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Polarization, which represents the vector nature of
electromagnetic waves, plays a fundamental role in optics.
Fast, simple and broadband polarization state
characterization is required by applications such as
polarization communication, polarimetry and remote
sensing. However, conventional polarization detection
methods face great difficulty in determining the phase
difference between orthogonal polarization states and
often require a series of measurements. Here, we
demonstrate how polarization-dependent holography
enables direct polarization detection in a single
measurement. Using a multiplexed Pancharatnam-Berry
phase metasurface, we generate orthogonally polarized
holograms that partially overlap with a spatially varying
phase difference. Both amplitude and phase difference
can be read from the holographic image in the circular
polarization basis, facilitating the extraction of all Stokes
parameters for polarized light. The meta-hologram
detects polarization reliably at several near-infrared to
visible wavelengths and simulations predict broadband
operation in the 580-940 nm spectral range. This method
enables fast and compact polarization analyzing devices,
e.g. for spectroscopy, sensing and communications. ©
2019 Optical Society of America

http://dx.doi.org/10.1364/optica.99.099999

1. INTRODUCTION

Polarization is a fundamental property of electromagnetic waves that
characterizes the trajectory of the oscillating electric field vector [1]. The
polarization state determines how light interacts with anisotropic,
chiral as well as magnetized matter and therefore forms the basis of a
diverse range of optical technologies. Accurately determining the state
of polarization is essential in applications such as polarization
spectroscopy, ellipsometry, sensing, imaging, communications and
quantum information detection [2—7]. However, direct polarization
measurements are challenging due to lack of straightforward methods
for probing the phase information. Conventional methods are usually
indirect and require a series of intensity measurements to determine
the polarization state, for example, the intensities of light after passing
through a waveplate with different rotation angles [8], or the intensities
of differently polarized components of the incident light that passes
through special beam splitting components [9]. In both cases, bulky
optical setups and precise adjustment of high-quality optical
components are typically required. A polarization state is fully
characterized by measurements of both the intensities and relative
phase difference of two orthogonal polarization states. Circular
polarizations, ie. left-handed circular polarization (LCP) and right-
handed circular polarization (RCP), are often used as the orthogonal
basis for describing polarizations. Thus, by detecting the chiral phase
difference and chiral amplitude contrast between the LCP and RCP
components of a light beam, one can determine its polarization state. An
opportunity for direct polarization measurements arises from
metasurfaces, which have drawn much attention for their ability to
tailor interfacial phase profiles arbitrarily with subwavelength
resolution [10].

Composed of two-dimensional plasmonic or dielectric phase-control
elements, metasurfaces provide a flat and ultra-compact platform for
flexible wavefront engineering [11—-13]. Metasurface applications
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Fig. 1. Holographic polarimetry concept. (a), (b) Circular-polarization-dependent meta-hologram for generating RCP and LCP images of a ring
containing an upper or lower circular disk under the LCP and RCP illumination, respectively. (c), (d) For illustration of the working mechanism, helical
phase distributions ¢,, and ¢,, with -1 and +1 topological charges are assigned to the holographic rings generated by LCP and RCP illumination,

respectively. (e) Phase difference distribution ¢,, —¢,, + Ap ,where A¢ isthe chiral phase difference between the incident LCP and RCP components

of the light. By comparing the intensities of the top and bottom circular disks, the chiral amplitude contrast can be obtained. The polarization state can
thus be determined by combining the chiral phase difference and chiral amplitude contrast.

include anomalous refraction/reflection [14—18], lensing [19-22],
special beam generation [23—25], surface plasmon coupling [26—-28],
etc. Some functionalities of metasurfaces can even go beyond those of
conventional optical elements. Due to their well-controlled phase
profiles, metasurfaces are particularly useful for holography for
recording dense information [29-32]. By properly incorporating
anisotropic element design or multiplexed methods, polarization-
dependent holography has been demonstrated [33—41]. Recent
metasurface holographic demonstrations generated images with exotic
properties, such as multi-color holography [42], chiral-dependent
holography [43-45], holography with large angle tolerance [46],
vectorial holography [47], and active holography [48,49], etc. However,
functional devices based on the generated holographic images of meta-
holograms are very scarce [50-51].

To date, there have been several non-holographic works on
metasurface polarimeters using meta-gratings [52—57], which still rely
on the traditional method of spatially splitting certain polarized beams
to avoid direct phase measurements. Here, for the first time, we
experimentally demonstrate a polarimeter based on a circular-
polarization-dependent meta-hologram by utilizing the Pancharatnam-
Berry (PB) phase concept in the near-infrared to visible spectral range.
By carefully designing the intensity and phase difference distributions
of holographic images generated by incident LCP and RCP, we resolve
the chiral phase difference through the interference pattern between
the generated images. Together with the simultaneously obtained chiral
amplitude contrast from the images, we can identify the polarization
state with a good level of accuracy in only a single, fast measurement of
the holographic image. Besides, our method is also more compact than
conventional methods, as only one linear polarizer is required to
accomplish the polarization measurement. By exploiting the
advantages of meta-holograms, our method is not only straightforward,
but also capable of operating over a broad spectral range.

2. HOLOGRAPHIC POLARIMETRY CONCEPT

Figure 1 illustrates the working mechanism of the meta-hologram for
polarization analysis. The metasurface is designed by using the PB
phase method to display different holographic images under LCP and
RCP illumination. As illustrated in Fig. 1(a) [Fig. (1b)], incident LCP
(RCP) results in generation of an image by transmitted RCP (LCP),
where the image consists of a ring containing a circular disk within its
upper (lower) half. The intensity distributions of both images are
mirror-symmetric with respect to the x direction and the two rings
generated by LCP and RCP overlap. Both the rings and disks in the
images are designed to have uniform intensity distributions. Without
loss of generality, let us assume the rings have helical phase
distributions with topological charges of -1 and +1 for LCP and RCP
illumination respectively, as illustrated by ¢, and ¢, in Figs. 1(c)

and 1(d), respectively. Their zero phases both coincide with the +x
direction in the interest of simplicity. Consequently, simultaneous LCP
and RCP illumination will result in a helical phase difference distribution
with a larger topological charge of -2 on the ring. If the LCP and RCP
components of the incident light have an initial phase difference of

o — i = Ap , the zero point of the phase difference distribution will

be located at azimuth angle 8 = Ag/2, as illustrated in Fig. 1(e).
Therefore, by measuring the azimuth angle 0 of the zero phase
difference position, one can obtain the chiral phase difference between
the incident wave’s LCP and RCP components. The purpose of the
circular disks in the images is to measure the chiral amplitude contrast
of the incident light, as they indicate the intensities of the LCP and RCP
components. By measuring the intensities on the disks, one can
determine the handedness of the incident light (as well as the overall
intensity of the incident beam). As any polarization state is a linear
combination of LCP and RCP, the chiral phase difference and chiral
amplitude contrast uniquely define the polarization state of the incident
light.

3. THEORETICAL DESCRIPTION

The phase difference, namely, the zero phase difference angle 6
= A@/2, can be extracted by analyzing the field distribution along
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Fig. 2. Numerical demonstration of holographic polarimetry. (a)—(d) Ideal calculated x-polarized image components for illumination
of the meta-hologram by waves with (a) RCP, (b) +45° linear, (c) left-handed elliptical and (d) right-handed elliptical polarization, as
indicated by the corresponding inset arrows. Here, the radial intensity distributions within the rings in (a)—(d) are uniform. (e)
Schematic of a polarization ellipse, where 1 and y represent the polarization orientation angle and ellipticity, respectively. For the four
incident polarizations in a-d, we set (¥, x) = (arbitrary value, 45°), (45°, 0°), (60°, -15°) and (60°, 15°), respectively. (f) Normalized
intensity distributions along the rings (dashed circle in a) in a-d as a function of azimuth angle 6, respectively. The arrows point to the
first maximum, whose 6 corresponds to half of the chiral phase difference. (g), (h) Theoretical relationships between (g) polarization
orientation angle as a function of chiral phase difference: i) = A@/2, and (h) polarization ellipticity as a function of s3 as defined in
Equation 4: y = atan[s3/(1 - 55)1/2]/2, s3 € [-1, 1]. Here, s3=-1, 0, 1 (corresponding to a = o, 1, 0) represent LCP, linear polarization,
RCP, respectively. The color markers in gh show the chiral phase difference and chiral amplitude contrast extracted from the
holographic images in a-d using corresponding colors for markers and polarization arrows. (i) Schematic of a unit Poincaré sphere in
3D Cartesian coordinates formed by the Stokes parameters s1, sz, s3. The green and blue circles are the s3 latitude and A¢ meridian on
the sphere, whose intersection point represents the polarization state.

the ring, which is formed by interference. In terms of linearly
polarized components, LCP and RCP can be expressed as

L=+2/2[1 -i]' and R=+2/2[1 i]', respectively. In this

circular polarization basis, any polarization state can be
expressed as

P=1e"L+reg"R=re" [ae‘AwL + R} , 1)
where lo (") and ro (g) represent the amplitudes (phases) of

the incident LCP and RCP electric field with I; + r; = 1, while a =
lo/ro is the chiral amplitude contrast and Ag is the chiral phase
difference between incident LCP and RCP with a € [0, o] and
Ap € [0, 360°)]. Applying the above definition to the generated
cross-polarized holographic images, we obtain the polarization
distribution PD along the ring as:

PD(0)=1,""e"" R +re"e L

:Qei((m o) {Ioei(””) |:lj| n r0|: l}} ’ (2)
2 1 =1

which is 6-dependent. While the intensity of light is uniform
along the ring, interference modulates the intensity of any
linearly polarized component along the ring. For example, the
intensity distribution of the x-polarized component is given by:
1 1

\PDX(Q)\Z =5r02+5|g+|0r0cos(29—A¢). (3)
Equation (3) indicates that the intensity distribution of the x-polarized
component is 8-dependent. At 6 = A@/2 (zero phase difference angle)
and 6=A¢/2 +180°, the intensity reaches its maximum, while itreaches
minimaat8=A¢@/2 +90°and 8= A¢@/2 + 270°. Therefore, by measuring

the azimuth angle of the maximum or minimum, we can obtain the
chiral phase difference Ag. Another method to extract the chiral phase
difference is to take the Fourier transform of Eq. (3), where the opposite
phase value of the 2nd Fourier order equals A¢ (see Supplement 1,
Section 1).In addition, the maximum and minimum intensities along the
ring give some information about the ratio between the amplitudes of
the LCP and RCP components. In particular, the minimum intensity is
zero for linearly polarized incident light and the intensity modulation
along the ring vanishes for circularly polarized incident light. However,
this does not reveal the handedness of the incident wave as
interchanged magnitudes of the two circular polarization components
(with chiral amplitude contrast a and 1/a) give rise to the same linearly
polarized component of the intensity distribution on the ring. As such,
an independent measurement is required to unambiguously determine
the ratio a between the two circular polarization components. This is
achieved by the measurement of the intensities of the two circular disks.
According to Eqg. (1), a and Ag uniquely identify the polarization of the
incident light. It should be noted that the key in obtaining the chiral
phase difference is the phase difference distribution between ¢,, and

¢, inFig. 1(e). The proposed method will still work if the same phase

difference distribution is generated by phase distributions along the
holographic rings that differ from those in Figs. 1(c) and 1(d).

4. NUMERICAL DEMONSTRATION OF HOLOGRAPHIC
POLARIMETRY

To confirm the working mechanism, several examples are
presented in Fig. 2. Figures 2(a) to 2(d) illustrate the theoretical
x-polarized components of the generated images for incident



light of four different polarization states: RCP, +45° linear
polarization, left-handed elliptical and right-handed elliptical
polarizations, respectively. Here, the two elliptical polarization
states have the same orientation angles i and ellipticities y of the
same magnitude. The physical meanings of ¥ and y are
schematically illustrated in Fig. 2(e). Under the RCP illumination,
the x-polarized intensity distribution along the ring is uniform
and only the lower circular disk appears. In the other three cases,
the incident light contains both LCP and RCP components,
leading to a sinusoidal x-polarized intensity distribution along
the ring caused by interference, and visibility of both circular
disks with different intensity contrast. The contrast is
determined by the corresponding values of lo and ro. Figure 2(f)
shows the normalized intensity distribution along ring [dashed
circle illustrated in Fig. 2(a)]. These intensity curves can be fitted
with m + n cos(26 — A¢g). The inset arrows in Fig. 2(f) point to the
maxima of the curves, whose 6 values correspond to half of the
chiral phase differences.

Figures 2(g) and 2(h) illustrate the theoretical relationships
between polarization orientation angle and chiral phase
difference, as well as polarization ellipticity and chiral amplitude
contrast (defined in caption), respectively. From Figs. 2(a) to
2(d), the corresponding chiral phase differences and chiral
amplitude contrasts for the four incident polarizations can be
extracted, except for the chiral phase difference under RCP
illumination as no such phase difference can be defined for a
circularly polarized wave. The chiral phase difference under the
+45° linearly polarized illumination is 90° while the chiral
amplitude contrast is unity due to LCP and RCP components of
equal intensity. The two elliptically polarized incident waves
have the same x-polarized intensity distributions along the ring,
meaning that they have the same chiral phase difference.
However, the chiral amplitude contrast is different due to their
opposite handednesses. These extracted values of chiral phase
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difference and chiral amplitude contrast identify the
corresponding polarization orientation angles and ellipticities
uniquely, as indicated in Figs. 2(g) and 2(h). They are in excellent
agreement with theoretical settings, revealing the hologram’s
ability of distinguishing polarization states.

5. EXTRACTION OF THE STOKES PARAMETERS

Besides polarization orientation angle and ellipticity, the Stokes
parameters can also be extracted from the holographic images
to characterize the incident polarization state. The Stokes
parameters (So, S1, S2, s3) are a set of values commonly used to
characterize polarization states, where so is proportional to the
light intensity, s1, s2and s3 form a three dimensional (3D) vector
s = 51S1+ 5282+ 5383 describing the polarization state, and s; + s,
+s5 = ps; with p €[0,1] representing the degree of polarization.

For fully polarized light (p = 1), the vector (s1, sz, s3) that is
normalized to so forms a unit sphere in 3D Cartesian coordinates,
which is the so-called Poincaré sphere, as illustrated in Fig. 2(i).
Each point on this sphere represents a certain polarization state.
Conventionally, determining the Stokes parameters requires a
series of power measurement followed by solving complicated
equations. Here, we show that polarization measurements in the
circular polarization basis greatly simplify the process.

Firstly, by measuring the intensities of the upper and lower
circular disks within the ring, I. and I, respectively, we can
obtain the value of s3 by [53]

2
s, =dnl_l7a )
I, +1, I+a

For fully polarized light, sf + s; = 1 - s5 and we only need to
determine the remaining Stokes parameters in the s3 latitude on
the sphere, as indicated by the edge of the green circle in Fig. 2(i).
Next, by analyzing the x-polarized intensity distribution along
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Fig. 3. Meta-hologram design for broadband polarimetry. (a), (b) Designed holographic images generated under the LCP and RCP illumination,
respectively, where the target ring and disk patterns are placed in the left-top corners. (c), (d) The corresponding calculated phase distributions of the
holograms for LCP and RCP illumination based on the modified Gerchberg-Saxton algorithm, respectively. (e) Simulated co-polarized and cross-
polarized transmittance spectra of the metasurface’s bar resonators in the circular polarization basis. (f) Scanning electron microscopy image of a part
of the fabricated meta-hologram, where resonators generating the holograms in panels (a) and (b) are colored green and orange, respectively.



the ring, we can obtain the chiral phase difference Ag, which
corresponds to the half meridian on the sphere, as indicated by
the edge of the blue circle in Fig. 2(i). As such, the Stokes
parameters of the incident light are uniquely determined by the
intersection point of the latitude and meridian on the Poincaré
sphere, as indicated by the black point in Fig. 2(i). The remaining
Stokes parameters can be easily obtained through

S, =+/1-5] cosAp, (5)
s, =4/1-5; sinAg- (6)

6. DESIGN OF THE META-HOLOGRAM

Above, we have described a holographic method for polarization
state characterization. Next we design a metasurface with the
above functionalities using the PB phase method and a modified
Gerchberg-Saxton (GS) algorithm (see Supplement 1, Section 2).
For simplicity, we use a single-layer plasmonic metasurface
made up of identical gold bar resonators with different
orientations operating in the near infrared regime. Such a
metasurface is well-suited for our proof-of-principle
demonstration, but it is not very efficient [58,59]. Higher
efficiency can be achieved with metasurfaces that are composed
of multi-layer plasmonic structures or dielectric structures [60].
Figures 3(a) and 3(b) show the designed target holographic
images for LCP and RCP illumination, respectively. In order to
spatially separate the ring and disk patterns from the
metasurface’s brighter zero order transmitted output (at the
center of the holographic image) and to avoid cross talk due to
the twin images generated by the reversed LCP and RCP
illuminations, we place the target ring and disk patterns in the
left-top corner of the holographic images. Since the twin images
generated by the PB phase metasurfaces are centrosymmetric
and phase conjugate to the designed holographic images [37],
the corresponding twin ring and disk patterns will appear in the
right-bottom corner of the final holographic images with
opposite phase distributions along the rings. As the twin
patterns are not overlapped with the target ones, they will have
no influence to the polarization measurement. Actually, the twin
patterns can also be applied in measuring the polarization state.
Details about the twin images can be seen in Supplement 1,
Section 3. By applying a modified GS algorithm, where the phase
relation between the two holographic images is taken into
account, the corresponding phase distributions for generating
these two images are obtained, as illustrated in Figs. 3(c) and
3(d), respectively. Before that, a pre-compensation algorithm is
applied in order to avoid pattern distortion at the design
wavelength when directly projecting the generated images to
the far-field [35,37]. Like many other pure phase type holograms
based on such iteration, the proposed modified algorithm cannot
control the phase distributions of the two holographic images
either. Though it cannot make the final phase distributions of the
rings identical to those shown in Figs. 1(c) and 1(d), it can
guarantee that the phase difference distribution is as shown in
Fig. 1(e), which is sufficient for identifying the chiral phase
difference based on the above-mentioned method (see
Supplement 1, Section 2 and 3). Here, the phase distributions in
Figs. 1(c) and 1(d) are plotted to provide a simple explanation of
the working mechanism. Such phase distributions would result
from projection of circularly polarized +1st-order and —1st-
order vortex beams of opposite handedness through a ring
aperture.

Here, the phase distributions are designed to generate images
that cover a wide angular range of 60° x 60° under normal
illumination at 800 nm wavelength. To assimilate the two phase
distributions into one metasurface, the following multiplexing
method is used [36,37,43,44]. The basic unit cell of the
metasurface is a bar resonator on a quartz substrate, which is
made of gold with a length of 200 nm, a width of 100 nm, a
thickness of 45 nm, and a period of 400 nm, respectively. Bar
resonators for generating different holograms are highlighted
green and orange in Fig. 3(f). The orientation angle distribution
of the bar resonators in the metasurface is designed using the PB
phase method: Orientation angles of green bars equal 1/2 times
the phase distribution in Fig. 3(c) for generating the RCP image
of Fig. 3(a) under the LCP illumination, while orientation angles
of orange bars equal —1/2 times the phase distribution in Fig.
3(d) for generating the LCP image of Fig. 3(b) under the RCP
illumination. Here, to simplify the design, eight phase levels
(thus eight bar orientations) are applied. The metasurface
covers an area of 355.2 um x 355.2 um and contains 888 x 888
resonators.

The PB phase is wavelength-independent, however, the
efficiency of circular polarization conversion that controls the
hologram’s brightness is wavelength-dependent and therefore
determines the spectral band in which the metasurface can
operate. This cross-polarization generation efficiency is
determined by the anisotropic resonant response of the unit cell.
Figure 3(e) shows the simulated circular transmittance spectra
of the bar resonators (normalized to the transmittance of the
bare substrate), which have resonances at 586 nm and 828 nm,
corresponding to the eigen resonance modes along the width
and length of the bars, respectively. The corresponding eigen
transmittance spectra and resonance behaviors of the two
modes are illustrated in Supplement 1, Section 4. In the
simulations, quartz is modelled with a refractive index of 1.45,
while gold is described by a Drude model with plasma frequency
wp = 1.366 x 1016 rad/s and collision frequency y = 1.2 x 1014
rad/s. Based on the full width at half maximum of the cross-
polarized transmittance spectrum, this results in a broadband
meta-hologram operating in the 580 - 940 nm wavelength
range.

7. EXPERIMENTAL CHARACTERIZATION

To experimentally characterize the performance of our design,
the meta-hologram was fabricated on a quartz substrate using
electron beam lithography, subsequent deposition of 5 nm
chromium as an adhesion layer and 40 nm gold, followed by a
lift-off process. Details about the fabrication process can be seen
in Supplement 1, Section 5. Figure 3(f) shows a false color
scanning electron microscopy image of a small part of the
fabricated meta-hologram, where the green and orange bar
resonators generate the images in Figs. 3(a) and 3(b),
respectively. Though the fabricated bar resonators show
variable geometric parameters, the presented metasurface also
shows good performance. Simple, preliminary measurements
on the metasurface confirm that incident LCP and RCP generate
the desired holographic images and that their superposition
yields the intended phase difference distribution along the ring
(see Supplement 1, Section 6). We have also theoretically studied
the generated holographic images of the meta-hologram with
different levels of amplitude and phase noises. The dimension
of the rings and disks, as well as the phase difference distribution
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Fig. 4. Experimental demonstration of holographic polarimetry. (a) Schematic of the experimental setup. LP: linear polarizer, WP: wave
plate, F: space filter. Green arrows indicate the polarization state after LP1 and LP2. The orientation angle of wave plate’s fast axis is
measured from the positive y-axis, increasing towards the negative x-axis as illustrated by the inset. (b)—(e), (j)—(m) Holographic
images captured by the CCD camera for orientation angles of the half wave plate’s fast axis of anwp = 0°, 30°, 60°, 90°, and orientation
angles of the quarter wave plate’s fast axis of aqwp = -45°, -15°, 15°, 45°, respectively. The inset arrows schematically indicate the
corresponding theoretical polarization state. (f), (n) Theoretical, experimental, and simulated chiral phase differences when rotating
the half-wave plate and the quarter-wave plate, respectively. (g)—(i), (0)—(q) Theoretical, experimental, and simulated Stokes
parameters s1, 52 and s3 when rotating the half wave plate and the quarter wave plate, respectively.

along the ring, are very stable as the noise level increases,
indicating a large fabrication tolerance of the presented design
(see Supplement 1, Section 7). Here, we concentrate on fine
measurements on the metasurface that verify its suitability for
polarization analysis. Figure 4(a) schematically illustrates the
corresponding experimental setup. A continuous wave Ti:
sapphire laser with a wavelength of 798 nm was used as the light

source. A linear polarizer (LP1) was used to initialize the
polarization to x-polarized light. A wave plate (WP), either half-
wave plate or quarter-wave plate, was then used to generate
light with known polarization states to be measured and
compared. Lens 1 was used to normally focus the light onto the
metasurface. Lens 2 was used to collect the diffracted light from
the metasurface, which actually functioned as a space Fourier



transforming device. A space filter (F) was placed behind to
block the zero order output and the conjugate image. Then, a
second linear polarizer (LP2) was used to select the x-polarized
component. Following that, lens 3 was used to project the
holographic image onto a CCD camera.

We first used a half wave plate to control the polarization
incident on the metasurface. The orientation angle anwe of the
wave plate’s fast axis was gradually changed from 0° to 90° in
15° steps, generating linear polarization with an electric field
orientation that rotates from x to y and then to -x in 30° steps.
Figures 4(b) to 4(e) illustrate the measured holographic ring and
disk patterns for anwpe = 0°, 30°, 60° and 90°, respectively. Figure
4(f) illustrates the chiral phase difference as a function of anwe.
Here, due to the influence from the zero-order output and
background noise, as well as the low angle resolution, we
extracted the chiral phase difference not by finding the x-
polarized intensity maxima, but using the a above-mentioned
Fourier transform method to get a better accuracy, in which the
whole measured x-polarized intensity distribution along the ring
is taken into account. Here, to enhance the signal-to-noise ratio
of the intensity distribution along the ring, we integrated the
intensities over the ring width at each azimuth angle. It can be
seen that the measured results agree well with theoretical
calculations. To extract the Stokes parameters, we first
calculated s3 using Eq. (4). I. and Ir were calculated by
integrating the intensities over a fixed-size area in the
corresponding circular disk regions, followed by background
noise subtraction for improved accuracy. The background noise
was determined by intensity integration over a disk-sized area
at the center of the ring. Then, s1 and sz were obtained by using
Egs. (5) and (6), respectively. Details about the extraction
method of the chiral phase difference and the Stokes parameters
can be seen in Supplement 1, Section 8. Figures 4(g) to 4(i)
illustrate the extracted Stokes parameters as a function of anwe,
where very good agreement with theoretical calculations is
achieved. We also applied a quarter wave plate to control the
incident polarization. The orientation angle aqwr of the quarter
wave plate’s fast axis was gradually changed from -45° to 45° in
steps of 15°, corresponding to a gradual polarization change
from LCP to x polarization and then to RCP. Figures 4(j) to 4(m)
show the measured holographic images at aqwp = -45°,-15°, 15°
and 45°, respectively. Figure 4(n) shows the chiral phase
difference, while Figs. 4(0) to 4(q) illustrate the extracted Stokes
parameters, which also agree well with theoretical calculations.
We note that the chiral phase difference becomes undefined for
pure circular polarizations, which should be expected to result
in detection of random circular phase differences by an ideal
polarimeter. This explains the apparent, but meaningless,
differences between measured/simulated and theoretical chiral
phase differences around aqwp = -45° and 45°, which are
induced by minor non-uniformities in the intensity distribution
along the ring [see Figs. 4(j) and 4(m), as well as Figs. S3(a) and
S3(b)], since the amplitude of the interference-induced periodic
variation along the ring is very small (/o or ro approaches 0), as
indicated by Eq. (3). When the amplitude becomes comparable
to the noise level, the discrepancies between the extracted and
theoretical chiral phase difference become large. However, such
effect can be reduced by using a meta-hologram with higher
efficiency. Overall, the main sources of measurement
inaccuracies are the intensity of the transmitted zero-order
beam, background noise, rotation errors of polarization optics
and phase inaccuracies of the wave plates. Figure 4 also shows
simulated chiral phase differences and Stokes parameters which

are free from the above sources of experimental errors, resulting
in excellent agreement with theory.

8. DISCUSSION AND CONCLUSION

Many applications depend on polarization state characterization
with a minimum error. The holographic method demonstrated
here still has much room for optimization. The accuracy of phase
difference measurements can be improved by applying phase-
control structures with higher efficiency [60]. Measurements of
the chiral amplitude contrast or s3 are affected by the
background noise, which is commonly uniformly distributed.
This can be improved by increasing the circular disk intensities
relative to the ring intensity. The phase difference between LCP
and RCP light components is designed to be proportional to -26
along the ring, resulting in only two periods of intensity
oscillation for the linearly polarized detected light. We can
increase the topological charges of ¢, and ¢, , which

effectively increases the sampling frequency and allows
extraction of the chiral phase difference with better accuracy.
We have also theoretically designed a meta-hologram based on
the above optimization method, and corresponding simulations
show a much improved polarization accuracy. While we used the
x-polarized output component to extract the chiral phase
difference, we note that any linearly polarized component could
be used. When detecting another linear polarization, twice of the
orientation angle of the linear polarizer needs to be subtracted
from the measured phase difference to achieve the final chiral
phase difference. This also allows for easy calibration of the
device, even if the linear polarizer behind the metasurface is not
precisely adjusted.

It should be mentioned that, when the incident wavelength
deviates from the design wavelength of 800 nm, the size of the
ring and disk patterns will scale proportional to the wavelength
[42]. Besides, there will also be angular distortions to the
patterns, resulting in rings and disks that will no longer be
perfectly circular. A larger wavelength deviation will result in
larger distortions. Even though this will introduce an additional
error in the extraction of the chiral phase difference, both
simulated and experimental results at wavelengths from 650 to
900 nm show that the holographic images still allow extraction
of the polarization state with good accuracy, indicating
broadband and robust operation of the presented meta-
hologram (see Supplement 1, Section 9). To avoid such
distortion, one could improve the design by placing the pattern
in the center of the holographic image using efficient
metasurfaces (see Supplement 1, Section 10). Besides fully
polarized light, our meta-hologram also has potential for
characterization of partially polarized light (see Supplement 1,
Section 11). However, it is not suitable for characterization of
vector beams, since it will generate a superposition of images
corresponding to all local polarization states of the vector beam.

In conclusion, we demonstrated an effective holographic
method for broadband polarization detection based on a
metasurface that generates overlapping circular-polarization-
dependent images with a pre-designed phase difference
distribution. Use of the PB phase method, which exploits the
orientation of anisotropic elements, makes the metasurface
inherently broadband and tolerant to fabrication inaccuracies.
The corresponding measured efficiencies of the designed proof-
of-principle metasurface for the patterns at the left-top corners
are only 0.05% at 650 nm, 0.23% at 800 nm, and 0.17% at 850
nm wavelength, respectively. Though the efficiency is quite low,



as long as the holographic image can be captured, the meta-
hologram could work well for polarization measurements,
irrespective of the intensity of the incident light. Such
holographic metasurfaces could enable very compact
polarimeters without moving parts that detect polarization in a
single step. Further compactness can be achieved by fabricating
the linear polarizer (e.g. a metal grid or nanoparticles) on the
backside of the metasurface substrate. Importantly, the modified
GS algorithm, that we developed to generate the phase
difference distribution, can also be used to design arbitrary
holographic images with any desired polarization distribution,
e.g. for polarization encoding of secret information,
depolarization and 3D displays.
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