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Scalable Nanoimprint Manufacturing of Functional
Multilayer Metasurface Devices

Shinhyuk Choi, Jiawei Zuo, Nabasindhu Das, Yu Yao,* and Chao Wang*

Optical metasurfaces, consisting of subwavelength-scale meta-atom arrays,
hold great promise of overcoming the fundamental limitations of
conventional optics. Due to their structural complexity, metasurfaces usually
require high-resolution yet slow and expensive fabrication processes. Here,
using a metasurface polarimetric imaging device as an example, the photonic
structures and the Nanoimprint lithography (NIL) processes are designed,
creating two separate NIL molds over a patterning area of > 20 mm2 with
designed Moiré alignment markers by electron-beam writing, and further
subsequently integrate silicon and aluminum metasurface structures on a
chip. Uniquely, the silicon and aluminum metasurfaces are fabricated by using
the nanolithography and 3D pattern-transfer capabilities of NIL, respectively,
achieving nanometer-scale linewidth uniformity, sub-200 nm translational
overlay accuracy, and <0.017 rotational alignment error while significantly
reducing fabrication complexity and surface roughness. The micro-sized
multilayer metasurfaces have high circular polarization extinction ratios as
large as ≈20 and ≈80 in blue and red wavelengths. Further, the metasurface
chip-integrated CMOS imager demonstrates high accuracy in broad-band, full
Stokes parameter analysis in the visible wavelength ranges and single-shot
polarimetric imaging. This novel, NIL-based, multilayered nanomanufacturing
approach is applicable to the scalable production of large-area functional
structures for ultra-compact optic, electronic, and quantum devices.

1. Introduction

Metasurfaces are capable of manipulating fundamental elec-
tromagnetic responses, i.e., phase, amplitude, frequency, and
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polarization,[1–4] at subwavelength scale.
They have shown great potential in address-
ing the fundamental limitations of conven-
tional bulky optical systems and realizing
ultracompact optical devices and systems
for many applications, such as holography,
imaging, spectroscopy, beam shaping,
and steering, etc.[5–10] Despite significant
progress in metasurface design and proof-
of-concept laboratory demonstrations,[11]

scalable and cost-effective nanomanufac-
turing remains one of the major challenges
that slow down commercialization of meta-
surface devices. Conventional prototyping
nanofabrication methods, such as electron-
beam lithography (EBL) or focused-ion
beam (FIB), rely on pixel-by-pixel writing
for precise nanopatterning but are not
suitable for scalable manufacturing due
to long writing time over a large scale.[12]

High-resolution semiconductor optical
lithography technologies (such as deep-
UV or extreme-UV lithography)[13] are
ideal for high-throughput production, but
are too expensive and complex for proto-
typing demonstrations. In comparison,
nanoimprint lithography (NIL) is suitable
for both prototyping demonstration and
large-scale production of nanostructures

as small as sub-ten nanometers[14] given its unique, opti-
cal diffraction-free, parallel patterning capabilities.[15–17] Pre-
viously, NIL has been employed successfully in a wide
range of optical applications, such as polarizers,[18,19] anti-
reflection coatings,[20] light absorbers,[21–23] image or color
displays,[24–26] biosensing,[27,28] etc., and demonstrated feasi-
ble for geometrically simple, stand-alone, single-layer metasur-
face structures.[29–32] In addition, various manufacturing meth-
ods have been attempted to create quasi-3D metasurface struc-
tures (Table S1, Supporting Information), such as stacking NIL-
produced bilayer nanostructures,[33–35] angle deposition,[36] etc.
The bi-layer structures were formed by manually adjusting
the offset angles of periodically patterned structures, such as
metallic and dielectric nanogratings,[33] hexagonal nanoholes in
photoresist,[34] and nanosphere particles,[35] during NIL to form
the stacked layers. The angle-deposition method[36] produced
3D serpentine-shaped structures that were defined by the orig-
inal structural geometries, deposition angles, and material thick-
nesses. Despite interesting demonstrations, these methods re-
lied on the structural periodicity and/or geometry rather than
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engineered alignment strategies to achieve precise lateral or ro-
tational alignment control, and therefore are not feasible to in-
tegrate functional structures with more complex structure ge-
ometries and/or stringent alignment demands, particularly in a
complementary metal-oxide-semiconductor (CMOS)-processing
compatible fashion.
In this work, we strategically establish a scalable NIL inte-

gration approach that is potentially compatible with semicon-
ductor CMOS processes toward manufacturing of metasurfaces
over multiple layers, creating subwavelength-thick, functional,
metasurface polarization filter arrays (MPFAs) on a chip for full-
Stokes parameter analysis and integrating such MPFA chips on
a CMOS imager to demonstrate its polarimetric imaging capa-
bility. Here NIL was carried out in two steps to produce two sets
of nanostructures in dielectric (silicon, or Si) and metallic (alu-
minum, or Al) materials over an area of 4 mm by 5.2 mm with
precise dimensional control (<4 nm in linewidth standard de-
viation) separated by a dielectric (silicon oxide, or SiO2) spacer
layer. Uniquely, NIL was used as a lithographic technique to
faithfully pattern nanostructures in Si metasurface, and then ex-
plored as a transfer-printing method to replicate the 3D geome-
tries of the NIL mold into the imprint resist, which directly func-
tioned as a scaffold for the Al metasurface. For precise alignment
of the Si and Al metasurfaces, Moiré alignment markers were
placed onto both of the NIL molds along with the designed func-
tional nanostructures, which in this work were organized into
micrometer-sized arrays and contained dense nanogratings, to
achieve a high alignment accuracy (interlayer translational align-
ment error ≈200 nm, rotational error < 0.017 degrees) between
the Si and Al metasurfaces. These vertically integrated micro-
arrays, i.e., MPFAs, functioned as polarimetric imaging pixels,
consisting of broadband linear polarization (LP) filters, i.e., grat-
ing polarizers in the Al metasurface, and selectively patterned
circular polarization (CP) filters across visible wavelength bands
(500± 20 nm, 550± 20 nm, and 600± 20 nm) from overlaidmulti-
layer nanostructures. Finally, the metasurface chips were bonded
onto CMOS imaging sensors, thus enabling broadband polari-
metric imaging and full-Stokes parameter analysis across the dif-
ferent colors at a high accuracy (<5%). UsingMPFAs as an exam-
ple, we showed that the NIL-fabricated devices presented a much
smoother surface (4 nm roughness) and gratings compared to
EBL-MPFAs (≈16 nm), attributed to the in situ planarization ca-
pability of NIL, and the NIL-MPFAs produced much enhanced
CP extinction ratios (CPER of ≈20 and ≈80 at blue and red color
wavelengths) that are a few times better than EBL ones (≈2 and
20). This significant improvement in optical performance was at-
tributed to our co-designed and greatly simplifiedmanufacturing
strategy that minimized fabrication complexity, reduced struc-
ture damages owing to minimized defect-generating process-
ing steps (e.g., etching, liftoff, etc.), and suppressed optical scat-
tering loss due to in situ surface planarization. This successful
multilayer NIL-metasurface integration approach can be adapted
to the fabrication of many other metasurface structures toward
high-throughput scalable manufacturing of various metasurface
devices, which have broad applications in both rapid prototyp-
ing and large-scale production of ultra-compact chip-integrated
optic, optoelectronic, electronic, and quantum devices, and
systems.

2. Scalable Manufacturing Design and Process

Here, we present a synergistic approach to co-design themultilay-
ered optical metasurfaces and their scalable NIL manufacturing
process. Our exemplary polarimetric imaging system was a mul-
tilayered metasurface polarization filter array (MPFA) integrated
into a CMOS imaging sensor (Figure 1a). The MPFA consisted
of over 43000 superpixels over an area of 4 mm by 5.2 mm, each
having four LP filter pixels and four CP filter pixels (Figure 1b)
to ensure accurate full-Stokes polarization measurement. The
LP filters were based on vertically coupled double-layer gratings
(VCDGs) with a high LP extinction ratio (LPER) over a broad
wavelength range (Figure 1c). The CP filters were based onmulti-
layered chiral metasurface structures, consisting of a Si metasur-
face acting as a quarter wave plate (QWP) (Figure S1, Supporting
Information), a dielectric (SiO2) spacing layer, and VCDGs as LP
filters (Figure 1d). Overall, the MPFAs were formed by two lev-
els of vertically aligned, functional structures, i.e., the Si meta-
surface and the VCDG (Figure 1a,b). In the Si metasurface level,
each superpixel had four blank pixels (no nanopatterns, pixels 1
to 4, Figure 1b) and four pixels made of Si nanostructures (pixels
5 to 8). In the VCDG level, the grating polarizers were present in
all eight pixels, oriented along 0°, 45°, 90°, or 135° in the 4 LP fil-
ters and all along 90 in the four CP filters (Figure 1b). To achieve
a broadband coverage in visible (450 to ≈700 nm), two sets of CP
filters (VCDGs overlaid to Si metasurface) were designed with
broad CPER peak bandwidths, one for green-wavelength oper-
ation (520 to 620 nm, pixels seven and eight, Figure 1b), and
the other (pixels 5 and 6) for both blue (450 to 520 nm) and red
wavelengths (600 to 670 nm) (designs parameters and simulation
results in Table 1; Figure S2, Supporting Information). This de-
sign enabled a single-shot, full-Stokes polarimetric analysis and
imaging over a broad bandwidth in visible wavelengths. Further,
the LP and CP filter pixels were all shared by neighbor super-
pixels in the MFPA layout, thus maximizing the number of ef-
fective superpixels for optimal imaging resolution. Here the MP-
FAs were fabricated on a transparent silica substrate and then
integrated into a commercial CMOS imaging sensor via polymer-
assisted wafer bonding. The process can be readilymodified to di-
rectly integrate themetasurface onto CMOS chips for wafer-scale
production.
Previously, an EBL-based process (Figure 1f top, indicated by

orange arrows) was developed by us to fabricate the MPFAs;[37]

however, the fabrication was quite complex and expensive, re-
quiring extensive EBL writing time, repeated film deposition,
lift-off and etching. Furthermore, the SiO2 spacer on top of the
Si metasurface had a rough surface, which resulted in uneven
Al grating surfaces in the VCDGs and limited the polarization
selectivity, i.e., LPER and CPER. Motivated by these challenges,
we here propose and demonstrate a fundamentally different NIL
technology toward scalablemultilayer device integration with im-
proved optical performance. Specifically, NIL (Figure 1f bottom,
indicated by green arrows) was used first as a high-throughput,
high-resolution lithographic technology to pattern Si metasur-
face gratings by thermal NIL (followed by metal liftoff and etch-
ing), and then used as a 3D transfer-printing process to produce
the VCDG grating scaffold with the NIL mold geometries pre-
served in UV-NIL resists, which also acted as a SiO2-comparable
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Table 1. Designed structural geometries of metasurface filters.

Filter Function Working wavelength Metasurface
structure

Period Grating width Duty cycle Thickness and
vertical gap

Spacer layer
thickness

CP filter for red and blue Red: 600–670 nm;
Blue: 450–520 nm

Si grating 297 nm 100 nm 33.6% 130 nm Si 520 nm

VCDG 210 nm 105 nm 50% 80 nm Al;
30 nm vertical gap

CP filter for green 520-620 nm Si grating 180 nm 70 nm 38.9% 130 nm Si 520 nm

VCDG 180 nm 90 nm 50% 80 nm Al;
30 nm vertical gap

Broadband LP filter 450 −700 nm VCDG 210 nm 105 nm 50% 80 nm Al;
30 nm vertical gap

NA

spacer layer. Moiré patterns were created on both of the two NIL
molds to achieve a high overlay accuracy over the patterned ar-
eas (4 mm by 5.2 mm, or ≈0.2 cm2). Very uniquely, the UV-
NIL not only effectively transfer-printed 3D grating structures
as the VCDG scaffold, but also eliminated multiple manufac-
turing steps and planarized the resist. Therefore, this innova-
tive NIL integration strategy simultaneously reduced processing
complexity, improved performance, and enabled scalable device
production.
In this work, the metasurface design required complex pat-

terning of dense and small structures in S and aluminum (period
as small as 180 nm and linewidth as small as 70 nm, see Table 1)
with different geometries, orientations, and dimensions to act as
QWPs and polarizers, respectively, in the vertically stacked MP-
FAs. Therefore, EBL writing was chosen to create the NIL molds
for its design flexibility and high resolution. A low EBL writing
current (and therefore a long writing time) was needed for ac-
curate control of structural geometry but in practice limited the
demonstrated patterning to 4 mm by 5.2 mm even after 16-h
writing. This area size was designed intentionally to the size of a
CMOS imager sensor for on-chip polarimetric imaging demon-
stration. Noticeably, NIL is many times faster than EBL once a
mold is available (Table S2, Supporting Information), and its high
throughput advantage can be further manifested when scaling to
even bigger areas if the molds can be made larger by more ad-
vanced lithography tools, such as deep-UV or extreme-UV lithog-
raphy (Table S3, Supporting Information). Nevertheless, the use
of the MPFAs as an example allows us to establish this newman-
ufacturing approach and quantitatively evaluate the device perfor-
mance by comparing NIL with EBL-based integration processes.
To optimize the manufacturing throughput and device perfor-

mance, we identified key design parameters closely relevant to
NIL processes and crucial to the performance of Si QWP and the

VCDGs (Figure 1e and Table 1). At the Si QWPmetasurface level,
dense gratings of 180 or 297 nm in period and linewidths of 70 or
100 nm are needed for CP polarization filters of green or blue/red
operational wavelengths (Figure S2, Supporting Information).
Optical simulation results (Figure S3, Supporting Information)
indicated that small variations of the Si grating linewidth only
slightly modulate the optimal CPER values and the peak wave-
lengths, showing a high design tolerance. At the VCDG level, the
grating period (p), controlled by the NIL mold structure design,
and width (w), determined by UV-NIL and subsequent process-
ing conditions, both had a strong influence on the LPER and opti-
cal transmission. The duty cycle (w/p) was designed at 50% with
a tolerance of ±20% to obtain a high LPER of over 1000 in vis-
ible (Figure S4, Supporting Information). The vertical gaps be-
tween the Al VCDGs (g) were practically determined by the de-
signedmold height and experimentally optimized Al thicknesses
to maximize the LPER. Further, the spacing between the VCDGs
and the Si nanostructures (d) also strongly affects the wavelength
ranges to achieve the best MPFA performance (Figure S5, Sup-
porting Information), as it affects the phase accumulation of
electromagnetic waves traveling between the two layers upon
reflection.

2.1. Silicon Metasurface Fabrication

The Si metasurface-based, microscale QWP array was fabricated
by thermal-NIL for its simplicity, using a NIL mold fabricated on
a thermal SiO2-coated silicon wafer (Figure 2a). We first made
the NIL mold by EBL patterning, chromium (Cr) hard mask de-
position and liftoff, reactive ion etching (RIE) of SiO2, and Cr
stripping (Experimental Section and Figure S6, Supporting Infor-
mation). Then the Si metasurface was fabricated from 𝛼-Si thin

Figure 1. Conceptual designs of scalableNILmanufacturing formultilayermetasurface polarization filter arrays (MPFAs). a) Illustration of integrating the
broadbandMPFAs onto a CMOS sensor. TheMPFAs consist of a-Si metasurface level as a quarter waveplate (QWP) and a VCDG level as linear polarizers.
Here two CP designs targeting green and blue/red spectra (indicated by arrows) are incorporated for the Si metasurface structures. b) Illustration of
the arrangement of metasurface polarization filter arrays (pixels) within super-pixels (rectangular boxes). Red lines indicate silicon metasurfaces in the
top layer and blue lines indicate VCDG metasurfaces in the bottom layer of the MPFA structures. Here P1-P4 have only VCDGs that transmit 0°, 90°,
45°, 135° LP light, respectively. P5–P8 are chiral metasurfaces constructed by Si QWP and VCDGs in each pixel that transmit RCP and LCP in red and
blue color range (P5 and P6, red shaded) and green color range (P7 and P8). c) Schematic illustration of VCDGs to pass light polarized along the x-axis
but block light polarized along the y-axis. d) Schematic of multilayer CP filter transmitting LCP but blocking RCP incoming light. d) A co-design concept
to produce the VCDGs on Si metasurface structures based on NIL. Here the structural geometries and processing conditions are designed for optimal
performance. e) Schematics showing the EBL (top, following orange arrows) and NIL (bottom, following green arrows) based fabrication processes for
MPFAs. Here a 1st thermal NIL replaces EBL for the fabrication of Si metasurface, and a 2nd UV-NIL creates a nanostructured scaffold to be converted
into VCDGs after Al evaporation.
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Figure 2. Schematics and fabrication results of Si and VCDG metasurface structures. a) Fabrication process of Si metasurface via thermal NIL on a
tri-layered resist structure, including polymethyl methacrylate (or PMMA, bottom), SiO2 (middle, evaporated) and thermoplastic NIL resist (top). The
key processing steps include NIL, RIE of the tri-layer stack, Cr evaporation and liftoff, SiO2 RIE, Cr stripping, and Si RIE. The top-left insert optical image
shows the Si metasurface NIL mold made in a Si wafer. b) Fabricated Si metasurface structures on fused silica. Left: optical image of a fabricated Si
metasurface chip (scale bar: 5 mm). Middle: top-view SEM images of unit pixel arrays. Right: side-view SEM image of Si gratings. Scale bar: 200 nm for
SEM images. c) Illustration of the fabrication process of VCDGs by UV-NIL followed by Al evaporation. The top-left insert optical image shows the VCDG
mold made in fused silica. d) Fabricated VCDG grating structures. Left: optical image of VCDG gratings on a silicon sample for structural inspection
(scale bar: 5 mm). Middle: top-view SEM images of unit pixel arrays. Right: a cross-sectional view of fabricated VCDGs after Al deposition, with the key
geometrical dimensions highlighted (g: gaps between the two sets of Al gratings; t: Al thickness; w: grating width). Scale bar: 200 nm for SEM images.
In Figures (b) and (d), five areas are randomly chosen from the chips to examine the fabrication uniformity: ① Center, ② Right, ③ Left, ④ Top, and
⑤ Bottom. The measured structural dimensions are given in Table S3 (Supporting Information).

film deposited by chemical-vapor deposited (CVD) using a tri-
layer pattern-transfer scheme (Experimental Section). Compared
to a single-layer resist, the tri-layer film stack could effectively
produce high-aspect-ratio nanostructures with improved pattern-
ing uniformity over a large area by reducing dimensional dis-
tortion and improving the success in Cr liftoff,[38,39] thus favor-
able for subsequent high-fidelity pattern transfer to the under-
neath Simetasurface gratings. Additionally, the grating linewidth
could be adjusted within a range of about 30 nm by modulat-
ing the etching time of the top thermoplastic NIL resist, offer-
ing additional flexibility in controlling structure dimensions. The
linewidths of Simetasurface gratings were inspected by scanning

electron microscopy (SEM) at five different locations of the sam-
ple (Figure 2b). and the linewidth variations were found less than
4 nm for all the array designs (Table 2), thus confirming good uni-
formity of the NIL process for large-scale nanomanufacturing of
Si metasurface.

2.2. NIL 3D Scaffolding for Metallic Grating Metasurface (VCDG)

The VCDG linear polarizer arrays were fabricated using UV-
NIL with a NIL mold fabricated on a transparent fused silica
wafer (Figure 2c) for precise vertical stacking and overlay onto
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Table 2.Metasurface grating linewidths of NIL-fabricated Si metasurface and VCDGs. (Unit: nm).

Si metasurface: Wsi VCDGs: WAl

p297, 45° p297, 135° p180, 45° p180, 135° p210, 0° p210, 90° p210, 45° p210,135°

①Center 111.2 112.9 91.9 91.7 116.1 115.8 109.2 109.5

②Right 113.4 113.7 91.9 89.6 116.2 115.9 109.1 109.3

③Left 113.0 113.2 92.2 90.9 116.1 115.9 109.2 109.1

④Top 116.3 109.2 91.6 88.8 116.6 116.1 109.2 108.6

⑤Bottom 114.9 119.1 95.5 95.1 116.6 116.3 110.0 108.9

Average 113.8±2.6 113.6±3.8 92.6±2.1 91.1±2.7 116.3±1.3 116.0±1.3 109.4±1.4 109.1±1.7

Si metasurface. The VCDG mold fabrication process was simi-
lar to that for the Si metasurface NIL mold, with more details in
the Experimental Section. Briefly, the nanostructured mold was
intentionally patterned on an etched mesa (Figure S7, Support-
ing Information) to further improve the NIL pressure, which was
beneficial to high imprinting quality. To examine the VCDG NIL
process, we coated a Si wafer with an acrylate-based, UV-curable
resist and performedUV-NIL on the sample. TheNIL transferred
the nanograting patterns into the UV resist (optical index very
close to SiO2, Figure S8, Supporting Information) that was more
resistant to oxygen plasma damage or heating inmetal deposition
than organic polymers.Without need of any additional etching or
liftoff, the UV NIL resist served perfectly as a rigid, transparent
VCDG scaffold, and preserved precisely both the lateral and ver-
tical dimensions of the grating structures from the NIL mold.
Subsequently, VCDG fabrication was completed by a simple Al
deposition (thickness t) to produce desired vertical gaps (g = h-
t) (Figure 1e). Essentially, this single NIL-based pattern transfer-
printing step replaced multiple manufacturing steps otherwise
needed for EBL fabrication (Figure 1f), including SiO2 spacer
deposition, EBL writing, plasma descum, Cr deposition, liftoff,
SiO2 dry etching, and Cr removal, therefore greatly improving
the throughput andminimizing feature distortion. The linewidth
SDs of VCDGs were measured <2 nm (Table 2) from SEM im-
ages taken at five randomly selected locations across the chips
(Figure 2d). The linewidth of angled gratings (116 nm for 45°

and 135°, respectively) was found slightly different from verti-
cal and horizontal gratings (109 nm for 90° and 0°, respectively).
This difference was mainly attributed to manufacturing varia-
tions in the VCDG mold during EBL-based pattern generation
and writing process, but was still within the acceptable range for
VCDG grating polarizers (Figure S4, Supporting Information).
Further, we optimized the Al film deposition conditions to mini-
mize the roughness (Figure S9, Supporting Information), exper-
imentally analyzed the impact of Al thickness (t) on the optical
performance of VCDGs (Figure S10, Supporting Information)
for optimal LPER, and chose here to have t = 80 nm.

2.3. Vertical Alignment and Integration

NIL-based multi-layer metasurface fabrication usually faces two
major challenges: 1) precise alignment between the different lay-
ers, and 2) the adverse impacts of existing surface topography on
the subsequent NIL fabrication.

Table 3.Optically measured cross-square mark gaps and alignment errors.
(Unit: μm).

x-direction y-direction

G1 G2 Error
Δx

G3 G4 Error Δy

AM1 1.69 1.79 0.05 1.59 1.89 0.15

AM2 1.64 1.84 0.10 1.64 1.85 0.10

AM3 1.82 1.64 0.09 1.82 1.65 0.09

AM4 1.86 1.62 0.12 1.93 1.55 0.19

To achieve submicron optical alignment for vertical stacking
of the VCDG and Si metasurface micro-filter arrays, we designed
and fabricated interference-basedMoiré patterns[40,41] (Figure 3a)
on both NIL molds for Si metasurfaces and VCDGs. Here, two
sets of gratings with slightly different periods acted as Moiré
marks to produce interference patterns with a period Pfringe, cal-
culated as Pfringe = P1 · P2/(P2 − P1). Therefore, the theoretical
misalignment between the twometasurfaces (∆ =Gi −Gj) could
be made much smaller than the visualized Moiré fringe offset
(s) as ∆ = s(P2 − P1)/P1<< s when P2 ∼ P1, thus resulting in
nanometer-scaled alignment accuracy. When in good alignment,
Moiré fringeminimawere clearly positioned next to our designed
small square and cross marks on the two metasurface layers that
served as alignment indicators in each of the alignment mark
groups (e.g., AM1 and AM2, Figure 3a). Because the thick NIL re-
sist spacer layer blocked electron beam signals but allowed optical
visualization, we chose optical microscopy to measure the gaps
between the square and cross marks in both x- and y-directions,
and determined the translational alignment errors (∆1, ∆2, ∆3,
and ∆4 for the four alignment mark sets) from the size differ-
ences of these gapsG, e.g.∆ =|G1 −G2)/2| . Themeasured align-
ment errors were found below 200 nm in both x- and y-directions
within the mm-scaled structure (Table 3), much smaller than our
MPFAdesign requirement of≈1.6 μm,whichwas needed to over-
lay the 4.65 × 4.65 μm2 VCDG arrays (Figure 3c bottom, grey
squares) to 7.75 × 7.75 μm2 Si metasurface arrays (Figure 3c bot-
tom, red squares). The Moiré marks can be designed to achieve
much higher overlay accuracy by engineering the optical scan-
ning, stage, and control systems, e.g., sub-10 nm overlay is rou-
tinely achieved on ASML scanners using fundamentally simi-
lar interferometric marks for larger-scale production. Neverthe-
less, the Moiré alignment method allows future integration of
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Figure 3. NIL integration of multilayer MPFA chips. a) Moiré fringe-based alignment technique to achieve nano-scale overlay accuracy. Optical images
of the top and right alignment marks (AM1 and AM2) showed clear interference patterns produced next to the designed cross-square marks. The images
of cross-square marks were used for alignment accuracy analysis (scale bar: 5 μm). b, Integrated multi-layer metasurface chip. Left: Optical images of
the diced chip (top: VCDGs-side up; bottom: 𝛼-Si side up. Scale bar: 1 mm) Middle and right: representative cross-sectional SEM image of integrated
multi-layer metasurface structures (scale bar: 1 μm for middle image, and 200 nm for right image). c) Microscopic images of fabricated MPFAs. Top
and middle: optical images (scale bar: 30 μm for the top and 10 μm for the middle). Bottom: representative SEM images of a super-pixel consisting of
eight individual pixels (scale bar: 1 μm). The Si and Al metasurface pixels are indicated by red and grey shades overlaid to the SEM images. d) AFM
images of a non-patterned area from an MPFA chip fabricated by EBL (top) and NIL (bottom) to show the surface roughness. e) Surface roughness
profiles extracted from the AFM images in (d). f) SEM images of Al grating nanostructures from EBL (top) and NIL (bottom) fabricated MPFAs. g–h)
Comparison of CPER of LCP filters fabricated by NIL (black) and EBL (red): g) at 460–550 nm, and h) at 550–680 nm, respectively.

metasurface structures with reduced pixel sizes, e.g., to submi-
cron with our demonstrated NIL capability or even smaller on
more advanced systems, thus further improving the imaging sen-
sor pixel density and resolution.
On the other hand, the surface topography resulting from the

selectively fabricated Si metasurface (Figure S10, Supporting In-

formation) strongly affected subsequent VCDG fabrication. Ap-
plying NIL on the Si metasurface as a conventional lithography
tool would face a few serious challenges. First, as a contact-based
lithographic technology, the NIL process typically prefers a flat
substrate for high-resolution, low-defect pattern replication,[42]

because existing nanostructures (e.g., ≈160 nm tall gratings in
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selectively patterned areas here) could disrupt the resist flow, trap
air bubbles and create defects. Further, using a much thicker NIL
resist layer, for instance about twice the height of the Si gratings,
although could mitigate the defect problem during NIL, would
create non-uniform and substantial residual layers in some ar-
eas, e.g., the empty pixels without nanostructures. This, in turn,
would lead to a much longer residual layer etching during pat-
tern transfer, and could cause structural distortion, dimensional
expansion, and/or defects. In fact, we attempted to replace EBL
with NIL to lithographically pattern the VCDGs on SiO2 spacer-
coated Si metasurfaces for Cr liftoff and SiO2 etching (Figure
S11a–f, Supporting Information), similar to the EBL fabrication
scheme (Figure 1f). Clearly, even though we utilized a pre-NIL
polymer planarization process to help minimize NIL defects and
designed a tri-layer UV resist stack to improve the yield of pattern
transfer, the Cr patterns after liftoff suffered serious linewidth
distortion, polymer residue contamination, and poor line rough-
ness. To circumvent these problems, UV-NIL was instead em-
ployed as a 3D transfer-printing technology to produce uniform
nanostructures in the resist as a VCDG scaffold, which readily
functioned as a template to complete VCDG fabrication through
an Al evaporation and simultaneously acted as a SiO2-like dielec-
tric spacer layer between the Si and VCDG metasurfaces. There-
fore, this method eliminated complex, structure-damaging fab-
rication steps (such as etching, liftoff, etc.) to best preserve the
printed nanostructure geometries. Compared to EBL-fabricated
chips that displayed a wobbling surface (up to ≈80 nm modu-
lation across ≈100 nm distance, and root mean square rough-
ness ≈15.6 nm, from a 1 μm2 flattened area without gratings,
Figure 3d,e top), UV-NIL effectively planarized the substrate sur-
face to have a much-reduced roughness (≈1.2 nm, Figure 3d,e
bottom). Accordingly, the VCDGs overlaid on the Si metasurface
had very small grating linewidth SDs of <4 nm from SEM imag-
ing (Table S4, Supporting Information), comparable to that of
VCDG structures fabricated on a flat substrate (≈2 nm, Table 2).
Clearly, the in situ planarization, which was attributed to the
effective resist filling owing to the low viscosity of the UV re-
sist layer, allowed us to faithfully produce a nanograting scaf-
fold from the NIL mold. This success demonstrated the feasibil-
ity of precise NIL nanopatterning over selectively patterned, sig-
nificant protruding topography from underlying metasurfaces,
which poses serious challenges in high-yield NIL fabrication.
We also performed optical spectroscopic measurements of the

integrated multi-layer metasurfaces and compared the perfor-
mance of EBL- and NIL-fabricated MPFA samples (Figure 3g,h).
The transmission efficiencies from the NIL device were lower
than the designed value, attributed to the fact that the VCDG
mold after timed RIE had rounded trench edges in amorphous
silica, which subsequently produced rounded shoulders in the
VCDG scaffold and resulted in overhangs on the top Al gratings.
Such structural modulation could therefore lower the transmis-
sion intensity (Figure S12, Supporting Information). The opti-
cal transmission proved sufficient in this work for polarimetric
imaging and accurate Stokes parameter analysis, but can be im-
proved in the future by optimizing the NIL mold fabrication pro-
cess to improve the straightness of VCDG gratings andminimize
the structure rounding at the grating foot. On the other hand,
themaximumCPER of the NIL-fabricatedMPFAswas≈10 times
and≈4 times better at blue and red color wavelength ranges (≈20

and 80, respectively) than that of the EBL-fabricated device (≈2
and ≈20).[37] The improved CPER was attributed to the greatly
enhanced LPER of the VCDGs over a broad visible wavelength
range fabricated by NIL than that by EBL (Figure S13, Supporting
Information), which was attributed to smoother VCDG grating
lines and smaller optical losses. It was observed the peak wave-
length of the max CPER was blue-shifted for the NIL-fabricated
device, due to its thicker spacer layer (520 nm) than that of
the EBL device (400 nm), consistent with simulation results
(Figure S5, Supporting Information).
Further, we characterized the CPERs of the multilayeredmeta-

surfaces at different locations from two chips (Figure S14, Sup-
porting Information). Different LCP and RCP filters from these
two chips were shown to have similar CPER values at compara-
ble wavelengths, demonstrating acceptable optical performance
across different chips. We further performed FDTD simulations
to better understand the impacts of key structural geometries
on the CPER performance, including Si metasurface grating
linewidth, Al VCDGduty cycle (i.e., the linewidth), and the spacer
layer thickness. The simulation results showed that the maximal
values and the wavelength dependence of CPERs are relatively in-
sensitive to small variations in Si and Al gratings. In comparison,
thickness variations of the spacer layer (i.e., NIL UV resist) would
affect the optical coupling between the Si and Al metasurfaces,
and therefore have a small but noticeable impact on the filter
performance. Such variations are thought to result from nonuni-
form spin-coating and uneven NIL pressing, and could be min-
imized in future work by using more advanced manufacturing
tools that provide better thickness control during film deposition
and larger andmore uniform pressure during NIL. In addition, it
should be noted that the fabricated MPFA chips can be individu-
ally characterized to obtain their instrument matrix as detailed in
the Experimental Section, and after the calibration, they can per-
form high-accuracy polarimetric imaging despite having slight
performance variations.

3. Imaging Sensor Integration and Characterization

The integrated multi-layer MPFAs were diced (7.2 mm ×
5.6 mm), optically aligned to the edges of a commercial CMOS
sensor (IMX477) on a mask aligner and bonded with UV-curable
polymer (Figure 4a,b, details in Experimental Section). This
translational alignment error was on the micrometer scale and
the rotational error was about 0.02, constrained by the lack of
more accurate alignment marks (e.g., Moiré patterns) on the
CMOS imaging sensors. To further minimize these alignment
errors, the layouts of the CMOS imaging sensor and the meta-
surfacesmay be co-designedwith interferometricMoiré patterns,
similar to what we demonstrated for high-accuracy alignment
of multi-layer metasurface structures in the previous section.
The bonded metasurface polarimetric imaging sensor (or Meta-
PolarIm) was characterized to determine its instrument matrix
A at different wavelength bands, i.e., blue (480–520 nm), green
(530–570 nm), and red (580–620 nm), respectively (details to ob-
tain the instrument matrix A in Experimental Section). Thus,
the Stokes parameters of any unknown input polarization state
S can be obtained using S = A−1∙I, where I represents the in-
tensity vector obtained by all eight pixels in each super-pixel of
Meta-PolarIm. We measured the eight polarization states (Tables
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Figure 4. Multi-color full-Stokes polarization state detection using a metasurface polarimetric imaging sensor. a) Schematic of integrating MPFAs onto
CMOS imaging sensor. A CMOS circuit board was first mounted onto a 3D rotation stage and leveled, and then the MPFA chip was aligned and
bonded onto the board on a UV mask aligner. b) An optical image of the integrated Meta-PolarIm. c) Error analysis of multi-color, full-Stokes parameter
detection of eight polarization states (A to H). d) Distributions of multi-color AOP, DOCP and DOLP detection errors of all metasurface pixels to analyze
polarization states A and H. Here, the X-axes represent the errors and the Y-axes represent the corresponding percentage of pixels.

Table 4.Measurement errors of Stokes parameters and polarization states
from eight polarized light inputs.

Color: Wavelengths [nm] S1 S2 S3 DOLP DOCP AOP

Blue: 480–520 4.13% 2.39% 1.93% 2.45% 1.93% 1.25

Green: 530–570 4.15% 1.4% 0.72% 2.37% 0.72% 1.20

Red: 580–620 4.45% 0.89% 1.59% 2.27% 1.59% 1.28

S4–S6, Supporting Information) with Meta-PolarIm (Figure 4c)
to evaluate the polarization detection accuracy using a cus-
tomized measurement setup (Figure S15, Supporting Informa-
tion). The mean absolute errors (MAE) for Stokes parameters
S1, S2, and S3 were found to be <5% for all three wavelength
bands (Table 4; Figures S16–S18 and Tables S5–S7, Supporting
Information). We also performed statistical analysis for the er-
rors of all pixels in the imaging sensor, including measurement
errors for angle of polarization (AOP = 1

2
arctan S2

S1
), degree of

circular polarization (DOCP = S3/S0) and degree of linear polar-

ization (DOLP =
√
S21 + S22 ∕S0) for the eight polarization states

over the three wavelength bands (Figures S19–S21, Supporting
Information). The results suggested that 90% of the polarimet-
ric imaging pixels had reasonably small measurement errors for
DOLP (<3%), AOP (<1.8) and DOCP (<2% for green and red,
<6% for blue) (Figure 4d). Our results confirmed that this new
NIL-based nanomanufacturing strategy was suitable for produc-
ing functional multi-layer metasurface devices with reasonably
high performance and uniformity across a centimeter scale.

4. Polarization Imaging Application

The chip-integrated full-Stokes polarimetric imaging sensors
have a broad range of applications. As proof-of-concept demon-
strations, here we imaged several objects, including a plastic
fork, a pair of 3D glasses, and a beetle (Figure 5, measure-
ment setup illustrated in Figure S22, Supporting Information)
to prove its functionality. The polarimetric images of the plas-
tic fork (Figure 5a) and 3D glasses (Figure 5b) were obtained in
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Figure 5. Multi-Color full-Stokes polarimetric images of exemplary objects. a,b) Transmission, color filtered, S0, AOP, DOLP, DOCP, and DOP images
of (a) a plastic fork, and (b) a pair of 3D glasses. The images were taken with the LP input as background. c) Reflection, color filtered, S0, AOP, DOLP,
DOCP, and DOP images of a Green June beetle. All the images were taken with an LP input light source and non-polarized white paper as background.
Color channels were obtained by applying bandpass filters, i.e., 480 -520 nm for blue, 530–570 nm for green, and 580–620 nm for red.

transmission mode with ≈90° LP as the input light. These ob-
jects exhibited poor contrasts from the background in signal in-
tensity (S0) in all color bands; however, the AOP and DOCP im-
ages showed distinct contrasts. This was attributed to spatially
varying optical birefringence (from local stress) in the plastic fork
and the designed polarization response from the glasses. In addi-
tion, their DOCP images in the blue and red channels produced
visually different polarization signals, indicating a wavelength-
dependent polarization response. We also took images of a green
June beetle sealed in resin in reflection mode (Figure 5c). The
beetle elytra regions also presented a signature of wavelength
dependence in DOCP images, showing right-handed CP signal
(DOCP > 0) in the green channel, left-handed (DOCP<0) in the
blue channel, but only low-contrast signals in the red channel.
The above imaging results demonstrated the unique advantage
of our metasurface-integrated Meta-Polarim to enhance imag-
ing contrast by incorporating full-Stokes polarimetric signals in
multi-wavelength channels, which is otherwise not available by
conventional imaging sensors.

5. Conclusion

In summary, we propose and demonstrate a scalable manufac-
turing strategy for multilayer metasurfaces by synergistically co-
designing multi-level NIL processes and metasurface structures.
Uniquely, for the first time to our best knowledge, the nanometer-
scale lithographic resolution and high-fidelity 3D pattern trans-
fer capabilities of NIL were both explored to design and fabricate
multilayer dielectric and metallic hybrid nanostructures in a sin-
gle device. In particular, NIL was used as a lithography tool to
create a first-layer Si metasurface, and then utilized as a transfer
printing technique that preserved both the lateral and vertical ge-
ometries of themold in the NIL resist as a 3D scaffold, which was
converted into second-layer VCDG metasurface through a sim-
ple Al evaporation without defect-prone etching or liftoff steps.
We demonstrated successful fabrication of dense nanostructures
(period ≈200 nm and critical dimension <100 nm) in micro-
sized arrays (4.65 × 4.65 μm2 for VCDG and 7.75 × 7.75 μm2 for
Si metasurface) over ≈0.2 cm2 area with uniform and accurate
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dimension control (linewidth standard deviation <4 nm) and
high interlayer alignment accuracy (translational error ≈200 nm,
rotation error < 0.017 degrees). Compared to EBL, the NIL pro-
cesses not only were much simpler and faster, but also greatly
reduced the surface roughness (from ≈16 to ≈1 nm) and im-
proved the CP extinction ratios to ≈20 and ≈80 at blue and red
color wavelength ranges, or ≈10 and ≈4 times better. The NIL-
fabricated MPFAs were bonded to a CMOS imager to create a
metasurface polarimetric imaging sensor, i.e., Meta-PolarIm, for
compact, single-shot, broadband polarimetric imaging in visi-
ble wavelengths, demonstrating a high polarization state mea-
surement accuracy (<5%). These demonstrations proved this
new, NIL-based, and simple fabrication method can outper-
form EBL in manufacturing throughput, cost, and device perfor-
mance. This multilayer NIL-metasurface co-design approach can
be adapted to the fabrication of many other metasurface struc-
tures, enabling on-chip integration of metasurface devices and
their optic, electronic, optoelectronic, or quantum systems. By
speeding up the prototyping process and enabling low-cost, large-
scale production of such devices and systems, our design and
manufacturing strategy can support future commercialization
and broad deployment of metasurface devices in profound appli-
cations that are key to next-generation commercial electronics,
national security, and sustainability.

6. Experimental Section
Materials: Poly(benzyl methacrylate) (≥ 99.0%), Propylene glycol

monomethyl ether acetate (≥ 99.5%), Pentaerythritol tetra acrylate,
Isobutyl methacrylate (≥ 97.0%), Anisole (≥ 99.7%), and trichloro
(1H,1H,2H,2H-perfluorooctyl) silane, Octadecyl acrylate (≥ 97.0%), and
1H,1H,2H,2H-perfluoro-1-decanol (97%) were purchased from Sigma–
Aldrich. BYK-310 and BYK-3570 were purchased from BYK Addi-
tives and Instruments. Omnirad 1173 and Omnirad TPO were pur-
chased from IGM Resins. (Acryloxypropyl) methyl siloxane homopoly-
mer was purchased from Gelest. Polymethyl methacrylate (PMMA,
950K A2 and 495K A3) was purchased from MicroChem. AMO-
PRIME was purchased from AMO GmbH. CN-292, SR-9003-B, and CN-
975 were purchased from Satomer. AZ-1505 positive photoresist was
purchased from MicroChemicals. Gel-box AD-22AS-00 was purchased
from Gel-Pak. All chemicals were used as received without further
purification.

Resist Preparation for NIL & CMOS Bonding Processes: The ther-
mal NIL resist was prepared by diluting thermoplastic polymer (poly-
benzyl methacrylate, or PBMA) in Propylene glycol monomethyl ether
acetate (PMA) as a solvent, with a small amount of surface addi-
tive (BYK-310) added to lower surface tension. The UV-NIL resist
was prepared by mixing (Acryloxypropyl) methyl siloxane homopoly-
mer with cross-linker (Pentaerythritol tetraacylated) photoinitiators (Om-
nirad 1173 and Omnirad TPO) and surface additive (BYK-3570) in
Isobutyl methacrylate (IBMA). For the CMOS bonding process, an-
other UV-curable polymer was prepared by mixing fast-reacting, low-
viscosity, acrylate oligomers (e.g., SR-9003-B and CN-292), a surface
additive (1H,1H,2H,2H-Perfluoro-1-decanol BYK-3570), and photoinitia-
tors (Omnirad 1173 and Omnirad TPO) into IBMA solvent. All the so-
lutions were stirred overnight at room temperature and filtered before
use.

Mold Fabrication for Si Metasurface and VCDGs by EBL: The Si meta-
surface mold was fabricated by EBL (Figure S6, Supporting Information).
A PMMA bi-layer was spin-coated (PS-80, Headway Research Inc.) on a
cleaned Si substrate (1 mm thick, with 80 nm thermal SiO2) and post-
baked 5 min at 180° C. Then a 10 nm Cr layer was deposited on the PMMA
as a discharging layer for EBL by thermal evaporator (Denton Bench Top

Turbo, Denton Vacuum, LLC) at a deposition rate of 0.2 Å s−1. Then EBL
was carried out (ELS-7000, Elionix) with an acceleration voltage of 100 kV,
a beam current of 1 nA, a field size of 300 μm with a minimum step size
of 5 nm, and an exposure dose of 1200 μC cm−2. After EBL, the Cr dis-
charging layer was stripped and the patterns were developed in a 1:3 ratio
(v/v) ofmethyl isobutyl ketone (MIBK)/isopropyl alcohol (IPA) solution for
2 min, rinsed in IPA, and dried with nitrogen. Then, a 10 nm Cr layer was
deposited by using a thermal evaporator followed by an oxygen plasma de-
scum (Tergeo plasma cleaner, 20 W, 10 sccm, 40 s) process. The sample
was immersed in remover PG solution for 15 min at 80 °C for the lift-
off process, rinsed with IPA and then DI water, and dried. The SiO2 layer
was etched by RIE (PlasmaTherm 790, CHF3 = 40 sccm, O2 = 3 sccm,
40 mTorr, 250 W) using Cr as a hard mask. Finally, the Cr hard mask was
stripped by Cr etchant.

To fabricate NIL mold for the VCDGs, a thick fused silica wafer (6 mm)
was chosen as the substrate (Figure S7, Supporting Information) to
minimize mold bending during NIL. Then fused silica dicing, sample
cleaning, EBL writing, development, Cr evaporation, and lift off were
carried out following the same process mentioned above to produce
the nanostructured Cr hard masks. The EBL exposure doses were ad-
justed for the designed structural dimensions. The Cr mask was used
to etch 150 nm deep into fused silica by RIE using the same recipe as
aforementioned. Differently, a mesa structure (roughly 1.5 cm2, height
= 2 μm) was intentionally fabricated in an additional RIE step to bet-
ter accumulate pressure in the nanopatterned region. The mesa struc-
ture provided more uniformly imprinted structures using the imprinter.
Both Si and fused silica molds were solvent and RCA-1 cleaned, and were
treated using trichloro(1H,1H,2H,2H-perfluorooctyl) silane in a vacuum
oven for 30 min at 100 °C to form self-assembled monolayers (SAMs)
on the surface, which acted as an anti-sticking layer during the NIL
process.[43]

Fabrication of Si Metasurface in a Tri-Layer Scheme: First, 130 nm 𝛼-
Si was deposited on the pre-cleaned fused silica sample using plasma-
enhanced CVD (PECVD) (Oxford Plasmalab 100, SiH4 = 480 sccm, 1200
mTorr, 15 W, 350° C), followed by 60 nm SiO2 deposition using the same
tool (SiH4 = 170 sccm, N2O = 710 sccm, 1000 mTorr, 20 W, 350° C) with-
out breaking chamber vacuum. After the substrate preparation, a tri-layer
structure was employed for the thermal NIL process. Here thermal NIL
was performed on a film stack made of a bottom polymethyl methacrylate
(PMMA) layer, a mid-layer evaporated SiO2 film, and a top-layer thermo-
plastic NIL resist. The polymers (PMMA and NIL resist) and SiO2 layers
in the film stack were selectively etched by a series of RIE with oxygen
plasma or CHF3 plasma, respectively, to transfer the NIL-patterned grat-
ing features. Lastly, Cr deposition, Cr mask liftoff, and RIE of SiO2/Si films
were performed to complete the fabrication of the Si metasurface layer.
Specifically, a PMMA layer (950k A2, thickness of 90 nm) was spin-coated
and post-baked for 5 min at 200 °C, followed by evaporation of ≈15 nm
SiO2 mid-layer (Kurt J. Lesker) at a deposition rate of 0.5 Å s−1, and then
spin-coating of thermal NIL resist and post-baking (5 min at 180 °C). The
thermal NIL was carried out using a nanoimprinter (THU400, Zhenjiang
Lehua Electronic Technology Co. Ltd.) at a nominal temperature reading
of 55 °C and pressure of 750 KPa for 15 min in vacuum. Then the resid-
ual layer was RIE etched by oxygen plasma (O2 = 10 sccm, 10 mTorr,
100 W), where the SiO2 mid-layer acted as the etch-stop layer to enable
sufficient over-etching time for uniform removal of the residual layer. The
nanopatterns in the resist were transferred to SiO2 mid-layer by another
RIE etching (CHF3 = 25 sccm, O2 = 1 sccm, 10 mTorr, 100 W), and the
PMMA bottom layer was RIE etched by oxygen plasma (O2 = 10 sccm,
10 mTorr, 30 W). The high etching selectivity between SiO2 and PMMA
was beneficial for reliable patterning in a relatively thick PMMA layer, and
helped form a mushroom-like structure in the SiO2/PMMA stack to mini-
mize the accumulation ofmetal on the sidewall of PMMA, which facilitated
high-yield lift-off process and minimized feature distortion. The fabricated
sample was immersed in remover PG solution for 15 min at 80 °C for lift-
off, and later rinsed with IPA and DI water, followed by 10 nm Cr layer
deposition by thermal evaporation. The 60 nm SiO2 hard mask layer was
etched by RIE (CHF3 = 40 sccm, O2 = 3 sccm, 40 mTorr, 250 W) using
Cr as a hard mask, and Cr was stripped by chromium etchant. Finally,
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the 130 nm 𝛼-Si film was etched using inductively coupled plasma (ICP)
RIE (PlasmaTherm Apex ICP, Cl2 = 100 sccm, Ar = 5 sccm, 10 mTorr,
250 W) using SiO2 as a hard mask to complete Si metasurface fabrica-
tion. The SiO2 hard mask layer was left without intentional removal, but
its thickness was taken into account of the whole spacer layer thickness
calculation.

Fabrication of VCDGs Using UV-NIL: The VCDGs were fabricated in a
significantly simpler fabrication process. First, adhesion promoter (AMO-
PRIME) was spin-coated on pre-cleaned fused silica chips (some with Si
metasurface structures for device integration, and some others without
Si metasurface but used as process monitors) and post-baked 10 min at
115 °C on a hot plate. The prepared UV-NIL resist was spin-coated on
the substrate, followed by UV-NIL using the fabricated fused silica VCDG
mold on mask aligner (MJB4, Suss MicroTec). Three different fringes were
visualized on the mask aligner TVmonitor for the ease of alignment. Once
the alignment was verified, 1.5 s UV exposure was used to cross-link the
resist, which after curing turned to be a polymer similar to SiOx in the
optical index (UV-NIR spectroscopic ellipsometry, J.A. Woollam, M-2000)
(Figure S8, Supporting Information). The UV resist had a low viscosity
to easily fill during NIL, desired for high-fidelity pattern transfer at rela-
tively low pressure.[44] After UV-NIL, the printed resist scaffold was treated
using a mild oxygen plasma process (O2 = 10 sccm, 10 mTorr, 30 W)
to activate the hydroxyl groups on the surface. A layer of Cr (2 nm) was
evaporated, and then Al was deposited at 2.5 Å s−1 to form the VCDG
gratings. A high vacuum level (1 to 3×10−7 Torr) was useful to obtain-
ing smoother surface morphology of VCDG (Figure S9, Supporting Infor-
mation) by decreasing residual gases in the chamber and reducing con-
taminants. Finally, a 200 nm SiO2 layer was deposited as an encapsu-
lation layer to avoid further oxidation of the Al surface by using a radio-
frequency (RF) sputtering system (Kurt J. Lesker) at a deposition rate of
0.5 Å s−1.

Vertical Alignment and Integration of VCDGs on Si Metasurface: Here,
two sets of gratings with slightly different periods (e.g., P1 of 4 μm on
the substrate and from Si metasurface mold, and P2 of 4.2 μm on the
VCDG mold) acted as the Moiré marks. The two gratings would produce
periodic stripes under illumination, with the period Pfringe calculated as
Pfringe = P1 · P2/(P2 − P1) = 84 μm, when the substrate and mold were
brought close to each other, e.g., with a small gap <10 μm. To minimize
the alignment error, four groups of alignment markers (AM1, AM2, AM3,
and AM4, respectively) were placed next to theNIL-patterned area, in other
words separated by 7.2 mm horizontally and 5.6 mm vertically from each
other. Noticeably, the process differs from previous studies that required
metal deposition,[40,41] because the large optical index difference from 𝛼-
Si metasurface (n = 3.58 at 632 nm) to the substrate SiO2 (n = 1.49 at
632 nm) provided distinguishable contrast and eliminated the needs of
metallic coating.

CMOS Bonding Process: The integrated multilayer metasurface chip
was diced and bonded onto the customized CMOS sensor as follows. Here
AZ-1505 photoresist (PR) was spin-coated on both sides of the fabricated
sample and post-baked for 1 min at 90 °C as a protection layer during
chip dicing, then the sample was diced into 7.2 mm × 5.6 mm rectangular
shape using a dicing saw (DAD320, DISCO Corporation). Afterward, the
sample was immersed in acetone to remove PR, rinsed in IPA, and dried
with nitrogen blow. A thin PDMS film of≈1mmwas detached from a com-
mercially available Gel-box, and attached to a 4-inch borosilicate wafer as

an intermediate host layer for the diced chip. A customized CMOS sen-
sor on a printed circuit board (PCB) was mounted by Kapton tape onto

a customized support, which was formed by taping stacked glass slides
on a 4-inch Si wafer to avoid damaging the protruding electrical com-
ponents on the backside of the PCB and to maintain the surface even-
ness during the bonding process. Then the UV-curable polymer was spin-
coated on the CMOS imager, and the CMOS PCB was loaded into the
mask aligner (MJB4, Suss MicroTec). After precise alignment the CMOS
PCB was moved up in the z-direction and made contact with the metasur-
face chip, initiating polymer flow. Then the polymer was cross-linked under
UV exposure (365 nm, 350 W) for 10 min to ensure appropriate bonding
strength.

Structural andMaterial Characterization: The linewidth dimension and
surface morphology of the 𝛼-Si metasurface and the Al VCDGs were in-
spected by scanning electron microscopy (SEM, Hitachi S-4700 FESEM)
with an acceleration voltage of 15 keV and current of 10 μA. A thin layer
of Au/Pd was sputtered (Cressington sputter coater 108) on the 𝛼-Si
metasurface sample to enhance imaging resolution prior to SEM mea-
surements. Optical properties (refractive index n, extinction coefficient
k) of deposited 𝛼-Si and SiO2 and cured UV resist films were measured
by UV-NIR spectroscopic ellipsometry (J.A. Woollam, M-2000). Olympus
BX53 fluorescent microscope coupled Horiba iHR320 imaging spectrom-
eter was utilized to record all the optical images of fabricated samples
for the calculation of alignment accuracy. It was noted that the electron
microscopy would not be able to effectively detect the 𝛼-Si metasurface
buried deep under the thick spacer layer (≈500 nm) after the UV NIL ef-
fectively planarized the surface topography. To standardize alignment error
measurement, the optical images were converted to 8-bit black and white
images and processed by setting a color threshold. The transmittance
spectra were measured by the same tool, and then LPER and CPER were
calculated.

Metasurface Design and Simulation: The finite-difference time-domain
(FDTD) simulations were carried out to calculate transmission efficiency,
as well as LPER and CPER of the metal-dielectric hybrid chiral metasur-
face. All the simulations were conducted with empirically measured opti-
cal indexes of each material. The mesh sizes were set as 5 nm. Periodic
boundary conditions and perfectly matched layers were used within a unit
cell along the in-plane direction. To calculate LPER of two orthogonal po-
larizations, a plane wave was applied as the source with its electric field
pointing along the grating width and length directions, respectively. To
represent RCP/LCP light input, two orthogonally linearly polarized plane
waves with the same amplitude but 90° phase difference were used as the
source. In initial simulations, ideal VCDG gratings without edge rounding
were considered (Figures S1–S5, Supporting Information). Later, the non-
ideal structural rounding effect and non-straight 𝛼-Si grating sidewalls (as-
sumed six degrees off normal surface) were considered in the simulations,
based on experimental characterizations.

Reference Polarization State Value Calculation: Stokes parameters of 8
reference polarization states input were theoretically calculated based on
the linear retardance, transmission efficiency, and bandwidth of the opti-
cal elements, including color filters, linear polarizer, and super achromatic
quarter-wave plate. First, transmission efficiency and linear retardance dis-
persion data of SAQWP05M-700 (Thorlabs) were obtained from Thorlabs
website. Stokes parameter of light transmitted through the linear polar-
izer (with angle of 𝜃1) and quarter waveplate (with fast axis along angle
𝜃2) were modeled using the Mueller matrix of a linear attenuator and a
linear retarder:

MLP = 1
2

×
⎡⎢⎢⎢⎣

q + r
(q − r) cos2𝜃1
(q − r) sin2𝜃1

0

(q − r) cos2𝜃1
(q + r) cos22𝜃1 +

√
qrsin22𝜃1(

q + r − 2
√
qr
)
sin2𝜃1cos2𝜃1

0

(q − r) sin2𝜃1(
q + r − 2

√
qr
)
sin2𝜃1cos2𝜃1

(q + r) sin22𝜃1 +
√
qrcos22𝜃1

0

0
0
0

2
√
qr

⎤⎥⎥⎥⎦ (1)

here, 𝜃1 represented the transmission axis of the linear polarizer, q and
r represented the maximum and minimum transmission efficiency of the
linear polarizer and were extracted from data provided by the Thorlabs
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website. LPER was expressed as LPER = q/r.

Mretarder =

⎡⎢⎢⎢⎣
1
0
0
0

0
cos22𝜃2 + sin22𝜃2cos 𝛿
sin2𝜃2cos2𝜃2 (1 − cos 𝛿)

sin2𝜃2sin 𝛿

0
sin2𝜃2cos2𝜃2 (1 − cos 𝛿)
sin22𝜃2 + cos22𝜃2cos 𝛿

−cos2𝜃2sin 𝛿

0
−sin2𝜃2sin 𝛿

cos2𝜃2sin 𝛿

cos 𝛿

⎤⎥⎥⎥⎦ (2)

here, 𝜃2 represented the angle fast axis of the retarder, and 𝛿 represented
retardance, as extracted from data provided by the Thorlabs website.

S𝜆in = Mretarder ⋅MLP ⋅

⎡⎢⎢⎢⎣
1
0
0
0

⎤⎥⎥⎥⎦ (3)

It is noteworthy that both 𝛿 and fast axis angle 𝜃2 are wavelength-
dependent. Final Stokes parameters were averaged after Sin was obtained
at each wavelength accounting for wavelength dependency of 𝛿 and 𝜃2
using the equation:

Sin =

∑n
i = 1 S

𝜆

in,i

n
(4)

Device Instrument Matrix Calibration Process at Red, Green, and Blue Col-
ors: For an arbitrary input polarization state S𝜆 at a given input wave-
length 𝜆(nm), the captured intensity of a super-pixel as a vector I was writ-
ten as the equation below:

I =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

s0G_out0

s90G_out0

s135G_out0

s45G_out0

sLCP_RB0

sRCP_RB0

sLCP_G0

sRCP_G0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m0G
11 m0G

12 m0G
13 m0G

14

m90G
11 m90G

12 m90G
13 m90G

14

m135G
11 m135G

12 m135G
13 m135G

14

m45G
11 m45G

12 m45G
13 m45G

14

mLCP_RB
11 mLCP_RB

12 mLCP_RB
13 mLCP_RB

14

mRCP_RB
11 mRCP_RB

12 mRCP_RB
13 mRCP_RB

14

mLCP_G
11 mLCP_G

12 mLCP_G
13 mLCP_G

14

mRCP_G
11 mRCP_G

12 mRCP_G
13 mRCP_G

14

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡⎢⎢⎢⎢⎣
S0
S1
S2
S3

⎤⎥⎥⎥⎥⎦

= A𝜆 × S𝜆 (5)

where matrix A𝜆 was the wavelength-dependent instrument matrix[45]

of the metasurface filter array. S𝜆 was inversely calculated by solving
Equation 5:

S𝜆 = A𝜆
−1 × I (6)

To obtain A𝜆 at red, green, and blue color ranges, three color filters
(FBH450-40, FBH550-40, FBH600-40) were used with a bandwidth of
40 nm to select targeted wavelength range. For each color, ten pre-known
polarization states S𝜆,4 × 10 were measured by the device to form an inten-
sity matrix Icam,6 × 10 , and the instrument matrix A𝜆 was obtained using
the following equation:

A𝜆 = Icam,6×10 × ST
𝜆,4×10

−1
(7)

here, the rank of ST
𝜆,4×10 should be 4 to make sure ST

𝜆,4×10 is invertible.
Statistical Analysis of Structural Linewidths: As shown in Figure 2, the

linewidths of Si and Al metasurface gratings of all filter array designs were
inspected at five different, randomly selected locations within the nanopat-
terned MPFA area (5.2 by 4 mm) across the sample (7.2 mm × 5.6 mm
after dicing), i.e., at the center of the chip ①, center right ②, center left ③,
center top ④ and center bottom ⑤. The distances were ≈4 mm between
locations ② and ③ and 3 mm between ④ and ⑤. At each location, SEM

images were taken at ≈50000 magnifications, and the widths of 10 to 15
lines for each filter array design were measured by ImageJ. The linewidths
were averaged in Excel to obtain the mean value linewidth μ of each filter
array design at each of the five positions, and then the mean and standard
deviations of the measured linewidths across the wafer were calculated as

μ = 1
5

5∑
i = 1

wi and SDs=

√
1
5

5∑
i=1

(wi − 𝝁)2 . The analyzed linewidths values

were given as mean in each location but as mean ± SD for each filter array
design across the sample in Table 2.

Stokes Parameter Analysis: A moving window spatial scanning dis-
cussed (Figure 1b) was first applied during the calibration process to in-
crease the imaging resolution of the polarimetric imaging sensor to 671 by
509 super-pixels, each containing eight polarization filters for full Stokes
parameter analysis. First, the measurement results Sji were obtained at
normal incidence under multi-color inputs and averaged from all pixels:

Sji =
1

o×p

o,p∑
Sji∕S

j
0. Here i = 1, 2, 3 indicated the Stokes parameters, j =

1,2… 8 referred to the eight polarization states used for analysis, o = 671,
p= 509, Sj0 was the input light intensity measured by each super-pixel, and

Sji∕S
j
0 denoted the normalized Stokes parametersmeasured by each super-

pixel. Themeasurement errorsΔSji were then calculated by subtracting the
measurement data Sji from the theoretically obtained reference values SR

j
i,

following ΔSji = Sji − SR
j
i (i = 1, 2, 3, j = 1,2… 8).
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