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S1 Theory

S1.1 Image processing

The fundamental concepts for the application of the metasurface to tunable multi-modal
microscopy are briefly described in the main article. Here, the explanation is expanded
to explain how the metasurface operates in the formation of images. Consider a source of
monochromatic plane waves with an electric field E, (x,y, z), wavelength A\ and wave-vector
k propagating along the z-axis. Assuming polarized light and ignoring vector effects for
now for illustration, suppose that this source of light illuminates a semi-transparent sample
located in the z = 0 plane with a transmission function O(z,y) = Op(x,y)e®@¥) in the
Kirchhoff approximation. Here, Oy(x,y) represents the amplitude features of the sample
and ¢(x,y) represents the phase features. This defines an optical image in the z = 0 plane
with an intensity profile given by Iy(x,y) = |O(x,y)|*> = |O(x,y)|?, which represents the
bright field image of the sample. Visualizing the transparent features of the sample requires
highlighting the phase shifts imparted onto the light transmitted through the sample, which
can be modelled as,

Ein(2,y) = Oo(x,y)e @Y E (2, y) . (S1)

The metasurface filters the spatial frequency components of an image in either the object
plane of the sample, the image plane or any plane thereafter that differs only by a free-
space phase shift from the object plane. The optical response of the metasurface in k-space
is characterized by the optical transfer function, which is defined as the Fourier transform

of its Green’s function. In general, the optical transfer function is a rank-2 tensor (to
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accommodate polarization) given in the {p, s}-polarization basis as,

H, (ko k) Hyo(ky, b
H(ko k) — po(Kzs ky)  Hps (K, Ky) | (2)
HSP(kI7 ky) HSS(kCU ky)

The spatial frequencies k,, k, and k, = 4/ |E|2 — k2 — k7 are the Cartesian projections of k,

where ky = \l;\ = 27/ is the wavenumber. As in Ref.,! the spatial frequency components

can be represented as a function of the spherical coordinates (r = ko, 0, ¢),

ky = kosin(@) cos(9)
k, = ko sin(0) sin(¢) (S3)

. = kocos(0) ,

where (6, ¢) are the polar and azimuthal propagation angles of the plane waves with respect
to the z-axis, respectively. Any light beam can be decomposed into bundles of weighted

plane waves, each travelling in different directions, by the Fourier transform,?

FA{E(x,y) ks, ky) :/ / E(x,y)e_i(kw”kyy)d:cdy, (S4)

where .% is the Fourier transform operator. Also, given that the optical transfer function
represents the response of the metasurface to plane waves in k-space, then it follows that
the spatial frequency dependence of the metasurface in k-space is equivalent to an angular
dependence in real space. This is the concept that is fundamental to the design of the
metasurface.

The impact of the metasurface on an input image is determined by the Green’s function

of the metasurface. The output image is given by a convolution integral between the input
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image and the Green’s function,
Bleo)= [ [ Golo—ay = EPG )y (55)

where G(x,y) is the Green’s function tensor and E; is the i**-component of the output electric
field. However, by the convolution theorem, the impact of the metasurface on the spatial

frequency spectrum of the input image can be directly modelled as,
Ei(ky, ky) = Hyj(ko, ky) E (K, ky) (S6)

where E = .F {E}. The convolution theorem simplifies the relationship between the input
image and the output image from a convolution in real space to a multiplication with the
optical transfer function in k-space. The output electric field E can be recovered from E by

the inverse Fourier transform,

FHE (ky, k) } ,y) =3 / / E(ky, ke F== o) d dk, | (ST7)
T

where .# ! is the inverse Fourier transform operator and E = .Z'{E}. Therefore, given

the following property for the Fourier transform of a derivative,

F {gf} (ko ky) = ik E(kay ky) (S8)

then a linear optical transfer function, H o< k,, can produce the spatial derivative (up to
a multiplicative constant) of an incoming light field along the z-direction. It follows that a
metasurface with an approximately linear angular dispersive transmission 7'(6) o sin(6) ~ 0
(for ¢ = 0 and small values of ) is capable of phase contrast imaging. Here, the {p,
s}-polarization basis was used but, in general, the optical transfer function tensor can be

expressed in any polarization basis. Henceforth, we utilize an {z,y} basis, i.e. Hyy, Hyy,

S5



76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

H,, and H,,, describing the impact of the metasurface on the transverse components of the
incident field. It was shown in the main article that if we let the z-axis be aligned with
the long axis of the silicon blocks for an un-tilted metasurface (normal incidence), then the
metasurface has an approximately linear optical transfer function at a tilt of 2° about the
y- (short) axis for z-polarized illumination, i.e. H,, o k, + k0, where k,o is a constant.
This can compute the derivative along the x-direction, plus a constant offset that pertains
to a non-zero background in the output image. Hence, the design of the metasurface was
carried out by optimizing the angular response of the metasurface in real space to engineer
its optical transfer function in k-space.

In the case of a pure phase sample that has |Og(x,y)| = constant, then the sample is
visualized because the phase derivative is converted into intensity variations in the output
image I(x,y),

2

I(z,y) = (S9)

ox

o0 (2222 11,

This result is obtained when a linear optical transfer function (H,, « k, + k) and Eq. (S1)
are substituted into Eq. (S6). Hence, the output image is proportional to |0p(z,y)/0xz|?,
with contrast created in regions where the phase is varying along the direction of differ-
entiation. The constant offset in the optical transfer function is due to the metasurface
being slightly tilted by 2°, corresponding to a normalized spatial frequency of k,o/ko =~ 0.03,
that shifts the k-space origin about the angular offset. The increased transmission level at
this offset preserves some of the illumination to create a non-zero background in the output
image. This distinguishes the imaging modality from dark field imaging that has a dark
background in the output image. One could also uniquely distinguish the phase derivatives
as they will manifest as different grayscale levels that are above or below the background,
corresponding to the region of zero phase gradient, i.e. I(x,y) ~ [Opkyo|*.

On the other hand, the metasurface was approximately transparent when the illumination
was y-polarized. This corresponds to a flat optical transfer function, H,, ~ constant, that

only attenuates the input image. In the case that the constant is equal to one, the output
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image will be exactly the input image. As a result, the output image is proportional to
the bright field image, i.e. I(z,y) o< |O(z,y)[>. The cross-polarized components of the
optical transfer function H,, and H,, (Fig. S7 and Table S1) are zero in the region of
operation. However, they have some non-zero contributions for larger values of k, and
k,, but these contributions were measured to be negligible in the experiments by using an
analyzing polarizer on the output image.

The performance of the polarization switching was quantified by the switching contrast
of the metasurface, defined as § = H,,(0,0) — H,,(0,0). A similar value can be defined
for the switching contrast of the transmittance, given by A = T, — T}, where T, and T,
are the transmittance levels under x- and y-polarized illumination at the operating wave-
length, respectively. The efficiency of the metasurface for image processing is defined as
N = |Hy (K2, 0)], where £ is the maximum spatial frequency component where the opti-
cal transfer function of the metasurface is still within its numerical aperture. The numerical
aperture of the metasurface, NA, is defined to be the width of the optical transfer function
where the above conditions are met. This is contrasted from the numerical aperture of the

imaging system itself, which is determined by the optical components in the system.

S1.2 Multipole decomposition

Fig. 2a-iii of the main article shows a multipole decomposition of the transmittance spectrum
of the metasurface. The method from Ref.? was used to do this and it is briefly summarized
here. Consider a metasurface composed of an array of identical dielectric resonators. For nor-
mally incident, x-polarized illumination, the multipole decomposition of the transmittance

of the metasurface up to second order is given by,

ik 1 ik ik 2
T=14 o pet —my = = Que — oMy + -+ S10
* 2FE0 Acen€ots (p + Vg My 6 @ 2, Y + ) (810)

S7
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Here, k = 27/ is the wave-number in the surrounding, Fj is the magnitude of the incident
electric field, A is the wavelength of the illumination, Ay is the area of the lattice unit cell, €,
is the relative permittivity of the surrounding and vy is the speed of light in the surrounding.
Furthermore, p'is the electric dipole moment vector, m is the magnetic dipole moment vector,
@ is the electric quadrupole moment tensor and M is the magnetic quadrupole moment

tensor. The relevant components of the multipole moments are given by,

k2 [ 155, (kr) L
e = | Pojo(kr)dV + — | ==L ( (#- P)x — =r*P, | dV
po= [ Pastina + 35 [ SER (6 P g

iw [ 35(kr) L 5
my_—z/ - <r><P>de

_ 971 (kr) o [ Ja(kr) S B 2
Qv = / L (0P, 4 Pz AV + 6k / - (502(7 P) — («P. + Poz)r®) dv

w 1579 (kr L o= R
v = —(1575)2 ) ((r X P)yz 4+ y(7 x P)z> av-,

where 7= (x,y, 2) is the position vector, j, is the n'"-order spherical Bessel function of the
first kind, P(F) = €oles — 1)5(77) is the polarization density and w = 27 f is the angular
frequency. The integrals are performed over the volume V' of the resonator within a single
unit cell of the metasurface. This formalism was set up in COMSOL Multiphysics 6.1 to

obtain the multipole decomposition of the transmission spectrum of the metasurface.

S1.3 Mie scattering of an isolated resonator

In 1908, Gustav Mie? exactly solved Maxwell’s equations for the scattering of plane waves
from a homogeneous sphere of size comparable to a wavelength. Although the analytic
solution exists only for ellipsoidal particles, the physics is identical for arbitrary geometries.®

Consider the Mie scattering of plane waves by a rectangular resonator. To characterize its

multipolar behaviour, the electric field scattered by the resonator when under plane wave
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illumination is expanded in the basis of vector spherical harmonics,
sc 7" 0 ¢ Z Z Cnm (anm nm(r 9 Qb) + bannm(T ‘9 Cb)) (812)
n=1m=-n

where a,,, and b,,, are the electric and magnetic scattering coefficients, respectively. The

normalization constants are defined as,

= mrom_1 | (2n+1)(n —m)!
Com = | Eli" ™ 1\/< 4(n)£m)! ) : (S13)

where Ej is the electric field of the illumination. Following the formalism from Ref.,% the

electric and magnetic harmonics are respectively defined in spherical coordinates as,

. 1 A N9
_ . imeo (1)
Num _k'or (Tnm(cos(ﬁ))e + mnm(cos(ﬁ))gb> e g (rhn (kzor))
+—”(Z+ D p(cos(8)) D (kyr)em7 (S14)
ol

My = B (kgr)e™? <mnm<cos(9))é — Tnm(cosw))é) ,

where h{ is the nt"-order spherical Hankel function of the first-kind and P™ is the n*"-order
associated Legendre polynomial of degree m. The 7 and « functions are defined as,
9 Hm
Tum(0) = = P (cos(0))

9" (S15)
Tnm(0) = mP™ (cos(0)) csc(6) .

The scattering coefficients can be computed by projecting the scattered electric field onto

the vector spherical harmonics on a virtual sphere of radius ry surrounding the resonator,

given by,
fO sc T0707¢) ) N;m(r = T070?¢) Sln<9)d6d¢
anm —
cnm foﬁ | Ny (1 = TQ, 0, ¢)|?sin(0)dOdo (516)
bnm fO sc T =T, 0 ¢) (7“ =To, 97 ¢) Sln(9>d0d¢ ‘

Com Jo ™ Sy (Mo (r = 7“0,9, ¢)|2 sin(0)dodo
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By using the asymptotic relation hs)(kor) ~ (—i)"e*o /ikyr for kor > 1 and the orthonor-
mality of the associated Legendre polynomials, it follows that the scattering cross section is
given by

[e%¢) “+n

o, = k%z S+ 1) (Jawl + bunl?) - (S17)

n=1 m=—n
The integer n € [1,00) provides the degree of the multipole, i.e. n = 1 corresponds to
dipole, n = 2 to quadrupole, etc., while the integer m € [—n, n] provides their orientations
in space. The contribution to the scattering cross section for each n represents the cross
section for that particular degree of the multipole. Furthermore, for each multipole degree,
the electric component corresponds to the a,,, term and the magnetic component to the b,,,

term. Hence, the total cross section can be decomposed as,”
oy =0FP 4 oMP L 5EQ .. (S18)

where ED, MD and EQ each stand for electric dipole, magnetic dipole and electric quadrupole,
respectively. The Mie resonances of the resonator manifest as peaks in the cross sections at
the resonant wavelengths. This formalism was set up in COMSOL Multiphysics 6.1 to deter-
mine the multipolar decomposition of the scattering cross section for an isolated resonator

from the metasurface.

S2 Additional simulation data

S2.1 Optical response

Simulations of the optical response of the metasurface were performed using the steps out-
lined in the Methods section of the main article. The metasurface was designed to have
an angle-dependent transmission for z-polarized illumination at the operating wavelength,
and an angle-independent transmission for y-polarized illumination. The angle-dependent

transmission spectra are given in Fig. S1 as a function of the angle of incidence. The results
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Figure S1: Angle-dependent transmission spectra. (a - left) A 2D heat map of the transmis-
sion versus the angle of incidence and the wavelength of z-polarized illumination. (a - right) Same
as the left but for y-polarization. (b - left) The 1D transmission spectra for 0, 5 and 10 degrees
angle of incidence for x-polarized illumination. (b - right) Same as the left but for y-polarized
illumination.
show that the transmission spectrum changed under x-polarized illumination with a varying
angle of incidence. Meanwhile, the transmission spectrum under y-polarized illumination
remained similar when the angle of incidence was varied, with only the appearance of dark
modes for shorter wavelengths.

The 1D plots of the optical response are given in Fig. S2. The reflectance of the meta-
surface is shown to be a maximum at the operating wavelength for x-polarized illumination
and a minimum for y-polarized illumination (Fig. S2a). The absorptance is also shown to

be nearly zero for both cases. The transmission spectra for different states of linear polar-

ization shows how the spectrum morphs between those for z- and y-polarized illumination

(Fig. S2b).
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Figure S2: 1D spectra as a function of various parameters. (a) The reflectance and absorp-
tance spectra of the metasurface for z- and y-polarized illumination. (b) The transmittance spectra
as a function of the angle of linear polarization.

The operating wavelength of the metasurface is dependent on the geometrical parameters
of the metasurface, including the size of the resonators (length L, width W and height H)
and the lattice constant (P) of the array. The dispersion of the resonance as a function of
the geometrical parameters is shown in Fig. S3. In each case, the resonance red-shifted as
the geometrical parameters were increased.

The electromagnetic behavior of the metasurface when on-resonance is depicted in Figs.
S4-S6. They each show the electric field, magnetic field and power flow in the unit cell of the
metasurface at the operating wavelength for x- and y-polarized illumination. The electric
and magnetic fields when on-resonance from z-polarized illumination display behavior that
is linked to an electric dipole resonance, with the power of the fields swirling around the
resonator. On the other hand, the fields behave differently when off-resonance and the
power of the fields flows through the resonator.

The magnitude and phase of the optical transfer function are given in Fig. S7. It was
computed as the angle-dependent transmission as a function of the polar and azimuthal
angles of incidence (6, ¢). The 1D slices through k, = 0 and k, = 0 are given in Fig. S8.
The results show that the capability of the metasurface to process input images along k&, is
weaker than that for k, under z-polarization. Moreover, the cross-polarized components of
the optical transfer function are consistent with Ref.® They are non-zero along the diagonals

in Fig. S7(middle column), however the contribution to the output was measured to be small
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Figure S3: Dispersion of the resonance. (a) A 2D heat map of the transmittance spectrum as
a function of the length of the resonators. (b) Same as a but for the width of the resonators. (c)
Same as a but for the height of the resonators. (d) Same as a but for the lattice constant of the
metasurface. In all cases, the illumination was x-polarized.

in the experiments.

S2.2 Performance metrics

The performance of the metasurface was quantified through various numerical metrics. These
included the transmittance, reflectance, absorptance, quality factor, electric field enhance-
ment, numerical aperture, angular response, polarization conversion efficiency, processing
efficiency and the switching contrast. The results are tabulated in Table S1 and can be
compared to the experimental results in Table S2. The results show that the metasurface
strongly reflects light when on-resonance with little absorption for normally incident, z-
polarized illumination. The electric dipole resonance had a quality factor of 17.3, which

produced an optical transfer function with a numerical aperture of approximately 0.17.
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Figure S4: Electromagnetic behavior of the metasurface in the zz-plane. (a),(d) The
electric field strength (heat map) and direction (arrows) in the unit cell for z- (a) and y-polarization
(d). (b),(e) Same as (a),(d) but for the magnetic field. (c),(f) The time-averaged electromagnetic
energy density (heat map) and Poynting vector (arrows) in the unit cell for - (c) and y-polarization
(f). All of the images are given in the xzz-plane of the metasurface and at the operating wavelength.

S2.3 Isolated resonator

The optical response of an isolated silicon resonator of size given in the main article was
investigated by implementing the formalism explained in section S1.2. The simulations were
performed using the finite element method within the wave optics module of COMSOL
Multiphysics 6.1. The scattering formulation was used to project the far-zone scattered
electromagnetic field onto the vector spherical harmonics on a virtual sphere of radius ry =
750 nm surrounding the resonator. Sommerfeld boundary conditions and a perfectly matched
layer were applied onto the virtual sphere to remove unwanted reflections into the system
and to simulate an open domain. The finite meshing elements in the model had a a minimum
size of 5nm and a maximum size of \/8nm. The perfectly matched layer had a series of 5
meshing elements. The scattering cross section was obtained by integrating the projections

of the electromagnetic fields onto the vector spherical harmonics and using Eqs. (S10)-(S15).
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Figure S5: Electromagnetic behavior of the metasurface in the yz-plane. (a),(d) The
electric field strength (heat map) and direction (arrows) in the unit cell for z- (a) and y-polarization
(d). (b),(e) Same as (a),(d) but for the magnetic field. (c),(f) The time-averaged electromagnetic
energy density (heat map) and Poynting vector (arrows) in the unit cell for 2- (c) and y-polarization
(f). All of the images are given in the yz-plane of the metasurface and at the operating wavelength.

The results are given in Fig. S9 for the case of normally incident, x-polarized plane
waves illuminating the resonator at the operating wavelength. The 3D (Fig. S9a) and polar
radiation patterns (Fig. S9d) show that majority of the light is concentrated in the forward
direction. The electromagnetic field behavior in the zz-plane shows field enhancement within

the resonator (Fig. S9b-c). The multipole decomposition of the scattering cross section

indicates that this is due to an electric dipole resonance (Fig. S9e).

S2.4 Imaging simulations

Simulations of tunable multi-modal microscopy were performed in MATLAB R2022a by
the formulations presented in the ‘Tunable multi-modal microscopy - principles’ section of
the main article and in the section S1.1. The optical transfer function of the metasurface

that was calculated in COMSOL Multiphysics 6.1 (Fig. S7) was used to model the optical
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Figure S6: Electromagnetic behavior of the metasurface in the xy-plane. (a),(d) The
electric field strength (heat map) and direction (arrows) in the unit cell for z- (a) and y-polarization
(d). (b),(e) Same as (a),(d) but for the magnetic field. (c),(f) The time-averaged electromagnetic
energy density (heat map) and Poynting vector (arrows) in the unit cell for - (c) and y-polarization
(f). All of the images are given in the xy-plane of the metasurface and at the operating wavelength
The slice through the z-plane is taken at the interface between the resonator and substrate.

response of the metasurface in Eq. (S6). Three imaging targets were used in the simulations
and experiments. The first included an opaque amplitude mask with the word ‘Amplitude’
and a phase profile of the word ‘Phase’ (Fig. S10 - top left), which was presented in the
main article. The second included the opaque word ‘Erythrocyte’ and the phase profile of a
human red blood cell (Fig. S10 - top middle). Some of the experimental imaging results are
presented in Fig. 1la of the main article. The phase profile of the red blood cell was modelled
using the empirical optical properties provided in Ref.? Lastly, the third imaging target
included the opaque word ‘T-Lymphocyte’ and the phase profile of a leukaemic Jurkat cell

(Fig. S10 - top right).? The phase profile of the Jurkat cell was modelled using the empirical

optical properties from Ref.!!

and the imaging results for both simulation and experiment
are presented here.
The simulated imaging results are presented in Fig. S10. The images obtained with

z-polarized illumination contained both of the transparent and opaque features of the input

S16



XX

0.2 1 0.2
0.1 08 0.1
o 06 o
4 =
<. o0 <_ o0
X 04 X
-0.1 02 -0.1
-0.2 0 -0.2
-0.2 -0.1 0 0.1 0.2 -0.2
kX/k0
IHWI
0.2 1 0.2
0.1 08 0.1
o 06 o
<_ o0 < o0
-0.1 02 -0.1
-0.2 0 -0.2
-0.2 -01 0 0.1 0.2 -0.2
k_ /k
x 0

arg(Hxx) rads
1 0.2 6
0.8 4
0.1

2

06 o
=. 0 0

04 <
-2
0p O .
0 0.2 6

0.2 -0.2 -0.1 0 0.1 0.2
kX/ko

arg(Hw) rads

IS

N

o

o

A

Figure S7: 2D optical transfer function of the metasurface. The magnitude (first two
columns) and phase (last column) of the optical transfer function tensor components at the oper-

ating wavelength.
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Figure S8: 1D optical transfer function of the metasurface. (a) The magnitude and phase
of the co-polarized components of the optical transfer function along k, = 0. (b) Same as a but

along k, = 0.

imaging target (Fig. S10 - middle row). Each of the phase profiles have pseudo-3D contrast

visible in the images. On the other hand, only the opaque words are visible in the images

obtained with y-polarized illumination (Fig. S10 - bottom row).
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Table S1: Simulated performance metrics of the metasurface. The performance metrics
were obtained through simulations in COMSOL Multiphysics 6.1 at the operating wavelength of
969 nm, corresponding to the electric dipole resonance of the metasurface. Here, Eo denotes the
electric field of the normally-incident, x-polarized illumination. The values k2 and k™™ denote
the spatial frequencies at the edges of the contrast zone. FE; and E, denote the electric field
transmitted through, and reflected from, the metasurface, respectively. Pe.oss and Py denote the
cross-polarized and input power, respectively. Lastly, A\ is the full width at half-maximum of the
transmission minimum at the operating wavelength.

Quantity Label Formula Value

Transmittance T |E;/ Eol? 0.001

Reflectance R |E,./ Eo|? 0.993
Absorptance A 1-T—-R < 0.006

Quality factor Q AJAN 17.3

Field enhancement AE max(|E/Ey|) 6.1

Numerical aperture NA (kmax — min) /[, <0.17

Angular response ) AV.Y 0.06
Polarization conversion efficiency €pol 100% Prross/ Pn 0.001%

Processing efficiency n | H o (K22, 0)| 79%

Switching contrast (amplitude) ) H,,(0,0) — H,,(0,0)  93%

Switching contrast (transmittance) A T,— T, 86%

S3 Optical configurations

S3.1 Polarization

The metasurface operates under the excitation by linearly polarized illumination. As in the
main article, we define two coordinate systems. The first is the global coordinate system
with respect to the optical bench in the experiment. The second is with respect to the
metasurface defined by the long axis of the silicon blocks, the short axis and the normal to
the metasurface. Assume that the illumination propagates along the global z-axis (optical
axis). The metasurface was placed in the global xy-plane with its long axis aligned with
the global z-axis. It was then tilted by 2° about the global y- (short) axis. Therefore, with
this configuration, z-polarized illumination leads to the production of phase contrast images,
while y-polarized illumination leads to bright field images. A schematic of the polarization
is given in Fig. S11.

In the imaging experiments, the global z-axis was along the vertical direction and the
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Figure S9: Optical response of an isolated silicon resonator in air. (a) The 3D radiation
pattern. (b) The electric field strength (heat map) and direction (arrows) when on-resonance in the
xzz-plane. (c) Same as b but for the magnetic field. (d) The polar radiation plot in the zz-plane for
x- and y-polarization. (e) A multipole decomposition of the scattering cross section as a function
of the wavelength. The results in (a)-(c) and (e) were obtained with z-polarized illumination at
the operating wavelength.

global y-axis was along the horizontal direction. The metasurface was oriented with its long
axis along the vertical direction (at normal incidence), as depicted in Fig. S11. To change
the polar angle of incidence #, the metasurface was tilted about the horizontal direction. The
illumination was x-polarized when the input polarizer was along the vertical direction. On
the other hand, the illumination was y-polarized when the input polarizer was horizontal.
The effects of de-polarization and/or cross-polarization by the spatial light modulator (SLM),
imaging samples, metasurface and optical components were measured to be negligible. For

example, the slight deviations on the polarization set by the polarizer due to diffraction from

the SLM was a weak effect.
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Figure S10: Simulated tunable multi-modal microscopy with the metasurface. (First
row) The amplitude and phase masks of the input imaging target. (Second row) The output
images obtained with z-polarized illumination. (Final row) The output images obtained with y-

polarized illumination.
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Figure S11: Polarization. Schematic of how the polarization is defined and referred to in this

article.
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Figure S12: Normal-incidence spectroscopy configuration. White light from a halogen lamp
was collimated by a microscope objective and linearly polarized. The light transmitted by the
metasurface was collected by a second microscope objective and a lens. A second lens focused the
transmitted light onto a spectrometer. A beam-splitter was used to simultaneously relay an image
of the metasurface onto a camera by a lens.
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Figure S13: Angle-dependent spectroscopy via back focal plane imaging. White light from
a halogen lamp was linearly polarized and illuminated the metasurface through a microscope objec-
tive. The reflected light from the objective back focal plane was imaged onto a spectrograph/CCD
couple with a tube lens and Bertrand lens pair. An analyzer was used before the spectrograph to
select specific components of the optical transfer function tensor.

S3.2 Spectrometry

The normal-incidence and angle-dependent spectroscopy experiments are detailed in the
Methods section of the main article. Here, schematics of their experimental configurations

are shown in Figs. S12 and S13.
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Figure S14: Experimental configuration for imaging involving a spatial light modulator.
The light from a super-continuum source was linearly polarized and collimated by a microscope
objective and two lenses. The lenses expanded the beam to fill the aperture window of the SLM.
An amplitude mask was placed in front of the SLM. The light reflected by the SLM was focused
into a microscope objective by a lens. The microscope objective produced a small collimated beam
containing a de-magnified image of the SLM aperture. The metasurface was placed in the image
plane. A half wave-plate was placed before the lens to change the polarization. A microscope
objective and lens relayed a magnified image onto a camera.

S3.3 Imaging with a spatial light modulator

The experimental imaging results involving the SLM presented were obtained with the con-
figuration illustrated in Fig. S14. This schematic is also shown in Fig. 3 of the main

article.

S3.4 Biological microscopy

The experimental biological imaging results with the metasurface presented in the main
article were obtained with the configuration illustrated in Fig. S14. This schematic is also

shown in Fig. 4 of the main article.
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Figure S15: Bio-imaging configuration. The light from a super-continuum source was linearly
polarized and a half wave-plate was used to control the polarization. The light illuminated a
sample and the metasurface was plac