Two samples of the simulated
transmission spectra of 100 silicon-based metasurface units at the incident angle of 0° and 15°. d) The average relative difference of the angle-insensitive
and angle-sensitive transmission spectra as a function of incident angle compared with the case for normal incidence. e) The incident angle for different
average relative differences of the angle-insensitive and angle-sensitive transmission spectra.

2.2. Simulated Spectral Reconstruction

Furthermore, to test the performance of spectral reconstruction
using the optimized transmission spectra, we implement sim-
ulated spectral reconstruction through an auto-encoder as illus-
trated in Figure 4a, which is composed of an encoder and a de-
coder. Here, the encoder contains only an unbiased fully con-
nected layer with the weight matrix corresponding exactly to
the transmission spectra.[45] Therefore, the encoder plays the
role of simulated measurement with the input spectrum f and
output measurement vector I. Besides, we add Gaussian white
noise[46,47] to I as measurement noise vector e of Equation (1).
As for the decoder, it consists of three fully connected layers for
spectral recovery. The number of input and output nodes for
each layer is marked in Figure 4a. We build a synthetic spectral
dataset for training the network, where the number of training
and test sets are randomly split by a ratio of 9:1. The dataset con-
tains 200 000 Gaussian line shape spectra, which are produced
by adding a series of Gaussian distribution component functions
together.[46] The network is trained for 100 epochs using Adam
optimizer with a batch size of 2000. The initial learning rate is
0.001 and decays 1.25 times every 10 epochs.
To evaluate the performance of spectral reconstruction, we use

a metric of fidelity defined as:

F(f1, f2) = ⟨f1, f2⟩ (3)

where f1, f2 are the l2-normalized original spectrum and recon-
structed spectrum vector, respectively, and <> means the inner
product. Under different noise levels, we train the network using
the transmission spectra under normal incidence in Figure 3b,c.
Then, we calculate the average fidelities of spectral reconstruc-
tion on the test set under the incident angle of 0° and 15°, using
the trained network. For the optimized angle-insensitive trans-
mission spectra, it can be seen that there is no significant reduc-
tion in the fidelities when the incident angle varies from 0° to 15°

in Figure 4b, whereas the case is different for the angle-sensitive
transmission spectra of c-Si metasurface units in Figure 4c.
For the demonstration of spectral imaging, we use the

trained spectral auto-encoder to reconstruct the data cube of
254 × 345 × 301 for a 24-patch Macbeth color checker with
2% Gaussian white noise, where the 2% level is just an exam-
ple. Figure 4d shows the post-colored image in RGB form ob-
tained by a commercial spectral camera (Dualix Instruments, Ga-
iaField Pro V10) as a reference. The reconstructed results using
the optimized simulated transmission spectra are displayed in
Figure 4e,f, where the reconstructed image hardly varies with
the incident angle and shows angle-insensitive performance. As
for the results in Figure 4h,i using the transmission spectra in
Figure 3c, the performance of spectral imaging significantly de-
teriorates as the incident angle increases. Through the sampled
spectra in Figure 4g–j for the point P in Figure 4d, it is confirmed
again that the optimized transmission spectra can be used for
angle-robust spectral imaging. In theory, othermetals can also be
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Figure 4. a) The network architecture of the auto-encoder for simulated spectral reconstruction. b,c) Average spectral reconstruction fidelity for the test
spectral dataset using the transmission spectra in Figure 3b,c as the weight matrix of the encoder in (a), respectively. d) The post-colored image for a
24-patch Macbeth color chart obtained using a commercial spectral camera (Dualix Instruments, GaiaField Pro V10). e, f) and (h, i) The reconstructed
post-colored images with 2% Gaussian white noise using the transmission spectra in Figure 3b,c, respectively. (e)(h) correspond to the incident angle
of 0° and (f)(i) correspond to 15°. (g) and (j) Results of simulated spectral reconstruction with 2% Gaussian white noise for the point P in (d) using the
transmission spectra in Figure 3b,c, respectively.

used for designing the angle-insensitive metasurface layer. The
results of simulated spectral imaging using the designed silver
metasurface units are provided in Figure S2 (Supporting Infor-
mation).

2.3. Experimental Validation

To experimentally validate the proposed approach, we fabricated
a spectral imaging chip composed of 300 × 200 gold metasur-
face units by arranging the 10 × 10 kinds of metasurface units
repeatedly 30 × 20 times (Figure S3, Supporting Information for
details). The size of each metasurface unit is 15 μm × 15 μm,
covering 5 × 5 CIS pixels with a pixel size of 3 μm ×3 μm.
Figure 5a shows the image of the packaged module of the spec-
tral imaging chip and an opticalmicrograph of somemetasurface
units where the blue box contains 10 × 10 kinds of gold meta-
surface units with various colors. The scanning electron micro-
scope images of four selected metasurface units are presented in
Figure 5b. We calibrated the transmission spectra of all metasur-
face units at different incident angles in the wavelength range
of 450–750 nm (Figure S4, Supporting Information for details).
The angle-insensitive feature can be seen from the results pre-
sented in Figure 5c for the four metasurface units in Figure 5b.

Quantitatively speaking, the average relative difference of the 100
calibrated transmission spectra at the incident angle of 0° and 15°

is only 3.62%. To show the angle-robust spectral reconstruction,
we measured the spectrum of an LED light source at the incident
angle of 0° and 15°, with the reference spectrum obtained by a
commercial spectrometer (OceanViewQEPro). As a comparison,
we alsomeasured the same spectrum using the 100 silicon-based
metasurface units in Figure 3c. The spectra are reconstructed us-
ing the aforementioned spectral decoder trained using the cal-
ibrated transmission spectra under 2% Gaussian white noise.
From the results in Figure 5d, we can see that the spectrum can be
well recovered using the goldmetasurface units, with fidelity over
98% even under the incident angle of 15°. In the case of silicon-
based metasurface units, the reconstruction fidelity rapidly de-
creases by ≈2% when the incident angle increases from 0° to
15°. The performance for spectral reconstruction can be further
improved by increasing the mutual differences among the 100
transmission spectra, which can be achieved by using a multi-
layer structure, decreasing the feature size, using othermetalma-
terials, etc.
Last but not least, we show the potential of spectral imaging

using the fabricated chip. We assembled a lens with a focal
length of 12 mm to the spectral imaging chip, and captured the
image of a standard 24-patch Macbeth color checker under light

Laser Photonics Rev. 2024, 2400255 © 2024 Wiley-VCH GmbH2400255 (5 of 8)
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Figure 5. a) Device photograph and optical image of the fabricated spectral imaging chip. The blue box shows the 100 kinds of gold metasurface units.
b) Scanning electron microscope images of four metasurface units. c) The calibrated transmission spectra of the four metasurface units in (b) at the
incident angle of 0°, 5°, 10°, and 15°. d) Reconstructed results of the spectrum of an LED at the incident angle of 0° and 15° using 100 gold metasurface
units and silicon-based metasurface units. e) The recovered post-colored image of a 24-patch Macbeth color chart obtained by a commercial spectral
camera (Dualix Instruments, GaiaField Pro V10) and the fabricated chip in (a). f) The reconstructed spectra (dashed lines) for the selected three points
in (e) with the spectra captured by the commercial spectral camera as a reference (solid lines). The fidelities for the recovered spectra are shown in the
figure.

from an ordinary LED. Figure 5e gives the results of recovered
post-colored RGB image of the color checker with a reference
obtained by a commercial spectral camera (Dualix Instruments,
GaiaField Pro V10). Figure 5f shows the results of reconstructed
spectra (dashed lines) for the three sampled points marked in
Figure 5e along with the reference results (solid lines). Here,
we use 36 metasurface units for spectral reconstruction at each
spatial point, and spatial multiplexing is utilized to enhance
spatial resolution.[15,16] It can be seen that the recovered color
image visually matches well with the reference result, and
the reconstructed spectra for the three sampled points have a
mean fidelity of 95.43%. Although the reconstructed accuracy is
obviously lower than that of silicon-based metasurface spectral

imaging chip[18,19] due to the relatively poor spectral modulation
ability of gold metasurface units, the proposed design can be po-
tentially used in wide-angle applications without the demand of
high spectral precision such as object detection or classification.

3. Conclusion

In conclusion, we propose to utilize the topology-optimized
plasmonic metasurfaces as spectral modulation units to address
the sensitivity of transmission spectra to the incident angle.
Through the joint optimization of the period and shape for each
meta-atom, we designed 100 plasmonic metasurface units with
distinctive angle-robust transmission spectra whose angle sen-
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sitivity is merely 0.98%, and the angle tolerance for the average
relative difference of 10% is up to 48°, which is significantly
improved compared to the silicon metasurfaces. Furthermore,
we test the performance of simulated spectral reconstruction
by training an auto-encoder with a dataset of 200 000 synthetic
Gaussian line shape spectra and demonstrate angle-insensitive
spectral imaging for a standard color calibration board. Finally,
we fabricated a spectral imaging chip containing 30 × 20 groups
of the 100 kinds of metasurface units with a measured angle
sensitivity of 3.62%. Besides, we experimentally realized angle-
insensitive spectral reconstruction with a fidelity of over 98% and
demonstrated spectral imaging for a standard color checker. The
main limitation of this work is that the spectral reconstruction
accuracy is not high due to the limitedmutual differences among
the transmission spectra, which can be possibly improved by
using a multilayer structure, decreasing the feature size, using
other metal materials, etc.
We believe that our approach has great potential to push the

development and expand the application fields of on-chip spec-
tral imaging. With larger angle tolerance, spectral imaging chips
can be assembled with wide-angle lenses for large field-of-view
imaging or tilt-shift lenses for off-axis imaging, and be poten-
tially used in smartphones, digital cameras, and other consumer
electronic devices. In addition, we first utilize metal instead
of dielectric materials to realize on-chip computational spectral
imaging, which paves the way for metal-based on-chip multi-
modal imaging with dimensions of depth, polarization, spec-
trum, and so on. Finally, beyond the field of spectral imaging,
the methods of topology optimization proposed here can also be
applied in other fields such as angle-insensitive structural color
printing schemes,[48] angle-robust reconfigurable intelligent sur-
face in wireless communications,[49] wide-angle electromagnetic
absorbers,[50] and so on.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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