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When light scatters off an object, its polarization, in general, changes—a
transformation described by the object’s Mueller matrix. Mueller matrix
imaging isanimportant techniquein science and technology to image

the spatially varying polarization response of an object of interest, to
reveal rich information otherwise invisible to traditional imaging. Here

we conceptualize, implement and demonstrate acompact Mueller matrix
imaging system—composed of ametasurface to produce structured
polarization illumination and a metasurface for polarization analysis—that
can, inasingle shot, acquire all 16 components of an object’s spatially
varying Mueller matrix over animage. Our implementation, which is free of
any moving parts or bulk polarization optics, should enable and empower
applications in real-time medical imaging, material characterization,
machine vision, target detection and other important areas.

Traditionally,imagingin opticsis understood to capture the intensity
of alight field. Imaging then usually quantifies an object’s spatially vary-
ing intensity response under givenillumination conditions, providing
asimplified description of a more complex light-object interaction.
The measurement of optical intensity, being a time-averaged square
modulus of theelectricfield vector, necessarily ‘flattens’ many degrees
of freedom of light and natural scenes. Imaging beyond intensity ina
way that can recover afuller picture of light and light-matter interac-
tion, and the optical hardware to enable this imaging, are overarching
goals of research in optics. In what is perhaps the simplest omission,
intensity-only imaging is necessarily blind to the phase of coher-
ent light, an issue addressed by techniques such as phase contrast
microscopy’, which enables the direct visualization of transparent
living microbes.

Moreover, as a transverse electromagnetic wave, light is vectorial
in nature: light’s polarization state, which is also absent in traditional
intensity-onlyimaging, is classically defined as the direction of oscilla-
tion of the light’s electric field vector. Polarization, as a design degree
offreedominopticsand asource of additional information, has always
been of interest and utility to both fundamental science and optical
technologies®’. The generation, manipulation, sensing and imaging of
polarizationis ofimportance because of the polarization’s potential to

reveal richinformation about the physical properties of objects, mate-
rialsand their structures, indiscernible to other optical techniques*®.

Polarization can be represented by a four-component vector
known as a Stokes vector. A linear polarization-transforming inter-
action of light with an object that modifies the Stokes vector can be
described fully by a 4 x 4 matrix, known as a Mueller matrix (MM).
Polarization-transforming properties of an object, including its retard-
ance, diattenuation, polarizance and depolarization, canall be directly
computed from this MM’. MM imaging captures images of the spatially
varying MM elements of a sample or object of interest, and provides
one of the most complete descriptions of an object’s optical proper-
ties, including its intensity response (given by the image of the first
element M,,), its differential phase response (given by the retardance
computed from a subset of Mueller elements) and its polarization
response (defined by all16 normalized Mueller components)—revealing
information that would otherwise be invisible to traditional
intensity-only imaging?®.

MM imaging has found important applications, most notably
in biology and medicine®’°. Some examples include the use of MM
imaging for disease diagnostics”, retinalimaging'?, glucose sensing®,
bacteriadetection™, identification of malignant tissues”, differentia-
tion between healthy and cancerous tissues'®" (cancerous tissues, for
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Fig.1| Conventional polarization optics versus metasurfaces. a, Examples of
conventional polarization optics; owing to their bulk polarization response, they
provide no spatial control over the resulting polarization. b, A metasurface—
which canbe described by a spatially varying Jones matrix distribution J(x, y), and
afar-field polarizationresponse J(k,, ky) = F{J(x,y)}, where F is the two-
dimensional spatial Fourier transform—provides full spatial control over the
resulting polarization. Each nanopillar provides three degrees of freedom—pillar
length D,, pillar width D, and pillar orientation 6; the metasurface, composed of
thousands of such nanopillars, has many degrees of freedom that can be

instance, show different depolarization and retardance signatures
compared with healthy tissues), and discerning between different types
and stages of cancers'. The use of MM imaging has also been explored
inareas such as ellipsometry”, ocean science?, turbidity” and target
detection®®. Despite the obvious advantages and utility of MM imaging,
itswidespread adoption has been hampered by the relative complexity,
bulk, cost and hardware limitations of its existing implementations.
In particular, because of many practical challenges, a single-shot
MM imaging system has never been experimentally demonstrated.
In our work, using metasurface optics, we propose and implement a
compact, single-shot and complete MM imaging system that over-
comes the limitations of existing MM imaging solutions, and the sim-
plicity it provides may aid the widespread adoption of MM imaging.

Conventional versus metasurface polarization
optics

Conventionally, polarization optics—such as wire-grid/thin-film polar-
izers, polarizating beamsplitters and crystalline waveplates, among
others—transform the incident polarization owing to the bulk polari-
zation response of their constituent elements. These components,
while popular, allow only alimited set of polarization transformations,
and provide no spatial control over the output polarization (Fig. 1a).
Avariety of relatively recent technologies, such as micro-patterning®
andliquid crystals, do provide spatial polarization control, but present
their own limitations: micro-patterningis usually limited to linear-only
polarization transformations, and has poor spatial resolution®;
liquid crystals often require multiple passes to address different states
of polarization, needing space and introducing complexity®. As a
result, MM imaging implementations relying on these components
suffer from hardware limitations. For instance, the most popular MM
imaging implementation uses the ‘division of time’ approach, where
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optimized for the desired polarization response. ¢, A metasurface can be used for

‘structured polarization’ generation, where, for anincident polarization state

| jin), the far-field output | jouc) (Kx, k), given by J(ky, k) | jin), follows a

user-specified polarization distribution. d, A metasurface canalso be

designed to function as a polarization analyser with aJones matrix response

J = 3% (ky, ky)) (§(ky, ky)| inthe far field. A (periodic) metasurface—which splits

theincominglight into its first four diffraction orders, and simultaneously

analyses for four different polarization states—alongside animaging lens and a

sensor, can perform full-Stokes imaging.

the sample is sequentially illuminated with and analysed for differ-
ent polarization states, to compute the entire MM?. This approach,
because of its finite time resolution, isinfeasible for real-time imaging
applications. Suchanimplementation also requires the use of multiple
components and often uses moving parts, adding to the bulk, cost and
complexity of the system. To mitigate these challenges, in particular
the problem of time resolution, researchers have explored partial MM
imagingimplementations (where only asubset of the MM elements are
measured)”?, hybrid implementations (consisting a mix of spatial and
temporal control)**° and non-imaging implementations®**, buta truly
single-shot and complete MM imaging implementation has remained
elusive. A handful of theoretical and conceptual frameworks that have
been proposed for single-shot MM imaging—based on conventional
polarization gratings®, Savart plates® and division-of-focal-plane
imaging”—all face unique practical challenges. For instance, the pro-
posal to use conventional polarization gratings® or Savart plates®
wouldseverely limit the spatial resolution available because of channel
redundancy and cross-talk, with such systems also requiring multi-
ple polarization components (such as eight polarization gratings® or
four Savart plates® on top of conventional polarizers and waveplates).
Meanwhile division-of-focal-plane imaging sensors are challenging
to fabricate for arbitrary polarizer designs®’; commercially available
division-of-focal-plane sensors as manufactured by, for example,
SONY, are generally sensitive to only the linear polarization of light,
and must be augmented to senseits ellipticity. Therefore, no convinc-
ing implementation for single-shot and complete MM imaging has
been proposed so far.

Unlike more conventional polarization optics, metasurfaces
subwavelength-spaced arrays of phase-shifting nanopillars—provide
complete spatial control over polarization transformations, and allow
us tomost optimally sample the polarization spaceinbothillumination
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and analysis. A metasurface can be mathematically described as a
spatially varying Jones matrix of the form

eiox(xy)

Jx.y) = R(-6(x.y)) ( ) R(6(x.y)) (4))

0 eidr(wy)

where (x, y) are spatial coordinates, and R(0) is the 2 x 2 rotation
matrix***, The three degrees of freedom at each (x, ), 6(x, ), 9,(x, y)
and ¢,(x, y), aredirectly related to the shape, including the length (D,),
width (D,), orientation (8) and height (kept constant) of the local nan-
opillar (Fig. 1b), showing strong structural birefringence***. As seen
inequation (1), ametasurface locally performs unitary transformations
only, but throughinterference, its far-field response can be both unitary
(waveplate-like) and/or Hermitian (polarizer-like)***’. Engineering the
far field to perform user-specified polarization transformations is of
great utility because of the far field’s ease of access, for instance, by
choosingasuitable operating distance or using alens. For ametasurface
with a spatially varying Jones matrix /(x, y), the polarization response
in the far field (Fig. 1b) can be most succinctly described as
Jtky, ky) = F{J(x,y)} , using matrix Fourier optics**, where 7 is the
two-dimensional spatial Fourier transform operator. We can then opti-
mize a metasurface profileJ(x, y), using algorithms such as gradient
descent or phase retrieval®, to perform any conceivable polarization
transformations f(k, k,)in the far field. Ametasurface can be designed
to, asshowninFig. 1c, generate user-specified spatially varying states
of polarization for a given incident polarization*****, or as shown in
Fig.1d, analyse for different polarization states in separate diffraction
orders for full-Stokes imaging***¢. Owing to their versatility, metasur-
faces provide anideal platform for compact, single-shot and complete
MM imaging.

Theory and design of single-shot and complete
MM imaging

Traditionally speaking, a photograph or animage of anon-luminous
object describes the spatially varying intensity distribution of
transmitted or reflected light under some external illumination.
Full-Stokes imaging, of the type shown in Fig. 1d, can describe both
the intensity and polarization distribution of light over the entire
field of view—but the resulting ‘polarization image’is stillincomplete
indescribing the polarization properties of an object of interest. An
object may transmit or reflect a certain distribution of intensity and
polarization, given anincident polarization (distribution); however,
it might produce a completely different intensity and polarization
response under a different set of incident polarizations (Fig. 2a).

A complete ‘polarization image’ is thus an image that can describe
theresponse of an object to notonly agivenincident polarization but
also all possible incident polarizations—a 4 x 4 MM image (Fig. 2b).
An object that may appear invisible or ordinary under standard
intensity-only imaging may in fact show rich contrast and distinct
featuresinits MM image.

For a truly single-shot and complete MM imaging system, the
information to compute all16 images that make up aMM image would
need to be acquired in a single measurement in time. To do this, we
illuminate the object with a polarization distribution described by the
following spatially varying Stokes vector

1

v 2/3 cos(0.5mm) cos(nt)
Sin(m, n) = ¥))
1/ 2/3 sin(0.5mm) cos(nt)

\/m cos(mr)

where mand nare discrete spatial (pixel) coordinates. (Because of the
use of digital electronics in both computation and measurement, it is
best to describe the formulation in terms of discrete spatial coordi-
nates.) For each discrete value of mand n, equation (2) describes a physi-
cal state of polarization. In total, the polarization distribution defined
by equation (2) consists of four unique polarization states (which make
up the vertices of atetrahedroninscribed within the Poincare sphere)
arrangedina2 x 4 repeating unit cell (Fig. 2c). This particular structured
polarization illumination (equation (2)) is chosen to most optimally
sample the polarization space (Supplementary Section1). From equa-
tion (2), we see that the individual Stokes components of the structured
polarizationillumination are sinusoids in the spatial domain, and delta
functions inthe Fourier domain or momentum (k) space (Fig. 2d). Let
us now consider anobject whose polarization properties are described
by its spatially varying MM

Moo(m, n) Mo (m, n) Moy(m, n) Moz(m, n)

N Mio(m,n) My (m,n) Myp(m,n) Myz(m,n)
Mop;(m, n) = 3)

Mao(m, n) My (m,n) My(m,n) My(m,n)

M3o(m,n) M3 (m,n) Ms;(m,n) Ms3(m, n)

When the structured polarizationillumination (equation (2)) interacts
with the object (equation (3)), the resulting output Stokes vector can
be described as

Moo + MgV 2/3 cos(0.5mrr) cos(nt) + Mgy 2/3 sin(0.5mr) cos(ntr) + Myz\/1/3 cos(mrr)

Mo + M\ 2/3 cos(0.5mm) cos(ntt) + My, 2/3 sin(0.5mm) cos(n) + My31/1/3 cos(mrr)

Sout(m» n) =

My + My 2/3 cos(0.5mt) cos(nt) + Myyy/2/3 sin(0.5m1t) cos(nt) + M,34/1/3 cos(mr)

M3y + M3\ 2/3 cos(0.5m) cos(nt) + M3,/ 2/3 sin(0.5mm) cos(nt) + M331/1/3 cos(mrr)

where we omit the (m, n) dependence of the Mueller components for
brevity. Fromequation (4), we see that the amplitudes of the different
spatial carrier waves given by the Stokes elements defined in equation
(2) are modulated independently by the different MM components.
This amplitude modulation can be best understood in k-space, by
studying the Fourier spectra S,,.( 1, 7)—where (i, n) are the k-space
coordinates, analogues to spatial coordinates (m, n)—of the output
Stokes vector, defined in terms of convolutions involving the Fourier
spectra of the MM components, and the incident Stokes elements. As
seenin Fig. 2e, the spectra of every MM component is shifted (by the

Fourier shift theorem) to separate locations or ‘channels’in the k-space,
where these channels are centred on the delta functions given by the
(spatial) spectraoftheincident Stokes elements. To avoid any overlap
between neighbouring spectra of the MM components (aliasing), the
separation between two neighbouring channels needs to be at least
twice the maximum spatial frequency of the spectra of the MM com-
ponents centred on those channels (Nyquist theorem). If the spectra
ofeach MM componentisindeed band-limited and within the Nyquist
limit, the image of each MM component can be retrieved without any
loss of information. This can be accomplished by the amplitude
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Fig. 2| Concept of single-shot and complete MM imaging. a, For agiven
incident polarization, an object, in general, produces a spatially varying intensity
and polarization response in transmission or reflection. For a different incident
polarization, the object may produce acompletely different response. b, To
quantify this response, we have to calculate a set of 16 images that correspond to
its 4 x 4 MM image. An object’s MM image can reveal rich contrast, making it
much easier to classify. ¢, We can spatially sample the object with aminimum of
four different incident polarization states S;,(m, n), where the resulting
polarization distribution Sy (m, n) = Mobj (m, n)S;,(m,n)canbeimagedbya

demodulation ofthe signal(s) in S, (equation (4)). Thus, if S, can be
acquiredinasingle measurement, allthe MM components can also be
computed in a single measurement—resulting in a truly single-shot
and complete MM imaging system.

Experimental implementation using
metasurfaces

There are two key modulesin our single-shot and complete MM imag-
ing system: structured polarization illumination (using ‘metasurface
1), and full-Stokes imaging (using ‘metasurface 2’). Metasurface 1
generates S;,(m, n) (equation (2)) and metasurface 2 analysesS,.(m, n)
(equation (4)) in a single shot, from which the MM image, Mobj(m, n)
(equation (3)), is computed using the principles defined above. Meta-
surfaceland metasurface 2, having separate functions, are computa-
tionally optimized using different algorithms; however, they are
fabricated using the exact same method* (Methods). The fabricated
metasurfaces are composed of TiO, nanopillars, designed to work with
our wavelength of choice (green, 532 nm) in the visible spectrum, with

full-Stokes camera. d, The different Stokes components of the incident
polarization states are spatially varying and orthogonal sinusoids with different
spatial frequencies and thus non-overlapping delta functions in the Fourier
domain.e, So (m,n) = Mobj(m, n)S;,(m, n),instead of multiplications, can be
described in terms of convolutions (®) in the Fourier domain. We see that the
Fourier spectra of the different components of the object’s MM, Mobj (m, n), ‘shift’
to the location of the different delta functions. If the spectra of the Mueller
components are sufficiently band-limited, they can be ‘filtered’ from the
resulting Stokes image, allowing the full reconstruction of Mobj (m,n).

efficiencies similar to past reported works*>**. (It should be noted that
thedesign principlesin our work are wavelength agnostic.) Metasurface
liscomposed of anaperiodic arrangement of roughly 4,000 nanopil-
lars, witheach pillar separated by asubwavelength distance of 420 nm,
yielding a metasurface roughly 1.68 mm in diameter. The structured
polarization illumination or ‘hologram’ (with a divergence angle 8,
of +40°) diverges quickly, anditis best, in practice, to use a converging
lensto accessits far field. Metasurface 2 consists of a periodic arrange-
ment of12 x 12 arrays of nanopillars (again, separated by 420 nm) and
isapproximately 3 mmin diameter. Metasurface 2, withalarger diam-
eter size, allows for more light to pass through the aperture forimaging.

In our proof-of-concept implementation (Fig. 3a), we use a 4f
imaging system to give us control over the spatial and angular (de)
magnification of the fields, to completely image the object onto the
spatial extent of the complementary metal-oxide-semiconductor
(CMOS) sensor, butitsuseis not fundamental to our design. The sizes
and dimensions of the metasurfaces, CMOS sensor, the imaging optic
and the distances between them can be chosen to eliminate the need
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Fig.3 | Experimental implementation. a, A 4fimaging systemis used toimage

the MM of the object, which s placed in the ‘Fourier plane’, conjugate to both
metasurfaces. Metasurface 1 produces structured polarized light which illuminates
the object, and metasurface 2 diffracts and analyses the resulting fields that are
imaged onto the CMOS sensor. Theirisin the Fourier domain s placed to limit the
FOV, and the zero-order block is placed to prevent the zeroth order from saturating
the sensor. b, Raw image produced by the system without any object, revealing the
periodically structured polarization. Thisimage of ‘air’ (identity MM) can be used

ofa4fsystem, depending on the application (a miniaturized, fieldable
version of the system could consist of just a laser illumination source,
a metasurface to create structured polarization illumination and a
metasurface polarizationimager). The lensesin the 4fsystem can also
bereplaced by metalenses™, for a truly flat opticimplementation. The
objectisplacedinthe ‘Fourier plane’, conjugate to both metasurface1
and metasurface 2. Anirisand a zero-order beamblock (circular black
Acktar tape on a glass substrate) are also placed in the Fourier plane
tolimitthe field of view (FOV) and block the background zeroth-order
light, respectively. The object, now in the far field of metasurface 1,
interacts with the structured polarization illumination; the resulting
fields, in transmission and/or in reflection, are then imaged by the
full-Stokes camerato retrieve the complete MM image.

Thereconstructionaccuracy ofthe MMimageis directly related to
theaccuracy of the full-Stokes camera. Itisimportant, thus, toindepen-
dently design and calibrate a robust metasurface full-Stokes camera,
as we have previously demonstrated*****, before introducing it into
the MM imaging set-up. Our metasurface full-Stokes camera consists
of metasurface 2, an imaging optic and a CMOS sensor. Metasurface
2 functions as both a diffraction grating (to ‘split amplitudes’) and an
analyser to simultaneously analyse for polarization states in
different
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for calibration. Using the scale bar, one can estimate that the ‘pixel’ resolution—the
areathat belongs to a given state of structured polarization—is 0.5 mm. ¢, The raw
imagesin the four quadrants of the CMOS sensor can be converted to a full-Stokes
image by using the instrument matrix, whichis predetermined in aseparate
calibration. d, The region with no signal can be filled’ via extrapolation—resulting
inimages or signals that are close to two-dimensional sinusoids. These images

are used as reference images for amplitude demodulation. The Fourier spectra of
these reference images are close to the expected delta-like functions.

diffraction orders.In particular, metasurface 2 analyses for four differ-
ent polarization states (which, again, make up the vertices of a tetra-
hedroninscribed within the Poincare sphere), in the first four off-axis
diffraction orders. Whenascene, extended over some FOV, isincident
on metasurface 2, the separately analysed copies of the scene in the
four diffraction orders can be imaged onto a CMOS sensor using an
imaging optic. The four-element Stokes vector necessitates at least four
measurements to be fully determined (at each pixel), hence the use of
four diffraction orders (and not any less). If the metasurface gratingis
designed to analyse for the four polarization statesS,, Sg, Scand S, on
itsinner four diffraction orders, then given anincident spatially vary-
ing Stokes vector S, the four-element ‘intensity vector’ (a vector of
images) I,,.(m, n) canbe written as

Tout (m,n) A Sout (m,n)
—
lout,A (m, n) —SA—— Sout,O(m/ n)
Iout,B (m, n) _ —Sp—— Sout,1 (m, n)
lout,c (M, n) —Sc— | | Sout2(m, n)
lout,p (M, N) —Sp——/ \Souz(m,n)/ ()
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Fig.4 | MM imaging results for transmission. a, Measured MM images of a
thin-film linear polarizer at four different transmission-axis orientations (6). Also
listed is the MM (M) of the linear polarizer as a function of 6. b, Measured MM
images of azero-order quartz QWP at four different fast-axis orientations (6).

where Aisreferred to as the instrument matrix. Using equation (5), S,

canbe determined—pixel by pixel at each (m, n) over the entire FOV—by
1

usingtheinverse of the instrument matrix, A . Theinstrument matrix

Aisexperimentally determined througha calibration***', to calibrate

out discrepancies between the ideal design and its practicalimplemen-

tation by metasurface 2.

Figure 3b shows the raw greyscale image output by the systemin
the case of no object (or simply ‘air’). We can see the circular edges of
the iris and the circular beam block. The iris, functioning as a field
stop, limits the FOV and prevents the scenes centred on different dif-
fraction orders from overlapping with each other. The zeroth-order
beamblock prevents the strong background laser light from propagat-
ing through the system and saturating the sensor. The raw image can
be processed into a full-Stokes image using the instrument matrix A
(Fig. 3¢). We can then compute the complete MM image through
amplitude demodulation of the full-Stokes image. There are different
methods and algorithms to demodulate a signal from a carrier wave;
here, we use the ‘product detector’ method. In this method, the
amplitude-modulated signal is multiplied by the carrier wave,
followed

o

2 00 ' JO © o |  §o | |
o0 ' § | | /¥
3 | | 3O O § [

Helai | pe=io gri (" Belel | LK

i © | (O | (§O |  FO | | I
@ ' N N e Nl O
| o O ¥ | | N |0

/I BN e .-

i © | (O | §O |  §O | | I

H Hl SN N S EEnn
AN NS BEEE BnC .
NS NN TR Teee ' -

®9=90° ®9=135°

E BEEN |
FE Be =

(‘'n"e) Alsusiul pezijewIoN ('n"e) AJisusiul pazijewloN

('n"e) Aysusiul paziewloN

0° < 6<360°

(‘n"e) ANsusiul pazijewIoN

Also listed is the MM (M) of the QWP as a function of . ¢, Measured MM images of
azero-order quartz HWP at four different fast-axis orientations (6). Also listed is
the MM (M) of the HWP as a function of 6. d, Measured MM images of two vortex
half-wave retarders (OAM plates), for the two helical modes /=1and [=2.

by alow-passfilter (Supplementary Section 3). This method requires
the knowledge of the carrier wave, which necessitates a reference
measurement. Inour case, the ‘air’ image serves as the reference meas-
urement, as air has a spatially uniformand identity MM. The reference
measurement also helps us calibrate out any spatial variations in the
overall intensity of our structured polarization illumination. To pre-
pare the air Stokes image as a reference measurement to be used in
demodulation, we complete parts of the image with no signal (cor-
respondingto the regions wherelightis blocked fromtheiris and the
beam block), through extrapolation (Fig. 3d). This ensures that the
reference Stokes components are close to the desired sinusoid signals.
This can be seen in the Fourier spectra of the reference Stokes
components—we see (approximate) delta functions in the expected
channel locations (Fig. 3d).

Transmission and reflection measurement results
We use our system to image a variety of commercially available
polarization optics, such as polarizers, waveplates and orbital-
angular-momentum (OAM) plates. Theresults are summarized in Fig. 4.
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Fig.5|MMimagingresults for reflection. a, Chrysina gloriosa, more commonly
referred to as the ‘chiral beetle’, isilluminated by RCP light and LCP light, and
imaged by a standard digital camera. The intensity images, juxtaposed for
comparison, show that the beetle exhibits a different optical response for the two
circular polarizations. b, Raw image of the chiral beetle captured using our MM
imaging system. ¢, The resulting full-Stokes image computed from the raw image,

Weimagealinear film polarizer (Fig. 4a), azero-order quarter-waveplate
(QWP; Fig. 4b) and a zero-order half-waveplate (HWP; Fig. 4c), eachin
four different orientations, resulting in 12 different MM images. The
expected (theoretical) MM responses of these optics as a function of
different orientations () are also listed in Fig. 4a—-c. We see good cor-
respondence between the measured MM images and the expected
responses. Furthermore, we can easily identify the regions where the
light is blocked by the iris and the beam block, having MM values of
zero. Theedges of theiris and the circular beamblock, inaway, provide
us with additional spatial information to image and test our system
beyondjustthe ‘polarization active’ region of the optics. AMMis often
normalized with respect to its M,, component. Foran MM image, nor-
malizing each pixel with respect toits My, component will resultin the
loss of the overall (polarization insensitive) intensity variation across
theimage. Therefore, we normalize each pixel of all the components of
the MMimage by the maximum pixel value of the M, image. (Following
normalization, saturated pixels, with non-physical values beyond 1,
areclipped at 1. Saturated pixels, still, have values very close to +1, as
seeninouranalysisinSupplementary Fig.10.) We alsoimage two OAM
plates, the results of which are showninFig. 4d. In particular, these are
vortex half-wave retarders made of liquid crystal polymers, with afixed
retardance of 1, but a fast-axis that rotates azimuthally over the area
of the optic (that is, a geometric phase device). This spatial variation
isunambiguously captured in the M;;, M;,, M, and M,, components in
the two Mueller images shown in Fig. 4d.

As explained above, we calibrate the full-Stokes camera and per-
formreference measurements for the structured polarizationillumina-
tion—still, inevitably, there remain sources of error that candegrade the
quality of the finalimage. Contributions from high-spatial-frequency
components from, forinstance, the sharp edges of theirisand thebeam
block, can result in aliasing, although empirically, we find these con-
tributions to be negligible (Supplementary Section 1). A main source
of error is the channel ‘cross-talk’. The Stokes components defined in
equation (2) are ideally all orthogonal to each other, but in practice,
when implemented by the metasurface, the resulting reference
Stokes
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using the instrument matrix A (equation (5)). d, The resulting MM image from
the full-Stokes image, is computed (demodulated and normalized) using a
reference-free method (Supplementary Section 3). The MM image of the chiral
beetle has spatially resolved features such as the size and shape of the shell, and
the characteristic striae (or lines) on the shell; it also confirms that the shell of the
chiral beetle functions as ahomogeneous circular polarizer.

components (Fig. 3d) are not completely orthogonal, resulting in
(small) mixing of the spectra of different Mueller components, or
cross-talk.

We also test our system for imaging in reflection. We decided
to image Chrysina gloriosa, or the ‘chiral beetle’, which is known to
have different optical responses for the two circular polarizations. As
shown in Fig. 5a, parts of the exoskeleton or shell of the chiral beetle
appear bright under right-circular polarization (RCP) illumination and
darkunder left-circular polarization (LCP) illumination (for the green
wavelength). Thus, we can ascertain that the shell of the chiral beetle
is analysing for circular polarization; still, we cannot conclude the
state of polarization reflecting off of the shell from these two intensity
measurements. Our MM imaging system, set up inreflection, allows us
todetermine the exact polarization properties of the shell of the chiral
beetle (Fig. 5b—d). We could not determine a suitable reflective object
for reference Stokes measurements inreflection, due to the curvature
of the beetle’s shell as evident in the raw image (Fig. 5b). Therefore,
to compute the MM image (Fig. 5d) from the Stokes image (Fig. 5c),
we use a reference-free method, by using contextual knowledge and
some simplifying assumptions (Supplementary Section 3). From the
resulting MM image of the chiral beetle (Fig. 5d), we can determine
thatitsshellbehaves asahomogeneous circular polarizer—it not only
analyses for circular polarization but also generates circular polariza-
tion in reflection. Interesting spatial features such as the striae (char-
acteristic dark lines on the shell of the chiral beetle) are also resolved
inthe final MM image (Fig. 5d), by using a rectangular low-pass filter,
assigning more bandwidth along one axis compared with the other
(Supplementary Section 3).

Discussion and conclusion

In our work, we have described the principles behind designing and
building a compact, single-shot and complete MM imaging system,
and using these principles,implemented the described system to suc-
cessfullyimage objects in both transmission and reflection. In design-
ing our system, we settled on a resolution that was sufficient for our



proof-of-concept measurements. By designing larger metasurfaces,
using higher-numerical-aperture lenses and higher-resolutionsensors,
the resolution of the MM imaging system can be improved to enable
different applications (Supplementary Section 4). More sophisticated
calibration methods and reconstruction algorithms, for instance, by
custom-designing the Fourier filters*’, can be used to further reduce
errors from aliasing and cross-talk. Existing super-resolution tech-
niques and machine learning-assisted reconstruction can also be
used to image beyond the band limits of the filters®. Furthermore,
the structured polarization illumination can be used to probe the
depth profile of the object in addition to its polarization properties,
for polarization-resolved depth sensing. (For example, the curvature
ofthelines reflecting off of the shell of the chiral beetle in Fig. 5b could
be potentially used to estimate its curvature). These directions will be
the subject of future work.

The MM imaging system we presentillustrates the ability of meta-
surfaces to greatly simplify the design and architecture of devices and
systems based on polarization optics. Our work should be of greatest
practical utility in applications requiring both compact and single-shot
polarizationimaging. Important examples of such applicationsin bio-
medicine include the imaging of live tissue samples in microscopy**,
polarimetric endoscopic imaging®~°, retinal scanning'? and non-/
minimally invasive imaging of cancerous tumours'®. Advanced optical
sensing in consumer electronics, such as facial recognition in smart-
phones, and eye-tracking in augmented and virtual reality headsets,
should also greatly benefit from the small form factor of our system for
complete and single-shot MM imaging. The potential of single-shot MM
imaginginsaccharimetry (the process of measuring the amount of sugar
inasample) should be useful to food, pharmaceutical and biomedical
industries”. Compactand single-shot MM imaging, fittingly, could also
be of great usein the characterization of nanostructures, metasurfaces
and metamaterials®”*®, Furthermore, our system, given its superior time
resolution and flexibility, could be useful in generating large MM data-
sets to train neural networks for many machine learning classification
applications. Beyond technological applications, our work could be of
consequence in fundamental science, such as in the detection of the
time-varyingbirefringence of vacuumin the presence of intense electric
and magnetic fields (as theorized by quantum electrodynamics)*’, in the
study of three-dimensional polarization states of light®’,and in research
on both short-wavelength (X-ray)®' and long-wavelength (terahertz)
polarimetry®®. This should inspire research in exciting new directions.
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Methods
Phase retrieval optimization for structured polarization
illumination
To generate the structured polarized illumination (equation (2)), we
designed a computer-generated hologram. Recent studies on polari-
zation metasurfaces**” describe how to use conventional phase
retrieval algorithms such asthe Gerchberg-Saxtonalgorithm, to design
computer-generated holograms for structured polarized light. We used
the same principles to design the structured polarized light defined
inequation (2).

We start by considering the electric field components (in the
paraxial regime) just after the metasurface: (£;"%, E"?). As the
metasurface is phase only, the field right after the metasurface has

unity amplitude—thatis, |/ |E"®|2 + [E;"?|2 = L. The electricfield com-
ponentsin the far field, (£, Eyf‘”"), arerelated totheelectricfield com-
ponents right after the metasurface using Fourier optics. At the nth
iteration we have:

FEL ()}

Exmeta (ﬂ) = )

meta _ FETm}
Ey (n) = T (6)

I(n) = \/IS'"{E)f‘"(ﬂ)}I2 + | FE ()2

where the total amplitude /(n) is used to normalize the field compo-
nents, as the total field has unity amplitude. For the particular polariza-
tion distribution we want in the far field, we can define the target
amplitudes |E;""®|, |E;"| and relative phase ¢®'8 = 2E,*"® — 2E™®  For

half of the total number of iterations, the fields are updated as:

Efr(n) = |E&® exp (i2F(EM?(n — 1))

@)
Eftr(n) = |E;™®| exp (i£F{EM?(n — 1)} + it™'e)
and for the remaining half, are updated as:
Efr(n) = |E;"® | exp (i2F{E (n - 1)} — igp®e)
(8

Efr(n) = |E,™8 | exp (iF{E"(n - 1)})

which ensures that the update process is symmetric with respect to
boththeelectric field components.

In our implementation, we set the total number of iterations to
50—although we found the optimization to converge in much fewer
iterations. Once the optimized field components (E""?, E"") are
retrieved, the Jones matrix profile for the metasurface (assuming a
certain incident polarization), and resultantly, the nanopillar dimen-
sions and orientations, are computed using Jones calculus and eigen-
value decomposition*’. The steps are summarized in Supplementary
Algorithm1 (Supplementary Section 2).

Gradient-descent optimization for full-Stokes imaging

To design metasurface diffraction gratings for full-Stokes imaging, we
optimize the metasurface design using gradient-descent optimization.
This two-dimensional periodic metasurface design includes, in1
period, 12 nanopillars x 12 nanopillars, with phases ¢,(m, n), ¢,Am, n),
and orientation 8(m, n), which are initially randomized. This means
12 x12 x 3 =432 parameters will be optimized. (The actual metasurface
is composed of hundreds of periods.) The Jones matrix profile of the
metasurfaceis given by equation (1). Consider aset of diffraction orders
G, whose Jones matrices we want to control. In our case, G={(1, 0),
(0,1), (-1, 0), (0, -1)}, which is the set of first four on-axis diffraction
orders. We design the Jones matrices in these diffraction orders to
behave as analysers for four different polarizations of our choice.
The

Jones matrix response Ji,,(kn, k), in a given diffraction order (k,,, k,,),
canbecomputedusingtheFourier transform, Jji,.(kx, kz) = F{ Jmeta(m, 1)}
Foragradient-descent optimization, one needs to define amerit figure
to optimize, and any accompanying constraints. In our case, we can
define the merit figure and constraints as follows.

Merit figure: the average intensity in orders of interest should be
maximized.

« Mathematically, we can define the merit figure
_ Uik Kok 5 . .
n=Yuieah " wherel is the normalized optical

power when the preferred polarization state | j, x ) is incident.
. ’j(k'"’k") = <j(k,,,,k,,)|]:ar(km’kn)]far(ka(n)|j(k,,l,k,l)>-
Constraint 1: the Jones matrix response J;,. (k. k,), for each order
in G, should match the desired analyser response.
- Mathematically, we can write this as §(k,,, k,) =1V (k,,, k,) € {G}.
1 Gmokn) _y (k)

i where [ %mka) s
bl
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o) 1 G )”
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+ The‘contrast’ §is definedas &, ) =

the normalized optical power on order (k,, k,) when |j(im,n)>—
orthogonal to the preferred polarization—is incident.
: Ij(fm) = <j(lm.n)|jzm.n)1(”"") |j(Lm,n)>'

Constraint 2: orders should have equal amplitudes/intensities—
that is, when unpolarized light is incident on the grating, the light
beams diffracted in orders in G should have equal intensities.

- Mathematically, we can write this as
a({lj("m"")}) =0 V (k. k,) €{G}, where o denotes the standard
deviation operator.

After defining the merit figure and constraints, we use the
open-source gradient-descent optimizer available on Pythoninits scipy
library. The results of the numerical optimization have been reported
in our previous works***$, We summarize the steps of the optimization
inSupplementary Algorithm 2 (Supplementary Section 2).

Metasurface fabrication

Although the two metasurfaces—for structured light and full-Stokes
imaging—are designed and optimized separately, they are both fabri-
cated using the exact samerecipeinvolving TiO,, to function at awave-
length of 532 nm. TiO,, at visible wavelengths, is arelatively high-index
and transparent material, and thus fitting for our metasurface fabrica-
tion. In our recipe*, which follows a ‘bottom up’ approach, the TiO, is
deposited after patterning, as features are constructed atom by atom
by atomiclayer deposition (ALD). From the theoretical and numerical
designto the final metasurface device, we follow specific stepsinvolv-
ing nanofabricationinacontrolled environment, as detailed below.

(1) Spin-coating the electron beam resist. Glass substrates are first
coated with hexamethyldisilazane and then spin-coated with an
undiluted positive-tone electron beam resist (ZEP-520A; Zeon
Chemicals). We spin the resist at 1,750 rpm, following our spin
curve, to achieve the desired thickness of 600 nm. The resist is
then baked at 180 °C for 5 min.

(2) Electronbeam lithography. We first deposit 10 nm of chromium
via electron beam evaporation to avoid charging the sample
during the writing process. For lithography, the patterns are
exposed to an accelerating voltage of 125 kV and beam diameter
of 2 nm, using the ELS-F125 (Elionix) high-speed, high-precision
thermal field emission electron beam lithography system.
Following electron beam exposure, samples are developed in
o-xylene for 60 s under gentle agitation.

(3) ALD.TheTiO,is deposited using ALD. For the ALD (Savannah,
Cambridge Nanotech) of TiO, we use a two-pulse system of
water and TDMAT precursor: a 0.2 s water pulse is followed by
a7sdelay, and a 0.4 s TDMAT pulse is followed by a10 s delay.



The system is left under a continuous flow of N, carrier gas at
arate of 20 cm® min™ and a temperature of 90 °C, maintained
throughout the process. These settings result in an overall
deposition rate of 0.7 nm per cycle. ALD conformally coats the
gaps and the surface, thus resulting in extremely smooth side
walls (post-processing).

(4) Reactiveion etching (RIE). The RIE (dry etch) is carried
out on a Unaxis inductively coupled plasma RIE with a
mixture of Cl, (3 cm® min™) and BCL, (8 cm® min™), at a pressure
of 4 mtorr, inductively coupled plasma power of 400 W and
substrate bias 0f 150 V. Etch rates are usually between 1.3 nms™
andl.6nms™.

(5) Removing the electron beam resist. Finally, the samples are
exposed to ultraviolet radiation and ozone, followed by soaking
in Remover PG (MicroChem Corporation) for 24 h to complete-
ly remove the electron beam resist.

The scanningelectron microscope (SEM) images for both metas-

urface 1and metasurface 2 are shown in Extended Data Fig. 1.

Data availability

All data are available in the paper or Supplementary Information.
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Extended DataFig.1| SEM Images of Metasurfaces. (A) SEM images of the (aperiodic) metasurface hologram - Metasurface 1- used to produce structured

polarizationillumination. (B) SEM images of the (periodic) metasurface diffraction grating - Metasurface 2 - used for full-Stokes imaging. (Scale bar:1um).
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