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Abstract: Mid-infrared (MIR) spectroscopy has numerous industrial applications and is
usually performed with Fourier transform infrared (FTIR) spectrometers. While these work
well for many purposes, there is currently much interest in alternative approaches that are
smaller and lighter, i.e. MIR microspectrometers. Here we investigate all-dielectric
metasurfaces as spectral filters for MIR microspectrometers. Two metasurface types are
studied. For the first, we design, fabricate, and test a metasurface with a narrow and angularly
tunable transmission stopband. We use it to reconstruct the transmission spectra of various
materials. The second metasurface, investigated theoretically, possesses narrow passband
features via symmetry-protected bound states in the continuum.

© 2022 Optica Publishing Group
1. Introduction

Mid-infrared (MIR) spectroscopy is well-suited to the non-destructive analysis of many
chemicals such as alcohols, amines, and aromatic solvents. While numerous
microspectrometers have been demonstrated at visible and near-infrared wavelengths, notably
fewer have been created for the MIR [1-8]. An established microspectrometer design involves
the integration of a spectral filter array with an array of photodetectors. These are often referred
to as filter array - detector array (FADA) spectrometers. The filter transmission spectra and the
photocurrents produced by each filter-detector pair in the presence of an unknown spectrum are
fed to a reconstruction algorithm to determine the spectrum. Plasmonic metasurfaces have
proven to be effective spectral filters in FADA and MEMS microspectrometers [3-6]. However,
the quality of their filter functions are inevitably limited by loss. This motivates the
development of spectral filters for MIR spectroscopy that achieve low loss and sharper filter
functions using dielectric materials, i.e. dielectric metasurfaces. These filters have recently been
the topic of much interest in the MIR, e.g., for the spectral fingerprinting of locally adsorbed
molecules [9]. Dielectric metasurfaces can also have the added benefit of angularly tunable
transmission spectra, suggesting that one could realize an MIR microspectrometer by
combining a single angularly tunable metasurface with a photodetector (rather than an array of
both filters and detectors) [10]. In this work, we study a dielectric metasurface suited to this
approach (i.e. single metasurface and angular tuning) and a FADA configuration, and consider
both bandstop and bandpass designs. The organization of this Letter is as follows. We first
describe the design, fabrication, and testing of a dielectric metasurface that functions as a
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bandstop filter. We furthermore demonstrate its use for the spectral reconstruction of various
materials using a dictionary learning algorithm. We next explore the design of a metasurface
that functions as a bandpass filter. Our paper concludes with a discussion of future applications.
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Fig 1. (a) Schematic illustration of the dielectric metasurface studied in this work. Diagram
shows definitions of metasurface geometry (A, d, w, h), angle (8), the plane of incidence, and
the field components of sand ppolarized incident rays. (b) Scanning electron micrograph
image of a test metasurface used to validate fabrication methods, A = 1100nm, d = 410nm,
w/A = 0.5, and h = 760nm, imaged at an angle of 30 degrees from the zenith.

The metasurfaces we study in this paper are a subset of guided mode resonance filters
dubbed zero-contrast gratings (ZCGs) due to the presence of a grating layer (thickness /) on a
waveguide layer (thickness d) with identical refractive index (Fig. 1a) [11-13]. Our metasurface
was inspired by investigations into angularly tunable stopbands in transmission within a
transparent background [12]. We fabricated an amorphous silicon metasurface on glass (Fig.
la) using geometric parameters optimized for strong reflection resonances in the 1.5 - 3.5 um
waveband. These parameters were as follows: A = 950nm, d = 373nm, w/A = 0.643, and h =
132nm. The overall extent of our ZCG was 5 mm x 10 mm. Fabrication began with plasma
enhanced chemical vapor deposition of a silicon film (505 nm thick), followed by e-beam
lithography to expose a grating etch mask, and reactive ion etching to produce the grating
trenches. A scanning electron micrograph of a test metasurface confirmed smooth and vertical
sidewalls (Fig. 1b).
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Fig 2. Setup used for characterization of dielectric metasurface and for the reconstruction of
transmission spectra of various samples. Inset: schematic illustration, showing approximate size
of beam (~2.5 mm diameter) on metasurface (Smmx10mm) at normal incidence.

The set-up we used to characterize the fabricated metasurface is illustrated schematically in
Fig. 2. Infrared light emerging from the external port of a Fourier-transform infrared
spectrometer (FTIR, Perkin Elmer Frontier) was polarized by a wire grid polarizer and
illuminated the patterned side of the metasurface, which was mounted on a manual rotation
stage. A variable aperture was employed to restrict the spot size and angular distribution of the
incident beam at the metasurface plane. The light transmitted through the metasurface was
focused by a calcium fluoride (CaF;) lens onto a mercury cadmium telluride (MCT)
photodetector, whose amplified output was fed to the external detector input of the FTIR
system. Experimental results obtained with this set-up are shown in Fig. 3 alongside simulation.

Finite element method (FEM) simulations of a single grating under periodic (Floquet)
boundary conditions were performed in COMSOL Multiphysics’ wave optics module with the
smallest available geometry mesh preset (extremely fine) to ensure convergence. These
simulations calculated the metasurface transmission Ty, for light incident from the air and
exiting into the glass substrate. To bypass complete FEM simulation of the 750 um thick
substrate, we modelled it as an incoherent, plane-parallel optical cavity with mirror
reflectivities dictated by the Fresnel equations.

Tsubstrate = T1e_aq(9)/1 - Rlee_zaq(e) (1)

The T, and R, are the polarization-specific Fresnel (power) coefficients, with subscripts 1
and 2 denoting glass-to-air and glass-to-silicon interfaces, respectively. The loss coefficient a
was determined from normal incidence measurements of an unpatterned glass substrate, and an
effective cavity length ¢(6) was derived using Snell’s law to trace ray lengths within the
substrate. The metasurface’s transmission spectrum was given as the product of this substrate
transmission and Ty,eq,. These simulations (Fig. 3) were in very good agreement with our
measurement, with any remaining discrepancies attributable to imperfections in metasurface
fabrication, beam collimation, and the substrate transmission model. The transmission spectra
of our metasurfaces displayed strong variation with the angle of incidence (Fig. 3). We could
therefore realize a microspectrometer that utilizes the metasurface as the sole filtering element
by mounting it on a rotation stage and using a single photodetector to measure transmitted
power at multiple angles. An algorithm could then be used to reconstruct the spectrum from
this data.
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Fig 3. Heatmaps of the ZCG’s transmission for (a) p and (b) s incidence. 0 < 0 regions represent
simulated transmission (“Sim”) while 6 > 0 regions represent FTIR measurements (“Exp”). The
simulations consider losses from Fresnel reflections and absorption within the substrate. (c)
Simulated & measured transmission at normal incidence.

To demonstrate this concept, we reappropriated the characterization setup (Fig. 2). To
mimic the signal that would be recorded by the photodetector in a microspectrometer, we
integrated the spectrum measured by our FTIR-based system over the spectral band of operation
at each metasurface angle for both polarizations. The use of both polarizations improves the
spectral reconstruction as they have distinct transmission spectra (Fig. 3). A reconstructed
spectral power distribution (SPD) was then recovered using a two-part algorithm. The first part
was based on recursive least squares (RLS) filtering which provides solutions to ill-posed
systems of equations of the form

y=A-x+¢ 2)
Such that the error (&) is minimized. The detector, receiving light filtered by the metasurface at M
discrete angles produced an Mx 1 photocurrent vectory. This was represented by the integral over
wavelength of the product of the metasurface transmission, the SPD, and detector responsivity.
The transmission spectrum of the metasurface, recorded at these same angles at a spectral
resolution of N points populated an MXN matrix A. Here we have M=122, because spectra are
measured from 0° to 60° (steps of 1°) and the two polarisations are combined to give A. This
means thatxisan N X 1 vector that represented the product of the detector responsivity and the
unknown SPD of the light source. In the first part of the algorithm, we used a dictionary learning
algorithm to transform the reconstruction problem to a vector space that facilitates sparse
representations of the SPD. The second part of our algorithm used the standard RLS method to
solve for the transformed SPD. For the DLA, we used a set of deidentified spectra to train an NxK
transformation matrix D with columns dubbed ‘atoms’ [14-17]. This matrix minimizes error when
training spectra are encoded as sparse and linear combinations of the atoms. We used this matrix
solve for the sparse, KX 1 coefficient vector (s) that can be transformed back to wavelength-space
vectorx.

x=D-s (3.1)
y=A-D-s R—>Lsmin|y—A-D-s|2 (3.2)

First, we reconstructed the spectrum produced by our FTIR system’s incoherent, broadband,
IR thermal radiation source, a silicon carbide rod (globar) identical to that of refs. [3,4], without
attenuation (Fig. 4a). The discrepancy between reconstruction result x and the SPD measured
directly by the FTIR x” was quantified via a normalized root-mean-square deviation (NRMSD)
calculation.

— |Lyn_mmxw?
NRMSD = \/N Zn ('max—X'min)? )
Subsequent results shown in Fig. 4b—d depict the attenuation of the globar spectrum by a set of
MIR transparent materials: a neutral density filter, polymethyl methacrylate (PMMA), and an
acetone-filled fluid cell. It can be seen that all results were in reasonable agreement with the
FTIR measurements. The latter were taken with linearly-polarized light.
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The metasurface described thus far can be termed a bandstop filter. Below, we discuss
modifying the grating geometry to achieve bandpass functionality. Our design process started
by adapting the ZCG discussed in Ref [18] to the MIR for a different transparent substrate
(CaF>). In Ref [18], the aim is broad reflection bands. Here, we instead focused on generating
narrowband resonances in transmission. We simulated asymmetric transmission resonances
within this band using obliquely incident light. These resonances result from an interference
phenomenon known as the bound state in the continuum (BIC) [19-20]. In this ZCG, symmetry-
protected BICs emerge within the waveguide layer from the destructive interference of
counterpropagating diffracted modes of matched order. Perturbation to the symmetry of the
propagation plane compromises the bound state, producing a high-Q, Quasi-BIC feature with
a finite linewidth correlated with the magnitude of the perturbation [20]. This concept can be
used to realize arrays of filters with distinct, linewidth-tunable transmission resonances by
scaling each dimension of the filter geometry linearly (Fig. 5). By integrating these filters with
an array of detectors, spectral datapoints could be read directly from the photocurrents avoiding
algorithmic reconstruction [10].
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Fig 5. Simulated transmission for a set of quasi-BIC filters based on a metasurface with A =
2364nm, d = 774nm, w/A = 0.642, h = 1378nm on a Imm thick CaF, substrate. The entire
metasurface geometry was multiplied by scale factors ranging from 1 to 1.24 (see figure legend).
The angle of incidence was fixed at 4 degrees. Principal resonances span the 4.75-6 pm
waveband.

A set of M distinct filters of this type would require the production of as many silicon films,
each with a different thickness. However, prior work on Fabry-Perot filter arrays has shown
that this can be accomplished in log, (M) steps using a set of mutually orthogonal, binary
masks for deposition and etching [21]. Alternatively, wedge-shaped films, with a tapered
thickness have been produced through photoresist reflow and masked lithography [22-23].
These could facilitate fabrication of many-element filter arrays with a single deposition step

Conclusion

We demonstrated a microspectrometer concept that exploits the zeroth order transmission of a dielectric-
grating metasurface and the angular tunability of its transmission resonances to computationally
reconstruct the transmission spectra of MIR-transparent materials. Transmission spectra of our fabricated
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metasurface were in very agreement with simulations. We demonstrated this microspectrometer concept
by using the metasurface to measure the transmission spectra of a variety of samples. The results were
found to be in good agreement with transmission spectra measured using an FTIR. We furthermore
discussed an alternate metasurface design that possessesd tunable-width bandpass resonances that could
be used for direct-readout microspectrometers.
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