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ABSTRACT: An important challenge in contemporary photonics
research is the miniaturization of optical components and devices
to facilitate their deployment in more compact and energy-efficient
mobile platforms. As spectrometers are one of the most essential
tools for optical measurements, a particularly strong demand exists
to find new concepts to replace commonly used spectrometers,
which are typically bulky and therefore often impractical for mobile
applications. Arrays of subwavelength scatterers, also known as
meta-optics, engineered to shape and manipulate transmitted
optical wavefronts provide a particularly appealing solution for this

-

problem. Herein, the concept of a computational spectrometer is presented where strongly chromatic point spread functions of a
high-efficiency double helix meta-optic are utilized in combination with a computational back end to accurately reconstruct optical
spectra. This is demonstrated in two different infrared wavelength ranges (1260—1360 nm and 1480—1640 nm), while achieving a
spectral resolution of ~3.5 nm, underlining the potential of a small footprint meta-optical spectrometer.

KEYWORDS: dielectric metasurface, computational spectrometer, wavefront coding, computational reconstruction,

spectrometer miniaturization

B INTRODUCTION

The integration of miniaturized spectrometers within mobile
devices is becoming increasingly relevant for a plethora of
applications, including distributed remote sensing, point-of-
care medical sensors, and personal food monitoring.'~> At the
same time, design principles for these mobile devices dictate a
continuous reduction in size, weight, and power, as these
directly affect their ubiquitous deployability. Unfortunately,
conventional spectrometers are bulky and impractical as a
solution for many of these scenarios. Galvanized by this
challenging and important task, several strategies are currently
under consideration to overcome the limitations of traditional
instruments. An important factor is to maintain a reasonable
spectral resolution, for instance by utilizing spectral filters,"~'°
resonant nanowires," '* spectrally dependent photocurrents in
nanojunctions,l"”14 spectrally dependent point spread functions
in scattering media'>'® or diffractive optics.'” In many of these
approaches, the underlying idea is to exploit a physical system,
whose response is wavelength-dependent and thus encodes the
spectral information on the captured light into a measurable
quantity, which is subsequently decoded using computational
techniques.

In recent years, diffractive meta-optics have emerged with
compelling potential to drastically reduce the size of optical
components, thus addressing the general demand for decreases
in size, weight, and power. A meta-optic can shape the optical
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wavefront with subwavelength spatial resolution via mapping
the locally imparted phase shift of each scatterer to a specified
phase profile. Going beyond phase control, meta-optics can
manipulate other properties of light, including polarization,'®"
spectral response,zo_23 spin, and orbital angular momen-
tum.”*™*’ This is particularly appealing for applications that
either require multimodal functionalities or cannot be realized
using traditional optics. Unsurprisingly, meta-optics have also
been used to realize miniaturized spectrometers, for instance
using multiple reflective meta-optics in a folded configu-
ration,”® exploiting the strong chromaticity of a tilted
metalens,”” or using an array of metalenses combined with
optical filters.*

In this work, we combine the capabilities of spectral control
via meta-optics and computational postprocessing to demon-
strate a computational spectrometer, schematically illustrated
in Figure 1. Light from a source with unknown spectrum
transmits through a meta-optic, focusing and encoding the
spectral distribution into a distinct spatial intensity profile that
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Figure 1. Schematic of the meta-optic computational spectrometer. A meta-optic with a strongly chromatic point spread function defined by a
specialized phase mask focuses light of a source spectrum onto a sensor. The source spectral distribution is encoded in the intensity profile, which is
captured as an image. The spectrum can then be reconstructed using deconvolution with the knowledge of the wavelength-dependent PSF.
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Figure 2. Characterization of the meta-optic. (a) Photograph of the metaoptic chip, placed on graph paper with a S mm spacing. The aperture of
the meta-optic is S mm. (b) Optical microscope image of the fabricated metalens center. (c) SEM image of the device center showing the integrity
of the scatterers, taken at an oblique angle of 45°. (d) Point spread functions for various wavelengths in the 1560 nm calibration range. The main
lobes are indicated by red dashed circles. Rotation angle of the lobe orientation as a function of wavelength for the 1560 and 1310 nm range are

shown in (e) and (f), respectively. A corresponding subset of PSF for the 1310 nm range is presented in the Supporting Information S.

is then captured using an image sensor. Subsequently, a
computational back end decodes the source spectrum using a
precalibrated data set of point spread functions (PSFs).
Importantly, the meta-optics utilized for this concept must
produce unique and spatially separated PSFs to truthfully
reconstruct the spectrum. For this purpose, we utilize a meta-
optic with a double-helix PSF (DH-PSF),*" which we have
used in a prior work for depth imaging (further details included
in Supporting Information 1).** While the DH-PSF optics
based on refractive elements are generally achromatic and

exhibit a PSF that rotates with defocus, the chromaticity
emerges by combining its phase with that of a chromatic
hyperboloid metalens. Although a large body of work has
focused on mitigating metalens chromatic aberrations,
including dispersion engineering’>** and computational
imaging,”**® we leverage this otherwise unwanted chromaticity
in our work to create a spectrometer. Combining the DH-PSF
and hyperbolic metalens in a single meta-optic, we create a
PSF with two characteristic focused lobes of high intensity
rotating with a change in wavelength. Hence, PSFs at
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individual wavelengths are unique within the calibration range
and have spatial distributions of similar intensities, which
facilitates spectral reconstruction. More importantly, by
adjusting the focal distance between meta-optic and sensor,
we can calibrate the spectrometer to operate in another
wavelength range. Generally, the intensity profile produced by
a specific source spectrum can be seen as a linear combination
of individual PSFs, defined in eq 1,

Ax=b (1)

where A is the PSF basis set, x is the spectral intensity
distribution, and b is the resulting image. Under ideal
conditions, this inverse problem can be solved using a least-
squares method. In reality, however, the system is ill
conditioned, as small perturbations such as experimental
noise, or minor drift/vibrations in the measurement setup
result in a significant change of the reconstructed spectrum. A
common way to tackle such a problem is using Tikhonov
regularization (TR), where the term defined in eq 2 is
minimized,

l|Ax = bI* + [Tl @)

Here Il Il denotes the 2-norm and I' is the Tikhonov matrix.
This approach is more robust to noise and thus drastically
improves the stability of the solution, which facilitates spectral
reconstruction and enables us to computationally retrieve
spectra from experimentally captured intensity profiles.

B RESULTS AND DISCUSSION

To demonstrate this concept, we fabricated the dielectric meta-
optic in silicon nitride on a silicon substrate with an aperture of
S mm, focal length of 4 cm, with a central wavelength of 1550
nm. First, the transmission coefficients of the used cylindrical
nanoposts were calculated using rigorous coupled-wave
analysis, assuming a pillar height of 2 ym and periodicity of
1300 nm, further discussed in Supporting Information 2. The
diameter-dependent response was discretized into six levels
and mapped to the optimized phase profile, which was then
fabricated using high-throughput stepper photolithography
(detailed in the Methods) yielding a meta-optic with large
apertures of S mm, as shown in a photograph in Figure 2a. An
optical microscope image of the metalens is shown in Figure
2b, where color variations arise due to a structural color effect
that directly mirrors the six-level discretized phase profile.
Further details and individual elements can be seen in an
oblique angle scanning electron microscope image, shown in
Figure 2c¢, showing the integrity and successful fabrication of
the designed pillars.

We then collected the basis set of the meta-optical
spectrometer by capturing PSFs for discrete wavelengths
over a defined spectral range using a custom microscope relay
setup, which consisted of an objective, tube lens, and CCD
camera (further illustrated in the Supporting Information 3).
Specifically, we used the light from a tunable laser source
(Santec TSL-710 or TSL S10A or) with narrow line width to
measure PSFs for discrete wavelength values (step size of 0.4
nm) within the spectral range of 1480—1640 nm (and 1260—
1360 nm in a second experiment with an adjusted focal
distance but the same meta-optic), forming the basis set (i.e., A
in eq 1) facilitating the computational reconstruction. A subset
of the captured PSFs for the 1560 nm range is shown in Figure
2d and a subset for the 1310 nm range is further discussed in
Supporting Information 4. As per design, we observed clearly

changing intensity profiles for different wavelengths, exhibiting
two characteristic lobes rotating around a common center of
gravity, showing a nearly linear dependence of the relative
angle with the wavelength, depicted in Figure 2d.

An important condition for the functionality of the
presented meta-optic spectrometer is the characteristic wave-
length dependence of the PSF, as shown in Figure 2ef, for the
1560 and 1310 nm range, respectively. This clearly
distinguishes the device from other meta-optics, such as a
common metalens with a hyperbolic phase profile in two
aspects. First, the lobes maintain comparable intensity and
shape across the calibration range, in contrast to the diverging
PSF of a standard metalens. This is relevant as a lower signal-
to-noise ratio degrades the quality of the reconstructed
spectrum. Second, the PSF for each wavelength is distinct,
while other metalens designs exhibit the same change for
shorter or longer wavelengths around the design wavelength.
This advantage that the DH-PSF exhibits relative to a
traditional metalens can also be quantified in terms of Fisher
information, where the DH-PSF has been shown to produce a
PSF with much higher Fisher information than a standard
metalens.”” The range of rotation for the PSF is also the main
limiting factor limiting factor for the spectral range. If the
rotation angle wraps around sz, then the reconstruction
becomes less accurate as the PSFs for different wavelengths
overlap. However, the spectral range can be extended for
example using a multiple aperture system, whereas each
aperture covers a specific range. Beyond that simple extension,
the design can be further optimized using end-to-end design
approach considering a larger wavelength range.

We note that in the simulation (Supporting Information S),
both rotating lobes display the same intensity, while we
observed in the experiment that one of the lobes would have
significantly higher intensity. We attribute this to an
inconsequential misalignment of the optical setup, which
does not further impede the operation of the device.

We then assessed the capability of the meta-optical
spectrometer to reconstruct spectra from captured intensity
profiles. For this purpose, we generated distinct spectral
distributions by dispersing the light of a superluminescent
diode (SLD - Thorlabs SSFC1550P-A2) from a reflective near-
infrared grating, which was then coupled into a single-mode
fiber using an achromatic lens. The light was guided to the
meta-optical spectrometer and a conventional spectrometer for
direct comparison of the measured spectra. By adjusting the
angle of the grating relative to the fiber coupler, we could
control the position and width of the spectral distribution. We
then used a least-squares method with a non-negative
constraint and Tikhonov Regularization with the precalibrated
PSFs as the basis set to reconstruct the corresponding spectra.
For evaluation, we used Tikhonov matrices of zeroth, first, and
second order. While a zeroth order Tikhonov matrix is
equivalent to a unity matrix multiplied by a constant, a first and
second order matrix include off-diagonal terms, which impose
certain constraints in the reconstruction. The reconstructed
spectra from these images are shown in comparison to
measurements with a grating-based spectrometer (Princeton
Instruments) for the 1560 nm range in Figure 3a. The
corresponding intensity profiles are exemplarily shown as
insets. Further examples of reconstructed spectra for the 1310
range are presented in the Supporting Information 6.
Importantly, we demonstrate that throughout the calibrated
range, peaks and spectral distributions can be retrieved through
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Figure 3. Direct comparison of reconstructed spectra. (a)
Reconstructed spectra of the meta-optics (MO) in comparison to
measurements with a spectrometer (Spe) for source spectra in a range
1500—1600 nm. The insets correspond to the corresponding captured
intensity profiles. (b) Comparison of measured spectrum to
reconstructed spectrum of an intensity profile (inset) produced by a
SLD with a central wavelength of ~1570 nm. (c) Comparison of
measured (Spe) and reconstructed (MO) spectra with small variation
and decreasing width of the spectral shape. The spectral centroid and
fwhm of the measured spectra are indicated by horizontal and vertical
lines.

the reconstruction algorithm, while deviations from the true
spectral shape remain small. For an objective assessment, we
calculated the root-mean-square error (RMSE) of all spectra,
which is 0.04, 0.06, 0.05, and 0.05, for the spectra from left to
right, respectively, indicating a consistent accuracy in the
reconstruction.

In addition, we retrieved the spectrum from the unfiltered
SLD with a broad spectral distribution, which displayed a more
dispersed intensity profile, shown in Figure 3b. Similar to the
other reconstructed spectra, we obtained a match of the
spectral distribution with a RMSE of 0.09, which is of a
consistent magnitude as the other presented reconstructed
spectra.

To estimate the limitations of the reconstruction process, we
prepared spectral distributions with a decreasing width and
varying features. First, a comparison for spectra, prepared by
the aforementioned method, was measured and reconstructed,
as shown in Figure 3c. The spectral centroid and the fwhm are

indicated as vertical and horizontal dashed lines, respectively,

whereas the spectral centroid was defined as %, with 4, as the

wavelength at data point i and I, the measured intensity value
at that wavelength A, For all three presented spectra, the
maximum of the reconstructed spectrum closely matches the
centroid of the experimentally measured spectrum within the
basis set resolution of the computational reconstruction (+0.2
nm). However, the fwhm is clearly more limited as shown for
instance in the reconstructed width of the middle spectrum,
which is ~3.5 nm versus the measured width of ~2 nm.
Moreover, as the fwhm is limited, certain spectral features such
as the three neighboring peaks in the top spectrum are lost in
the reconstruction, resulting in a higher error in the
reconstruction. At the same time, some features, which are
separate on the order of ~5 nm, can be resolved, such as the
left shoulder peak in the bottom spectrum.

We note that for the reconstruction of the spectra shown in
Figure 3a, we used a second order, while for the spectrum in
Figure 3b, a first order Tikhonov Regularization was used, as
these achieved a closer match (smaller RMSE) in the
reconstruction. The fact that different order matrices can
achieve better reconstruction for different spectra is related to
the properties of the regularization matrix, which either favor
solutions that are broadly smooth (first order Tikhonov
matrix) or ones with steeper features. For reconstruction of
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Figure 4. Limitations of computational reconstruction. (a) Examples of reconstructed spectra from synthetic Lorentzian spectra. The line width of
the Lorentzian line-shapes from top to bottom is 5, 2, and 0.1 nm. Solid lines indicate the synthetic spectra, dashed lines indicate the reconstructed
spectra. 1—5 refer to the peak positions at 1490, 1530, 1560, 1590, and 1620 nm, respectively. (b) and (c) show the fwhm of the reconstructed
spectra and the RMSE, respectively. The solid black line in (b) represents the ideal 1:1 relation synthetic line width and reconstructed fwhm. (c)
Complex spectral distributions, including frequency combs with decreasing free spectral ranges of 14 nm (top) and 16 nm (middle), as well as a
spectrum consisting of broad and sharp features (bottom). Reconstructed spectra are presented as dotted lines.
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unknown spectra, an evaluation of the spectral reconstruction
would have to be further implemented to choose the order and
the value of the constant parameter, such as L-curve or
generalized cross validation (GCV).°

To further evaluate the resolving capabilities of our
spectrometer, we created synthetic spectra using linear
combinations of PSFs (step size of 0.1 nm) from the same
tunable laser source that was used to create the reconstruction
basis set (with a step size of 0.4 nm). These PSFs, however,
were not included in the reconstruction basis and therefore
represent sums of independent measurements. We first
consider the resolution limit of the computational spectrom-
eter, represented by the minimal achievable fwhm retrieved
from a single Lorentzian-shaped spectrum. Specifically, we
prepared synthetic spectra with decreasing line widths from 10
to 0.1 nm at central wavelengths of 1500, 1530, 1560, 1590,
and 1620 nm, of which a subset (5, 2, and 0.1 nm) is shown in
Figure 4a. Consistent with measured spectra (Figure 3c), we
observe that the centroid is closely matched, typically within
+0.2 nm. From the reconstructed spectra we extracted the
fwhm and RMSE, shown in Figure 4b and c, respectively,
whereas the numbering 1—5 refers to their central wavelength
of 1500, 1530, 1560, 1590, and 1620 nm, respectively. For a
Lorentzian line width of 0.1 nm, we retrieved an average value
for the resolution of ~3.5 nm. Within a range of 0.1 nm to ~2
nm for the synthetic line width, we observe a linear increase in
fwhm of the reconstructed spectra, followed by a plateau up to
~5 nm and then a linear increase of the fwhm, closely
matching the synthetic line width above 5 nm. At the same
time, the RMSE follows similar trends, indicating high
discrepancies in the reconstruction of smaller line widths
with an RMSE of ~0.12 at the limit, which decreases and then
plateaus to 0.04 for line widths of 10 nm. We note that the
reconstruction for spectra centered at 1530 and 1620 nm show
worse performance in comparison to others, which may
indicate limitations for the approach of using synthetic spectra.
One reason could be that, as PSFs are captured at discrete
values, certain features in the intensity profile of the synthetic
spectrum are not fully represented, thus slightly impeding the
reconstruction. Evidence for this interpretation can also be
seen in the reconstructed spectra in Figure 4a, which indicate
the reconstruction of two neighboring lines instead of one
continuous spectral distribution, thus leading to a broadening
of the fwhm in the reconstructed spectra.

As a further limitation of the reconstruction, we consider
more complex spectra than single lines, such as with a higher
density of single frequency lines. As demonstrated in Figure 4d,
this clearly hampers the reconstruction. Specifically, we
prepared combs of single frequency lines with decreasing
free spectral range (FSR) and found that for an FSR of 16 nm,
the centroids and number of peaks can be accurately
reconstructed, although with a higher fwhm as compared to
single isolated lines (Figure 4a); however, as the FSR decreases
to 14 nm, reconstruction artifacts appear and the number and
centroids of the frequency comb are only roughly matched.

Another limitation of the Tikhonov Regularization-based
reconstruction arises for spectral distributions containing
mixed narrow and broad features (bottom, Figure 4d).
Simultaneous reconstruction of both feature types with the
same regularization parameter and order becomes unattain-
able, as can be clearly seen at a narrow peak in the spectrum.
This is related to the characteristics of the Tikhonov
Regularization, where through its order and regularization

parameter certain constraints are imposed. Nevertheless, we
note that although the sharper peak in the spectrum does
appear with a significantly broader fwhm in the reconstruction
than other cases in Figure 4, the central frequency could still be
accurately retrieved.

While the spectral reconstruction in the presented concept is
limited by the computational back end, we believe that the
performance can be significantly improved by using a machine
learning approach to improve the computational reconstruc-
tion®” and by employing a co-optimization of the meta-optics
front end and the computational backend, which has
previously been employed for full color imaging’® and
proposed as a potential solution for a diverse range of
functionalities.””” Such an inverse end-to-end design
approach could further improve the spectral range of the
spectrometer and help to improve the spectral resolution.

B CONCLUSION

In summary, we have demonstrated the concept of a meta-
optics computational spectrometer consisting of a meta-optical
frontend which encodes the spectral distribution of a light
source into a distinct intensity profile, which is captured with a
sensor and subsequently decoded using a computational back
end, using a precalibrated data set of PSFs in the given
wavelength ranges. The unique properties of the meta-optic
arise from combining the characteristic chromaticity of a
metalens with a high-efliciency rotating double-helix PSE. This
specific concept is demonstrated for two spectral ranges in the
infrared wavelength range, from 1260—1360 nm and 1480—
1640 nm. We demonstrate accurate reconstruction of various
spectra and achieve a spectral resolution of ~3.5 nm, which is
on par with other works using computational spectrometers.
Beyond the capabilities as a spectrometer, we believe that the
true benefit of the meta-optic will be fully leveraged once it is
combined with a second metalens for image reconstruction.
We have previously demonstrated a similar concept, where a
dual-aperture arrangement was used for image reconstruction
in a depth imaging system. A similar approach can create a
platform for hyperspectral imaging with a compact footprint
that would be appealing for integration within mobile devices.

B METHODS

Device Fabrication. The silicon nitride meta-optics were
fabricated on a 525 um thick double side polished silicon
wafer, lightly doped with boron, giving a sheet resistivity of 8—
1S5 -cm. We deposited a 2 pm thick silicon nitride layer with a
plasma-enhanced chemical vapor deposition (PECVD) at 350
°C (SPTS SPM). We utilized stepper lithography (Canon
FPA-3000 i4) to pattern the meta-optics in the photoresist
layer. A 170 nm thick aluminum layer was evaporated (CHA
Solution) and lifted off to create a hard mask for etching. Then
we transferred the pattern to the 2 ym silicon nitride layer via
fluorine-based inductively coupled plasma (ICP) etching
(Oxford PlasmaLab 100). The residual aluminum hard mask
was stripped in an aqueous solution containing 2.38%
tetramethylammonium hydroxide (TMAH). The cleaned
wafer was then diced (Disco DAD321) into individual chips
carrying one meta-optic each for optical experiments.

Optical Setup. For all calibration and spectral measure-
ments, we used a setup consisting of an objective (40X), tube
lens, and NIR CCD camera (Pembroke WiDy SenS 320). The
meta-optics was placed in front of the objective. Light for
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calibration or measurement of the meta-optics was launched
from a single-mode fiber and collimated using an achromatic
doublet lens (Thorlabs AC 254-C). We calibrated the meta-
optics spectrometer by measuring the generated PSF from a
tunable laser. For these measurements, the output of a fiber-
coupled tunable laser source (Santec TSL-S10A for 1310 nm
range and TSL-710 for 1550 nm range) was connected to the
single-mode fiber leading to the meta-optics spectrometer. The
laser was tuned to a wavelength either in a spectral range of
1260—1360 nm or 1480—1640 nm. For these subsequent
measurements the distance of the meta-optics relative to the
objective was adjusted, that is, refocusing such that either the
PSF of 1310 or 1560 nm was at the central focal length. For
calibration, we captured 30 frames with a 2 ms integration
time, which were averaged to minimize the contribution of
noise to the image. Further, we subtracted the sensor and setup
background from all PSF measurements, for which 100 frames
were captured with no laser illumination. For the measurement
of the SLD spectrum (discussed in Figure 3), we connected
another fiber to the output of the light source, which was
connected either to the fiber leading to the meta-optics
spectrometer or a grating-based spectrometer (Princeton
Instruments SP-2750, PyLoN-IR). Other spectral shapes
discussed in Figure 3 and Supporting Information 6 were
generated by guiding the light of the SLD through a fiber to a
grating, which dispersed it spectrally.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01017.

Design of phase mask, scatterer design, measurement
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