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Conventional compact spectrometers have a fixed spectral resolution and cannot
resolve the polarization properties of light without additional optical elements, while
their larger counterparts are bulky and costly. Here, we demonstrate multiple off-
axis meta-lenses in the visible integrated on a single planar substrate. They possess
both focusing and strongly dispersive properties and are designed to provide dif-
ferent spectral resolutions as well as working wavelength ranges on the same chip.
We realize a compact spectrometer using only these meta-lenses and a CMOS cam-
era and achieve detector-limited spectral resolutions as small as 0.3 nm and a total
working wavelength range exceeding 170 nm for a beam propagation length of
only a few cm. In addition, this spectrometer has the capability to resolve differ-
ent helicities of light in a single measurement. This chip-camera setup represents the
most compact configuration so far achieved for a spectrometer with similar perfor-
mance and functionality, and its compatibility with large-scale fabrication processes
makes it broadly applicable. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4974259]

I. INTRODUCTION

Recent advances in nanoscience have led to the development of new technologies for diverse
areas of applications, ranging from disease diagnostics to environmental monitoring and energy
storage.'™ Its broad appeal is centered on three aspects: improvement in performance, miniaturization
and reduction of system complexity, and addition of new functionalities. In the context of optics, the
development of metasurfaces comprising of sub-wavelength scatterers at an interface™° has given rise
to an impressive host of applications ranging from planar lenses,’"'> wave-plates,'? holograms,'4-18
beam deflectors'®>* to even cloaking® and analog computing devices.”

On a system level, a basic but essential tool for many optical instruments is the spectrometer.
The ability to decode changes to the spectrum of light in response to external stimuli is central to
applications such as environmental monitoring of pollutants and the detection of specific antibodies
in disease diagnostics.! Furthermore, advanced techniques such as circular dichroism spectroscopy
are widely used to obtain additional circular polarization (CP) information in order to distinguish
between optical isomers during the manufacture of many pharmaceutics and agrochemicals.?’-?8

Conventional approaches to acquire spectral and circular polarization information require cas-
cading multiple components such as non-polarizing beam splitters, waveplates, and polarizers, or
composite prisms comprised of naturally birefringent crystals (e.g., Fresnel rhomb)?® paired with a
spectrometer. These spectrometers usually consist of focusing mirrors and a grating turret.>° They
suffer from insufficient grating dispersion to allow for large spatial separation within a short (e.g.,
mm to cm) light propagation distance, which places a lower limit on their physical size in order to
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achieve sufficient spectral resolution. The necessity of using a turret to mount gratings with different
dispersions in order to tune/adjust spectral resolutions also adds significant complexity and bulkiness
to the system. While handheld and miniaturized spectrometers do indeed exist,?!* they are typically
limited to a single, fixed spectral resolution and lack polarimetric capabilities. Similarly, while there
have been efforts to utilize metasurfaces for spectroscopy, these devices typically suffer from these
same limitations or a low spectral resolution.?>=3

These are strong motivations to develop compact spectrometers capable of good spectral
performance and helicity-resolving capabilities, i.e., distinguishing right/left circularly polarized
(RCP/LCP) light. Recently we have demonstrated silicon based off-axis meta-lenses at near-infrared
wavelengths.?® These meta-lenses can provide high spectral resolution beyond what is achievable
by conventional gratings. However, their efficiency is significantly reduced in the visible range due
to intrinsic material losses; additionally they were not designed to provide polarization information.
Here we present off-axis meta-lenses operating at visible wavelengths with the added functionality
of resolving the helicity of incident light. This is made possible using a recently developed titanium
oxide (TiO5) atomic layer deposition (ALD) process.*” TiO, is lossless across the visible spectrum
and possesses a moderately high refractive index to provide strong light confinement. This ALD
process enables the fabrication of high quality nano-structures with minimal roughness and vertical
sidewall profiles, which are essential to realize highly efficient metasurface devices. Earlier works
typically made use of reactive ion etching (RIE) processes which limited the steepness of the sidewall
profile and aspect ratio of fabricated structures.*’ This translates into inaccuracies in the resultant
phase profile, which can be significant despite having only a small amount of tapering.*! By inte-
grating multiple off-axis meta-lenses with different parameters (focal length, spatial size, position,
and focusing angle) onto the same substrate, a highly versatile ultra-compact spectrometer with vari-
able resolution, spectral range, and minimal spatial footprint can be achieved. Due to the intrinsic
CP sensitivity of meta-lenses based on the geometric phase, such a spectrometer is also capable of
resolving the helicity of light in a single measurement. We call it a chiral spectrometer by virtue
of this functionality. Finally, their CMOS-compatible fabrication process is amenable to monolithic
integration with camera sensors and large-scale production.

Il. DEVICE DESIGN
A. Meta-grating design

The building block of all metasurface elements in this work is a TiO, nanofin on a glass substrate
(Fig. 1(a)) which acts as a birefringent waveguide. Phase control is achieved by geometric rotation
of the nanofins, resulting in phase acquisition equal to twice the rotation angle (Pancharatnam-Berry
phase).*>*? The latter is accompanied by a conversion of the incident light helicity. We experimentally
and numerically demonstrate this concept by first designing a meta-grating. A scanning electron
microscope (SEM) image is shown in Fig. 1(b). The meta-grating diffracts the incident light into the
+1 and —1 orders for RCP and LCP, respectively. The diffraction angle follows that of a conventional
grating sin~! (1/P), where L is the wavelength and P is the period. Here the design wavelength for
maximum conversion efficiency was determined to be 500 nm, and the period was 1 um. Efficiencies as
high as 70% and extinction ratios up to 16 dB were measured in the vicinity of the design wavelength,
as shown in Fig. 1(c). We observe a difference (particularly at shorter wavelengths) between the
experimental and simulated efficiency curves due to deviations in the size of the nanostructures
from the intended design. This likely arises from the fabrication process, such as proximity effects
during electron beam lithography, which cause the peak efficiency to be redshifted compared to the
simulation. The efficiency is defined as the ratio of optical power in the desired order to that of incident
light. The latter is measured after passing it through an aperture of the same size as the grating (here
250 pm x 250 pum) on the same substrate. The extinction ratio is calculated as the ratio of measured
power for two different helicities of light in the same diffracted order. We also theoretically studied
the dependence of the efficiency with grating period for the same nanofin parameters, where the unit
cell and nanofin sizes are kept constant (Fig. 1(d)). As expected from the Nyquist sampling criteria,
with decreasing grating period (or equivalently, increasing diffraction angle), the efficiency drops
since there are less phase levels per period.
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FIG. 1. (a) Schematic of a single nanofin with width W, height H, length L, and unit cell size A on a glass substrate. These
values are W = 80 nm, H = 600 nm, L =210 nm, and A =250 nm for the results shown in (b) and (c). Each nanofin is rotated
by an angle 6 to impart the desired phase at each spatial location. Coordinate axes are defined with respect to the plane of the
structures. (b) Top-view scanning electron microscope image of a meta-grating comprised of arrays of nanofins. Here each
period (P = 1 um) comprises 4 phase levels (nanofins). Scale bar: 1 um. (c) Measured (black circles) and simulated (green line)
efficiencies of the +1 order metasurface grating shown in (b) under illumination with right-handed circularly polarized light.
Extinction ratio (red triangles) of the meta-grating as a function of wavelength is also plotted. (d) Simulated efficiencies using
the same nanofin parameters (W, H, L, and A) for different grating periods of 1500 nm, 1000 nm, and 750 nm, corresponding
to different deflection angles of 20°, 30°, and 42° at 500 nm.

B. Meta-lens design

So far, we have demonstrated an efficient meta-grating with a chiral response in the visible.
However, similar to a conventional grating, in order to enhance spectral resolution, one should place
the detector far away from the meta-grating, which makes high resolution spectrometers bulky. The
required propagation distance for a given spectral resolution can be substantially reduced by focusing
the light that emerges from the meta-grating. This can be achieved by imparting the hyperbolic phase
profile of a lens to the nanofins of the metasurface, such that incoming light of a certain wavelength
is focused into a diffraction-limited spot (Fig. 2(a)) on the optical axis. The required phase at each
point of the meta-lens must follow>®

2n 2 2,
w(x,y)=2ﬂ—/l—d(\/(x_xf) +(y-) +z —f>, (1
where f = x} + yj% + z} is the focal length, and ¢ and A, are the required phase and design wave-

length, respectively. All coordinates and phases are defined with respect to the center nanofin (x =0,
y =0, z=0). Equation (1) compensates for the phase shifts between the varying optical paths of light
originating from different positions on the meta-lens such that constructive interference takes place
at the focus (xy, yr, zr). The method of implementation of this phase mask is again through the use
of rotated nanofins whose parameters are identical to that used for the meta-grating. This rotation
results in acquisition of a geometric phase equal to twice the rotation angle. Note that for a given
phase profile of a meta-lens, Eq. (1) indicates that its focal length changes strongly as a function
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FIG. 2. (a) Schematic showing that a meta-lens whose phase profile is given by Equation (1) is chromatically dispersive, i.e.,
the focal length changes as a function of wavelength. The colors of the rays represent their respective wavelengths (red, green,
and blue). (b) Schematic diagram for an off-axis meta-lens. The focusing angle also changes with wavelength in addition to
the longitudinal focal length shift. They both contribute to the transverse displacement of the focal spot |A7] along a given
plane. (c) Schematic illustration of operation of a conventional grating spectrometer. The focusing and dispersive (grating)
elements are separated. By design, the focusing mirror is achromatic and light with different wavelengths is focused onto the
same detector plane, with lateral displacement resulting solely from the grating dispersion.

of wavelength, i.e., the focal spot undergoes a longitudinal displacement Af along the optical axis
(Fig. 2(a)). In addition, one can design an off-axis meta-lens using Eq. (1) by placing the focal spot
at x¢ =fsin(a), yr = 0, and z; = fcos(a), where a. is the angle between the line from the center of
meta-lens to the focal spot and the vertical axis, defined as the focusing angle. When a is non-zero,
a small change in the wavelength of incident light results in an additional lateral displacement of
the focal spot f Aa whose magnitude is strongly dependent on both f and a. The resultant sum |A7|
of these displacements is shown in Fig. 2(b); its variation with wavelength can be quantified via the

|ar]

dispersion 57+ along an appropriately placed camera plane,

A7 | Af g
ol o

where Aa represents change in the focusing angle due to a small wavelength change AA.
Compared to conventional grating spectrometers (Fig. 2(c)) whose focusing elements are achro-
matic due to the use of reflective optics, the aforementioned longitudinal focal length change of the
off-axis meta-lenses can be exploited to further increase the dispersion of a compact spectrometer.
In conventional spectrometers, the focal length change is negligible so that any contribution to the
dispersion arises solely from the change in grating diffraction angle. Furthermore, in conventional
gratings, the diffraction angle is limited to approximately a few tens of degrees, due to shadowing
effects. These factors significantly limit the dispersion that can be achieved in such spectrometers.
The minimum resolvable wavelength difference 04,,; (spectral resolution) at the design
wavelength 1, corresponds to a focal spot displacement given by the Rayleigh criterion, i.e.,

O min = AA/|AF| X 0.612,4/NA, (3)

where AA1/|AF|is the reciprocal dispersion which can be obtained from Eq. (2) and NA is the numerical
aperture of the off-axis meta-lens. However, in a spectrometer, the pixel size of the camera introduces
a further constraint on the spectral resolution since the pixel size defines the sampling rate. If the pixel
size is large compared to g 61’14 X 1/2, according to the Nyquist sampling theorem, aliasing occurs,
which prevents the resolvmg of two points in close proximity. Since in general at least three pixels
are required to distinguish two points, the final spectral resolution of the spectrometer at the design
wavelength is the convolution between these two effects and can be written as>®

0.611,4

8 dmin = AL /|AF] X + AA/|A7| x 3D/M, @)

where D and M are the camera pixel size and magnification of the spectroscopic imaging system,
respectively. From this discussion, it is evident that by tailoring the off-axis focusing angle as well as
the focal length, one can achieve a desired dispersion (Eq. (2)), and hence spectral resolution, at any
design wavelength using meta-lenses. However, there is a trade-off between the spectral resolution
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and spectral range. For a system with a fixed detector size, using a higher NA meta-lens for a higher
spectral resolution results in more chromatic aberration (e.g., broadening of the focal spot size) for a
given change in wavelength, which limits the spectral range of the spectrometer. Another challenge
associated with using high NA lenses is to locate a common plane where multiple wavelengths are
in focus, due to the smaller depth of focus. Alternatively, one can lower the NA while increasing the
dispersion to maintain similar resolution for a wider spectral range. In this case, since the dispersion
is larger, the area of the active region of the camera sensor will pose the final limit to the working
wavelength range.

lll. CHARACTERIZATION
A. Meta-lenses

For general spectroscopic applications, which require a large working wavelength range and
high resolving power within a spectrum of interest, we integrate several off-axis meta-lenses on the
same substrate to provide spatially separated focal spots in the same field of view of a camera. Each
meta-lens possesses different spectral resolutions and spectral ranges and selectively focuses light
with opposite CP states. In this way, we can realize in a single device within an area of less than 2 cm
% 1 cm, the equivalent of multiple distinct gratings (with different wavelength ranges and resolutions),
focusing lenses, and CP elements.

A representative SEM image of an off-axis meta-lens is shown in Fig. 3(a). For the final device
(Fig. 3(b)), we fabricated four meta-lenses: two at large (o = 60°) focusing angles with a NA of 0.1 for
high spectral resolution (R1 and L1) and two at small focusing angles of 25° with a NA of 0.022 for a
larger spectral range (R2 and L2). The two meta-lenses fabricated for each NA are sensitive to opposite
helicities of incident circularly polarized light: as a result of the use of the geometric phase in the
design, any one single meta-lens would focus light of a chosen handedness while defocusing the other.
Note that these meta-lenses are designed according to the phase profile dictated by Equation (1), with
care taken to avoid spatial overlapping of focal spots from different meta-lenses by proper placement
on the substrate. The final shape of our meta-lenses is rectangular instead of circular to keep the focal
spots within the active region of the camera; this results in the asymmetrical shape of the focal spots.
The primary focusing/dispersion direction is along the horizontal axis of Fig. 3(c).

We first characterized the focal spots using a narrow line width (~pm) diode laser (Quantum
Optics) at the design wavelength of 532 nm. The laser beam is coupled into a fiber and subsequently
collimated (Thorlabs RCO4APC-P01) before being incident on the meta-lenses. An objective lens
(Mitutoyo M Plan Apo 10x, NA 0.28) paired with a tube lens of focal length f = 200 mm and
a CMOS camera (Edmund EO-5012) with a small pixel size of 1.67 um were used for accurate
characterization. Measured results are in good agreement with theory: we observe close to diffraction
limited focal spots with full-width half maximum (FWHM) of 2.3 um and 11.6 um for the high and
low NA meta-lenses, respectively (Figs. 3(c) and 3(d)). Similar values were obtained for meta-lenses
designed for the opposite helicity. Additionally, we observe from Fig. 3(c) that the divergent light of
opposite helicity introduces negligible background noise to the system.

B. Meta-spectrometer

To build a compact spectrometer, we paired the meta-lenses with a CMOS camera (Thorlabs
DCC1545M) (Fig. 4(a)). It has a pixel size of 5.2 um and an active area of 6.66 x 5.32 mm?”. The
camera plane is placed so that the quality of the focal spots (i.e., shape and symmetry) is optimized for
two distinct wavelengths (4 = 532 nm and A = 660 nm). The images of the focal spots corresponding
to the NA = 0.1 and NA = 0.02 meta-lenses under linearly polarized light at 2 = 532 nm, as well as
their horizontal cuts, are shown in Fig. 4(b). Note that here the FWHM of the focal spot profiles are
limited by the camera’s pixel size, in contrast to the characterization shown in Fig. 3(c).

One often cited concern about metasurface focusing and dispersive elements is chromatic aber-
ration. Since the required phase profile is wavelength dependent, at wavelengths different from the
design, the focal spot will be aberrated and its position will be shifted both laterally and longitudinally
(along the focusing axis). These aberrations are more pronounced for higher NA lenses due to the
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FIG. 3. (a) Scanning electron microscope image of a fabricated off-axis meta-lens. (b) Photograph of a fabricated
device with four separate meta-lenses labeled R1, R2, L1, and L2. These meta-lenses are designed based on the
phase profile in Eq. (1) but rectangular in shape to keep all focal spots within the active region of the cam-
era. The primary focusing/dispersion direction is along the horizontal axis of the image. The letters R and L refer
to the helicity of light focused by each meta-lens; 1 and 2 indicate the parameters used for the lens design. Rl
and L1 have a NA of 0.11, focusing angle a=60°, and a focal length of 20.1 mm, while R2 and L2 have an
NA of 0.022, focusing angle of a=25° and a focal length of 11.1 mm. Physical dimensions of the lenses are
9 x 0.1 mm (RI and L1) and 0.5 x 0.8 mm (R2 and L2). Scale bar: 5 mm. (c) CMOS camera image after magnification
using a 10x objective of the focal spots generated by the meta-lenses for circularly polarized incidence. The upper and bottom
focal spot corresponds to meta-lens R1 and R2. Both scale bars: 25 um. (d) Horizontal cuts of the focal spots in (c), showing
diffraction limited focusing.

smaller focal spot size. In general, in order to maintain high spectral resolution for as wide a range
of wavelengths as possible, the focal spot quality (i.e., its size and shape) should be preserved for
that range. This requires both a suitable NA in terms of lens design and appropriate placement of
the detector plane such that it intersects with the focal spots within their depth of focus. Here, we
specifically designed the small diameter meta-lenses (labelled R2 and L2 in Fig. 3(b)) for a large
spectral range while maintaining a reasonable spectral resolution. Ray-tracing simulations of their
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FIG. 4. (a) Photograph of the meta-spectrometer consisting of meta-lenses and a camera. (b) Measured intensity profiles of
focal spots of (left) and their corresponding horizontal cuts (right) from the camera shown in (a), under linearly polarized light
from a diode laser at 2 = 532 nm. Top and bottom panels correspond to the focal spots of the NA = 0.1 and NA = 0.02 lenses,
respectively. Scale bars: 40 um (top) and 30 pm (bottom).

performance at 470 nm, 532 nm, and 660 nm are shown in Fig. 5(a). These simulations provide a
guideline to identify the optimal position of the camera plane for minimizing the focal spot simul-
taneously at different wavelengths within the working range. This range is defined as the spectrum
over which the focal spots are still close to diffraction-limited along the dispersion direction. This
criterion is more stringent than typically used in the industry, but we nevertheless find, under this
definition, the spectral range of our meta-lenses to be almost 200 nm.

The aforementioned focal spot sizes are computed using a commercial software OpticStudio
(Zemax LLC). Figures 5(b)-5(d) show the spot diagrams corresponding to the intercept points on
the camera plane (black dashed line in Fig. 5(a)) for rays passing through the meta-lens. The colors
of the spots correspond to their wavelength, i.e., 470 nm (blue), 532 nm (green), and 660 nm (red).
To visualize the spreading of the points, the ideal Airy disk at each chosen wavelength is plotted as a
reference. These were calculated by using the Huygens—Fresnel principle to propagate the complex
electric fields at the meta-lens to its corresponding focal plane. For wavelengths away from the design
wavelength 44 = 532 nm, the focal plane is defined by a normal vector and a point, corresponding
to the propagation direction of the chief ray (the normal vector) as well as the intersection of the
chief ray and paraxial rays (the point). This definition was used in the calculations since due to
chromatic aberrations, not all rays have a common intersection at wavelengths different from the
design wavelength. From Figs. 5(b)-5(d), it is clearly seen that the focal spots within 470-660 nm lie
mostly within their Airy disk along the dispersion direction. Deviations are within the pixel size of
our camera (5.2 um). Note that this only applies to the primary focusing direction of the meta-lenses
(horizontal axis in Figs. 5(b)-5(d)).

Subsequently, we used a supercontinuum laser (SuperK Varia, NKT photonics) with its band-
width set to 5 nm for wavelengths ranging from 480 nm to 780 nm in steps of 10 nm to characterize
the performance of our meta-spectrometer and compare it against that of a commercial handheld
spectrometer (OceanOptics USB4000 UV-VIS). The known center wavelengths of the supercontin-
uum laser input are used to calibrate our system and account for the slight non-linear dispersive
effects across this broad wavelength range (Fig. S1 of the supplementary material). Figures 5(e) and
5(f) illustrate the measured spectrum by the meta-spectrometer and the commercial spectrometer,
respectively. Camera images of the focal spots are shown in Figure S2. We observe close to identical
spectral lineshapes with FWHM between 5 and 8 nm across the visible. This validates the claim
for the working range of the low NA meta-lenses; additionally, we do not observe any significant
linewidth broadening effects with the increase in wavelength within our previously defined working
wavelength range from 470 nm to 660 nm. Beyond this range, due to aberrations in the focal spots, one
can observe a significant, consistent increase in FWHM which is larger than the commercial system
(Figure S3 of the supplementary material). This is in good agreement with our previously discussed
theoretical results in Figs. 5(b)-5(d). These results also offer further evidence®!%-3 that by a proper
design a planar meta-lens can achieve comparable or even superior performance to traditional lenses.
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FIG. 5. (a) Ray tracing calculations for the low NA meta-lenses (R2 and L2 in Fig. 3(b)), which were designed for 2 =532 nm,
at wavelengths of 470 nm, 532 nm, and 660 nm. A plane which simultaneously intercepts the focal planes at each of these
wavelengths is shown. (b)—(d) Simulated spot diagrams color-coded to match their corresponding wavelengths. The ideal,
aberration-free Airy disks are plotted as a reference. Good focal spot quality is preserved over a large wavelength range. (e)
Measured spectra from a supercontinuum laser with 5 nm bandwidth using the meta-lens spectrometer, and (f) a commercial
handheld spectrometer. The center wavelengths used varied from 480 nm to 700 nm in increments of 20 nm. (g) Measured
dispersion values for the NA = 0.1 (blue) and NA = 0.02 (green) meta-lenses about their design wavelength of 532 nm.

We next quantified the dispersion and thus the spectral resolution of the meta-spectrometer.
Figure 5(g) plots the measured peak intensity positions of the focal spots as a function of wavelength
for both high and low NA meta-lenses about their design wavelength of 532 nm. These dispersion
values are calculated by tracking the change in these positions as the wavelength is varied with higher
precision in steps of 1 nm. As expected and consistent with the earlier calibration results in Fig.
S1 of the supplementary material, the observed dispersions are approximately linear within a range
of 30-40 nm. We find their values to be 59 yum/nm and 24 ym/nm for meta-lenses with NA of 0.1
and 0.022, respectively. Using Eq. (3), we determine the intrinsic experimental spectral resolution
achievable to be 0.05 nm and 0.46 nm for meta-lenses with corresponding NAs of 0.1 and 0.022.
In practice, for this meta-lens spectrometer, the spectral resolution is limited by the pixel size of
the camera (5.2 um); the detector-limited attainable spectral resolution therefore becomes (Eq. (4))
0.31 nm and 1.11 nm, respectively. It is important to note that the values achieved here are a proof
of concept, given various experimental constraints. In principle, by using a suitable camera with a
larger active region, one can significantly improve the working range while retaining high spectral
resolution. As an example, it is possible to design meta-lenses of similar sizes (R2 and L2 in Fig. 3)
with a spectral range covering the entire visible (400-800 nm) where all the focal spots lie within
their respective diffraction limited Airy disk. Further details and simulated results are presented in
Fig. S4 of the supplementary material.
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FIG. 6. (a) Stitched camera images of the focal spots from the meta-lenses for right circular polarized (RCP), linearly polarized
(LP), and left circularly polarized (LCP) incident light. Intensities are normalized to the same color scale and the illumination
wavelength was 532 nm. The intensities of the RCP and LCP spots are observed to be slightly different due to fabrication
imperfections as they are focused by different meta-lenses. Scale bar: 100 um. (b). Normalized S3/So Stokes parameter as a
function of wavelength measured by the meta-spectrometer (blue), a commercial polarimeter (red), and theoretical calculation
(black) from the known waveplate retardance.

IV. POLARIZATION INFORMATION

Finally we characterize the CP resolving capability of the meta-spectrometer. A complete descrip-
tion of any arbitrary polarization state can be made using the Stokes parameters So, S1, S2, and S3
which correspond to the intensities of incident, vertically polarized, 45° polarized, and circularly
polarized light, respectively. Here, we focus on S3 because the chiral optical response (circular
dichroism) of most materials is weak compared to its linear counterpart. Furthermore, conventional
approaches to measuring S3 as a function of wavelength using a single planar device are challenging
due to the requirement of separating light in both spectral and polarization domains. Although various
nanostructures are known to behave as miniaturized CP filters, they lack the ability to resolve spectral
information.**#% By using the off-axis meta-lenses based on rotated nanofins, the resulting phase
profile intrinsically focuses one helicity while defocusing the other. This functionality thus enables
us to resolve the helicity of incident light in a single measurement by having two separate meta-lenses
to focus RCP and LCP on the same chip.

Figure 6(a) illustrates the variations in intensities of the focal spots upon changing incident
light polarization (from RCP to linear to LCP). Differences in the intensities of the focal spots for
RCP and LCP light arise from fabrication errors since they originate from different meta-lenses
(R1 and L1 versus R2 and L2, as shown in Fig. 3(b)). To control the polarization of the incident
light, we placed a polarizer (Thorlabs GTH10) and a zero-order single wavelength (532 nm) quarter
waveplate (Thorlabs WPQO5M-532) in the collimated beam path right before the meta-lenses. Next,
we obtained various S3 Stokes parameters (normalized to incident light intensity So) at different
wavelengths using the meta-lenses and compared them to the results of a commercial polarimeter
and analytical calculations (Fig. 6(b)). These various elliptically polarized states at different wave-
lengths are generated by changing the wavelength of input light (SuperK Varia). Due to the deviation
in optical retardance of the single wavelength (532 nm) quarter waveplate (characterized and pro-
vided by Thorlabs), various elliptical polarization states can be generated across a broad range in
the visible. Measured values upon appropriate calibration (following the approach in Ref. 47) are
seen to be in good agreement with both the values measured by a commercial polarimeter (Thor-
labs TXP) and analytical predictions based on known retardance data. For wavelengths close to
A = 532 nm where the retardance of the waveplate is almost exactly 1/4, the measured values are
slightly greater than unity (approximately 1.01) likely due to experimental noise (e.g., pixel noise
and limited dynamic range of the camera) in the measurements.*®*° Details of these calculations
are provided in Sec. VI. Although here we only obtained S3/Sy due to the chiral response of the
meta-lenses designed with the geometric phase, in principle, by adding linear grating elements, the
full Stokes parameters can be resolved.”*!
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V. CONCLUSION

In summary, we have demonstrated an ultra-compact meta-spectrometer based on integrating
multiple planar off-axis meta-lenses at visible wavelengths. This has several advantages over its
traditional grating based counterparts: first, it combines the functions of a focusing and dispersive
element in a single planar structure, which eliminates the need for rotating turrets or focusing mirrors.
Second, in terms of performance, it surpasses conventional blazed grating elements as one can achieve
extremely large dispersions which are otherwise unattainable. In addition, the integration of several
meta-lenses with different NAs on one substrate allows for multiple different spectral resolutions
and a flexible working wavelength range with no further increase in system bulk or complexity.
Finally, the meta-lenses can provide extra information about the circular polarization state of incident
light, which is not attainable for conventional devices without the use of additional optical elements
(e.g., polarizer and waveplates). The use of dielectric TiO, as the working material also renders it
compatible with existing CMOS processes where large scale production could take place in a single
lithographic step or be monolithically integrated with sensor technologies. We envision numerous
potential applications in health care, environmental sensing, and related areas for this technology.

VI. METHODS
A. Calculation of Stokes parameter S;/S,

The calculation of the normalized Stokes parameter for circularly polarized light, S3/Sp, under
incident light of an unknown polarization state needs to be calibrated against the spectrometer response
for a perfect CP state. However due to waveplate imperfections, typically one obtains an elliptical near-
CP state (ENCS) instead.*’ This problem can be resolved by performing two successive calibration
measurements using the (imperfect) achromatic quarter waveplate and linear polarizer aligned 45°
with respect to each other, where both the waveplate and polarizer are rotated together by 90° in the
second measurement. In this case, the averaged intensity (/,,) from the two measurements can be
shown to be equivalent to the response obtained from a perfect CP state,*’

I = Ugncs + Iencs+90°)/2,

where Igncs and Igncs+ooe are the directly measured intensities of the elliptical near-CP states. The
intensities are obtained by a simple summation of their corresponding focal spots captured by the
camera. The normalized S3_., is then given by the standard expression,

S3ou = Tav—rcp — Lav-Lcp ’
Lov-rcp + lav-LcP
where I,,_gcp and I,,_;cp are the responses corresponding to the case of RCP or LCP incidence.
These S3¢y are obtained for wavelengths from 520 nm to 700 nm; they then act as calibration values
for the meta-spectrometer. Subsequently, we placed a 532 nm zero-order quarter waveplate after
a linear polarizer with their axes aligned 45° with respect to each other. The zero-order quarter
waveplate generates elliptical states corresponding to different values of S3 for various wavelengths
due to non-quarter wave retardance at these wavelengths away from 532 nm. The S5 values are
then obtained by measuring the intensity difference of focused LCP and RCP light divided by their
intensity summation,

_Agcp —I1cp

S3 = .
Ircp + I cp

The final calibrated values shown in Fig. 6(b) were obtained by S3/53_.4 at their corresponding
wavelength.

SUPPLEMENTARY MATERIAL

See supplementary material for additional figures (PDF).
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