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Polarization measurement is crucial for many optical applica-
tions in science and technology. Geometric metasurfaces have
been used to develop polarization-sensitive holograms, provid-
ing a new opportunity for polarization measurement. We pro-
pose and experimentally demonstrate a hologram method to
measure the polarization state of light. A reflective-type meta-
surface hologram is used to generate holographic images of
graphene pattern. The ellipticity and helicity of the incident
light are measured based on the intensities of the neighboring
light spots, corresponding to two opposite circular polariza-
tion states. Benefiting from the advantages of reflective geo-
metric metasurfaces, this device can operate in broadband.
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Polarization is a fundamental property of electromagnetic radi-
ation; this property specifies the orientation in which a wave
oscillates. A light beam can be polarized into different polari-
zation states such as linear, elliptical, and circular polarization
states. These states of polarization are mainly determined by
two parameters: the handedness and the ellipticity. A typical
method to measure these parameters is based on an optical sys-
tem consisting of many optical devices such as polarizers, wave-
plates, and polarization modulators. By measuring the flux as
light passes through them, the appropriate calculations can be
made to determine the polarization state. However, these op-
tical devices are often very bulky, limiting their applications in
system integration. Furthermore, although the polarization
state can be measured, the approach is not elegant and efficient.

Metasurfaces are two-dimensional (2D) counterparts of
metamaterials, which can manipulate light propagation in a de-
sirable manner, providing an unusual approach to realizing a
plethora of metasurface devices with unusual functionalities,
including lenses [1–6], couplers [7–9], holograms [10–12],

invisibility cloaking [13–15], arbitrary polarization manipula-
tion [16,17], nonlinear metasurfaces [18,19], and fluorescence
emission control [20]. Various types of metasurface devices for
polarization measurement have been demonstrated [21–23].
However, an approach based on polarization-sensitive metasur-
face hologram has not been reported.

In this Letter, we propose and experimentally demonstrate a
hologram approach for measuring the polarization state of a
light beam. Figure 1 shows the schematic of our proposed ap-
proach, which is based on the reconstructed holographic images
upon the illumination of the light beam. When the light beam
with pure left circular polarization (LCP) is incident on the
metasurface, a clear holographic image (graphene pattern) is
seen. A holographic image of the same graphene pattern with
a rotated angle is observed, when the polarization state of the
light is changed from LCP to right circular polarization (RCP).
The two holographic images overlap upon the illumination of
the light beam with linear polarization (LP), since it can be
decomposed into LCP beam and RCP beam with equal com-
ponents. For a light beam with elliptical polarization, the inten-
sities of the two holographic images for LCP and RCP are
different, because the two components for LCP and RCP
beams are different. Due to the unique pattern of the graphene
structures, the polarization state of the incident light can be
determined by measuring the intensities of the two neighboring
light spots in the overlap area of holographic images.

Our system shown in Fig. 1 consists of five main parts: the
laser, the polarizer, the quarter-wave plate, the metasurface, and
the screen. The metasurface is illuminated by the light from the
laser, which is polarized as it passes through the linear polarizer
and then the quarter-wave plate before impinging on the meta-
surface hologram. The holographic image is reconstructed on
the screen by the light reflected from the metasurface. To gen-
erate the polarization-sensitive metasurface hologram for polari-
zation measurement, two graphene patterns [Fig. 2(a)] are
encoded in the metasurface upon the illumination of LCP light.
The center-to-center distance between these two patterns is
2z0. The pattern on the right is the same as that on the left,
but it is rotated at an angle of 11°, which can ensure that there
are some separated neighboring light spots in the overlapped
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area. The off-axis angle of the reflected images on both sides is
30 deg. The size of the holographic image is proportional to the
distance between the sample and screen, but the overlap of the
two patterns is not affected. The Gerchberg–Saxton algorithm is
used to retrieve the required phase profile. The reflective-type
metasurface consisting of metallic nanorods with spatially variant
orientation and ground metallic film with the dielectric layer
sandwiched between them is used to generate Pancharatnam–
Berry phase over a broad range of wavelengths with high effi-
ciency. More details about diffraction efficiency and bandwidth
are available in Ref. [24]. 32-phase levels of phase distribution are
used to minimize the near-field coupling between neighboring
nanorods. A metasurface hologram with a pixel size of 300 nm ×
300 nm and pixel number of 2000 × 2000 is designed to im-
prove the fidelity of the constructed image. The scanning elec-
tron microscope (SEM) image of the fabricated metasurface
consisting of nanorods with spatially varying orientation is
shown in Fig. 2(b). The nanorods all have identical geometric
parameters. They have a width of 50 nm and a length of
200 nm, along with a thickness of 40 nm. A 150 nm thick gold
film and an 85 nm thick glass spacer are deposited on the silicon
substrate by electron beam evaporation. The whole size of the
sample is 600 μm × 600 μm. The design and fabrication details
are available in Ref. [25]. The three-layer structure functions like
a Fabry–Perot–like cavity, where the thickness of the SiO2 spacer
corresponds to the cavity length. The nanorod, along with the

spacer and the background layer, functions as a reflective-type
half-wave plate.

To experimentally demonstrate the hologram polarization
state measurement approach, various polarization states of in-
cident light are analyzed by measuring the intensities of specific
light spots of the two holographic images. These two light spots
are chosen so that there is no overlap between the two images;
otherwise, it would be impossible to distinguish between the
intensities of the two images. To measure the intensity, a soft-
ware called ImageJ is used. The polarization state of the inci-
dent light could be varied by the use of a quarter-wave plate and
a linear polarizer placed in front of a laser source. While the fast
axis of the quarter-wave plate is fixed, the orientation of the
transmission axis of the linear polarizer is rotated, so that
the polarization state of the incident light will change depend-
ing on the angle between the two axes. The angle between the
polarizer and quarter-wave plate is initially set to be 45°; then it
is rotated in steps of 5°. The metasurface is mounted on a 2D
translational stage, and a white screen is used to observe the
reconstructed images.

Based on the experiment above, Fig. 3(a) shows five differ-
ent holographic images (graphene patterns) upon the illumina-
tion of the light beam with a wavelength of 633 nm. When the
incident light is pure LCP, the intensity of the right image
(IRCP) is negligible. Upon illumination with the left-hand
elliptical polarized light, the intensities of the left image (ILCP)
are larger than that of IRCP. Similarly, the intensity relation for
the right-hand elliptical light (IRCP > ILCP) and the pure RCP
(ILCP ≈ 0) can be obtained. When the polarization state of the
incident light is linear polarization (LP), which consists of equal
RCP and LCP components, the intensities of the two images
(IRCP � ILCP) are equal. Therefore, the handedness and ellip-
ticity of the incident light can be determined through compar-
ing the intensity of LCP and RCP from the holographic images.
As seen from Fig. 3(a), the metasurface clearly demonstrates the
brightness of the two constructed holographic images closely
depends on the polarization state of the incident light.

To further confirm the feasibility of our proposed approach,
the normalized intensity data are plotted, as seen in Fig. 3(b). It
can be seen from the fits that as the intensity of the RCP light
spot decreases, the intensity of the LCP light spot increases.
The polarization state of the light can be represented by a point

Fig. 1. Three-dimensional schematic of the experimental set-up to
demonstrate the polarization measurement based on the reconstructed
holographic images. LCP, Left circular polarization; RCP, right
circular polarization.

Fig. 2. (a) Computer-generated hologram graphene pattern. The
center-to-center distance between these two patterns is 2z0. The pat-
tern on the right is the same as that on the left, but it is rotated at an
angle of 11°. (b) SEM image of the fabricated metasurface, which con-
sists of three layers: gold nanorods with spatially variant orientations
on the top, gold film at the bottom, and the silicon dioxide layer sand-
wiched between them.

Fig. 3. (a) Five different holographic images of the graphene pat-
tern; the polarization states of light from left to right are LCP, left
elliptical polarization, LP, right elliptical polarization, and RCP.
(b) Normalized intensity measurements of RCP and LCP light.
(c) Experimental (rod triangles) and theoretical data (solid line) on
a Poincaré sphere.
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on a Poincaré sphere. The experimental and theoretical data
are plotted against each other on the Poincaré sphere [see
Fig. 3(c)]. The ellipticity η and helicity of the incident light
can be calculated by the intensity ratio τ � ILCP∕IRCP,
η � �1 − ffiffiffi

τ
p �∕�1� ffiffiffi

τ
p �. η � �1 and η � 0 correspond to

RCP (LCP) and LP, respectively. The detailed information
is available in Ref. [16]. As we can see from the plot, the
experimental data (little red triangle) and theoretical data
(blue line) agree well. Benefiting from the exotic property of
reflective-type metasurface, the metasurface hologram can work
in broadband. The holographic images for a range of incident
polarization states at 633, 598, and 528 nm are given in Fig. 4,
respectively. The figures in Figs. 3(a) and 4 are only half of the
image window from Fig. 2(a), and the efficiency on one side is
halved. This approach provides a fast way to roughly estimate
the polarization state of the incident based on the intensity
difference between two holographic images. Although the ap-
proach can be used to measure the ellipticity of the polarized
light, the full polarization measurement also needs further in-
formation (e.g., the polarization azimuth angle discussed in the
Refs. [26,27]).

In conclusion, a metasurface hologram approach for polari-
zation measurement is experimentally demonstrated. The ellip-
ticity and helicity of various polarizations states of the incident
light are measured based on intensities of the neighboring light
spots from the reconstructed images. The dynamic polarization
change of a light beam can be quickly estimated based on the
rise and fall of intensities of the reconstructed holographic im-
ages, providing a fast and elegant polarization measurement
method based on polarization-sensitive metasurface holograms.
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