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Abstract: Manipulating circularly polarized (CP) light waves at will are highly important for
photonic researches and applications. Recently, while Pancharatnam-Berry (PB) metasurfaces
have shown unprecedented capabilities to control CP light, meta-devices constructed so far always
suffer from the limitations of low-efficiency and narrow bandwidth. Here, we propose a scheme
to construct PB metasurfaces with these two issues well addressed. To verify our idea, two PB
meta-devices are designed and fabricated for achieving high-efficiency and broadband photonic
spin Hall effect and focusing effect, respectively. Experimental results, in good agreement with
full wave simulations, demonstrate the desired functionalities with efficiencies reaching 80%
within an ultra-wide frequency band (8.2-17.3GHz). The proposed design scheme is generic
and can be extended to high-frequency regimes. Our work can stimulate the realizations of
high-performance and broadband PB meta-devices with diversified functionalities.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Manipulating the properties (including phase, polarization, amplitude, and wavefront) of light
in desired manners play important roles in photonic researches [1–3]. Recently, the spin state
of light draws much attention of people, since it is an additional degree of freedom to be
exploited in a wide range of applications, such as optical sensing [4–6], biomolecule controls
and detections [7,8], optical data storage [9], communication technology [10,11], and so on. In
addition, interactions of spin and orbital angular momenta of light can induce numerous intriguing
effects, including photonic spin Hall effect (PSHE) [12–14], optical forces [15,16], directional
optical radiations [17,18], etc. Unfortunately, conventional optical elements for generating and
controlling spin-polarized light, e.g., wave-plates, optical fibers, are of bulky sizes (in terms of
wavelength), low efficiencies, and/or narrow bandwidths.

Metasurfaces, ultrathin metamaterials composed by subwavelength planar microstructures
(i.e., meta-atoms) closely patterned on an interface [1–3], provide the brand-new platforms
for light manipulations. According to Huygens’ principle, the metasurfaces with purposely
tailored local phase profile can achieve intriguing wavefront engineering, such as anomalous
transmission or reflection [19–21], conversion from propagating waves (PWs) to surface waves
(SWs) [22–24], photonic spin Hall effect (PSHE) [25,26], flat meta-lens [27–30], holography
[31–33], special beam generations [34–36], invisible cloaking [37–39], and so on. In particular,
Pancharatnam-Berry (PB) metasurfaces [40–42], with phase responses tailored by the orientations
(instead of the shapes) of meta-atoms, are found to be ideal tools to manipulate spin polarized
(or circular polarized (CP)) light. Such PB metasurfaces are attractive since they possess many
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unique characteristics — they are relatively easy to design, fabricate and exhibit spin-dependent
and dispersionless phase profiles. Although most of PB meta-devices realized in early years
were of low efficiencies, a theoretical criterion was recently derived to guide researchers design
high-efficiency metasurfaces achieving many fascinating wavefront-engineering effects such as
high-efficiency PSHE [25,26], meta-holograms [33], chirality-modulated SW excitations [43],
complex beam generations [36,44], etc. Despite of these impressive progresses, however, these
PB metasurfaces are of high efficiency only in a certain frequency band, dictated by the scattering
properties of designed meta-atoms [25]. Such bandwidth limitation significantly restricts the
practical applications of PB metasurfaces. Although several works are proposed for broadband
CP wave manipulations, they are either realized in transmission geometry or possess limited
bandwidth improvement [45–47].
Here, we propose a scheme to design PB metasurfaces with high efficiencies within an

ultra-wide frequency band, as schematically shown in Fig. 1. To achieve this goal, we first utilize
the dispersion-cancellation strategy to design a PB meta-atom that can achieve high-efficiency
(>80%) CP-wave controls within a broad frequency window (8-17.4GHz). We then employ such
a meta-atom to construct two PB meta-devices, and experimentally demonstrate that they can
respectively realize broadband PSHE and focusing effect for CP waves with high performances.
Full wave simulations and microwave experiments are in excellent agreement with each other,
which collectively verify our proposals. Such design scheme is generic and can be easily
implemented to realize other wavefront controls and at higher frequencies, with one terahertz
example numerically demonstrated in this paper.

Fig. 1. Schematics of two reflective PB metasurfaces to realize high-efficiency PSHE (a)
and focusing effect (b) within a broad working band, respectively.

2. Concept and meta-atom design

We firstly introduce the design strategy of desired high-efficiency and broadband PB meta-atoms.
Inspired by our previous studies [25,26], we purposely adopt the total reflection configuration to
build our meta-devices with their transmission channels strictly terminated, being favorable to
concentrate the energy and thus improve the working efficiency. Generally, such reflection-type
PB meta-atoms will always generate two different reflection modes under the excitation of CP
waves, i.e., the spin-conserved anomalous mode and the spin-flipped normal mode. While the
meta-atoms are rotated by an angle φ, the anomalous reflection mode will carry an additional
spin-dependent but dispersionless PB phase of ±2φ. Via spatially varying the orientation angles
of the meta-atoms at different positions, we can construct PB meta-devices with various reflection
phase profiles for engineering the wavefront of impinging waves. Conversely, the normal modes
radiated from different meta-atoms are totally in-phase and therefore will be specularly reflected,
degrading the performance of PB meta-devices. According to the Jones matrix analysis [25,26],
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the theoretical criterion to design 100% efficiency PB meta-atoms satisfying the mirror symmetry
is derived as:

|ruu | = |rvv | = 1, ruu + rvv = 0 (1)

Here, u and v denote two main axes of the PB meta-atoms, and the off-diagonal terms of the
Jones matrix ruv, rvu are strictly zero constrained by the mirror symmetry. Equation (1) implies
that such PB meta-device is equivalent to a lossless half-wave plate, which can strictly terminate
the normal reflection mode and thus achieve high performance CP wave manipulations [25,26].

Fig. 2. Design and characterization of the high-efficiency and broadband PB meta-atoms.
(a) Sample image of the proposed meta-atoms in metal-insulator-metal configuration (see
inset for its building block). Here, p = 6mm, r = 2.5mm, w = 0.2mm, and θ = 85◦. The
thicknesses of two metallic layers and dielectric spacer are 0.036mm and 3mm, respectively.
Simulated and measured (b) reflection phases φuu, φvv and (c) efficiency of the anomalous
mode |(ruu − rvv)/2|2 for the sample shown in (a) as a function of frequency. The gray
regions in (b) and (c) indicate the working band of our sample defined by the condition of
|(ruu − rvv)/2|2>0.8.
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Guided by Eq. (1), we design and fabricate the desired PB meta-atoms, which are composed
of the metallic connected double-split-rings and a continuous metallic mirror separated by a
3mm-thick dielectric substrate (εr = 3 + 0.01i), as shown in Fig. 2(a). Based on full wave
simulations, we have optimized the quality factor of composite PB meta-atoms to make sure that
both of the reflection phases φuu and φvv exhibit a nearly linear dispersion behavior. In addition,
the structural anisotropy is carefully designed to make the phase difference φuu − φvv stabilized
at about π within a wide band. Figure 2(b) depicts the finite-difference-time-domain (FDTD)
simulated reflection phases of proposed meta-atoms under the excitation of linear polarization
(LP) waves, exhibiting the equivalent half-wave plate behavior within a broad frequency window
(8-17.4GHz). Furthermore, we employ the formula |(ruu − rvv)/2|2 to qualitatively evaluate
the performance of PB meta-atoms, exhibiting more than 80% absolute efficiency within the
working band [see Fig. 2(c)]. Encouraged by these numerical results, we further fabricate
a practical sample [see Fig. 2(a)] and adopt far-field measurements to characterize its EM
characteristics, showing a good agreement with FDTD simulations. It is noted that, since the
proposed PB meta-atoms are so broadband, the available measurement range of our CP antenna
can only cover part of the whole frequency domain in Figs. 2(b), 2(c), i.e., about 8-18GHz. In
principle, the working band of such PB meta-devices can be even larger based on the similar
dispersion-cancellation strategy if the shapes and dimensions of meta-atoms are further optimized
to include more resonance modes.

3. Numerical, experimental results and discussions

Having obtained the desired meta-atoms, we firstly construct a PB meta-device to achieve
high-efficiency PSHE working within a wide frequency band. Figure 3(a) depicts the image of
part of the fabricated sample and the experimental setup to characterize its performance. Such
meta-device is composed of the same-sized PB meta-atoms (of periodicity p=6mm) but with their
orientations successfully varied along x direction with a constant step of φ = 23.4◦. According
to the generalized Snell’s law [25,26], as the impinging CP waves are illuminated on the sample,
the reflection angle θr of the anomalous mode is determined by:

θr = sin−1(sin θi + ξx/k0) (2)

in which θi denotes the incident angle, k0 is the total wavevector, and ξx = ±2φ/p is the
spin-dependent wavevector provided by our metasurface. According to Eq. (2), the normally
incident CP beams with opposite chirality will be deflected by our sample to the off-normal
directions from ±21.17◦ to ±54.34◦ in the frequency window (8-18 GHz). To characterize
its performance, a horn source antenna is adopted to illuminate the CP waves normally on
the fabricated sample. Meanwhile, another left circular polarization (LCP) or right circular
polarization (RCP) horn antenna is rotated on a circular track of about 1m radius to measure the
angular distribution of the scattered electric field intensities. Both antennas are connected to
a vector network analyzer (Agilent E8362CPNA). Figure 3(b) shows the normalized scattered
far-field angular distributions of different spin states at three representative frequencies, obtained
by experimental measurements (symbols) and FDTD simulations (lines). Here, the reference
signal is defined as the intensity of specular mode reflected by a flat metallic mirror of the same
size as the PB meta-device under the exactly same excitation conditions. Clearly, the incident
LCP and RCP beams are anomalously deflected to two opposite off-normal directions, which is
exactly the fingerprint feature of PSHE. As shown in Fig. 3(b), the anomalous reflection mode
becomes more oblique as the frequency decreases (or the wavelength increases), agreeing well
with the prediction of Eq. (2). Meanwhile, the angular width of anomalous reflection beam
becomes larger, which is quite reasonable considering that the finite-size effect of our sample
becomes more serious with the increase of θr [21].
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Fig. 3. The proposed PB metasurface to achieve high-efficiency and broadband PSHE. (a)
Schematic of the experimental setup for detecting the scattered electric far-field distributions
of the sample (see inset for its picture). (b) Normalized scattered electric field angular
distributions for the PB metasurface under the illumination of LCP and RCP light at three
different frequencies (9, 13 and 16GHz) obtained by simulations (lines) and experiments
(symbols).

Both microwave experiments and FDTD simulations verify the broadband performance of
the aforementioned metasurface. Figures 4(a), 4(b) depict respectively the angular distributions
of scattered electric field intensities with LCP (|+〉) and RCP (|−〉) within 8-18 GHz, as the
metasurface is shined by normally incident LCP waves. Obviously, while the anomalous
reflection mode [see Fig. 4(a)] takes away most of input energy, the normal reflection mode [see
Fig. 4(b)] is significantly suppressed within the whole working band. In addition, the measured
deflection angle of anomalous mode shows good agreement with the theoretical prediction [see
green line in Fig. 4(a)]. We have further quantitatively computed the working efficiency of
our PB metasurface, which is defined as the ratio between the integrated energy carried by the
anomalous reflection beam and the impinging CP beam. As shown in Fig. 4(c), the proposed
metasurface exhibits the high efficiencies of above 80% within the frequency band (8.2-17.3
GHz). For RCP illumination case, the anomalous mode appears at the opposite reflection
directions [Figs. 4(d)–4(f)], demonstrating the desired broadband PSHE. Compared to previous
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studies in the similar frequency regime [25], the high-efficiency and wide-band performances are
simultaneously achieved in our sample.

Fig. 4. Experimental demonstration of high-efficiency and broadband PSHE. (a, b, d, e)
Normalized spin-conserved (a, d) and spin-flipped (b, e) scattered electric field intensities as
functions of frequency and reflection angle for the metasurface shined by normally incident
LCP (a, b) and RCP (d, e) beams, respectively. (c, f) The measured efficiencies of anomalous
reflection versus frequency for LCP and RCP illuminations, retrieved by the experimental
data in (a, d).

With such building block, we further realize a high-efficiency meta-lens for concentrating the
spin polarized wave. By carefully setting the orientations of local meta-atoms, we can encode
the following parabolic reflection pattern inside our sample for RCP illumination:

Φ(x, y) = −k0
(√

F2 + x2 + y2 − F
)

(3)

where k0 and F respectively denote the total wavevector (251.33 m−1) of EM wave and the focal
length (100mm) at 12GHz. The inset of Fig. 5(a) depicts the picture of part of the fabricated
meta-lens sample. Clearly, the orientation angles of composite meta-atoms on the sample are
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tailored along the radial direction, constrained by the predefined phase distribution of Eq. (3).
We adopt the near-field mapping technique to demonstrate the functionality of our sample, as
schematically depicted in Fig. 5(a). While a horn antenna as the source emits the RCP beam
normally on the sample, another monopole antenna as the receiver is moved freely to map the
electric field pattern (including both amplitude and phase information). Before the experimental
measurements, FDTD simulations are firstly adopted to compute the scattered electric field |Ex |

2

patterns at two perpendicular planes (i.e., x-z and y-z plane) [see Fig. 5(b)]. The 3D focusing
effect is perfectly verified with the focal length measured at about 98mm at 12GHz, matching
well with our theoretical design (F=100mm). We next experimentally characterize the broadband
performance of our meta-lens. Figures 5(c)–5(h) show the measured Ex field pattern (real part)
in x-z plane at six representative frequencies within the working band of 8-18GHz, clearly
exhibiting the robust and broadband focusing effects. Full wave simulations [Figs. 5(i)–5(n)]
show reasonable agreement with the experimental results. Since the geometric phases encoded
inside the PB metasurface is intrinsically dispersionless, the focal length F is thus inversely
proportional to the wavelength according to Eq. (3). Both FDTD simulations and experimental
measurements clearly demonstrate such dispersive behavior, as shown in Fig. 5. It is noted that
the measured focused field patterns in Fig. 5 is slightly tilted, which may attribute to the minor
deviation from normal incidence and/or imperfect performance of the horn antenna. On the other

Fig. 5. High-efficiency and broadband reflective PB meta-lens for microwave regime. (a)
Schematics of the near-field scanning measurements to characterize the performance of
fabricated meta-lens (see inset). (b) FDTD simulated 3D electric field intensity distribution
reflected by our meta-lens with its focal length demonstrated as F=98mm at 12GHz. The
measured (c-h) and simulated (i-n) Ex field pattern in x-z plane (y=0) reflected by our
meta-lens at six representative frequencies.
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hand, such meta-lens will defocus the impinging LCP EM waves due to the intrinsic nature of PB
phase.

Our design strategy is quite generic that can be developed to achieve other wavefront engineering
in different frequency domains. As one example, we design a high-efficiency zero-order Bessel
beam (BB) generator working at terahertz regime, as depicted in Figs. 6(a), 6(b). The reflection
phase of the BBs generator at 0.7 THz for RCP illumination satisfies the following formula:

Φ(x, y) = k‖
√

x2 + y2 (4)

Here, k‖ = k0 sin 30◦. Such PB meta-atoms are obtained via scaling down the geometric
parameters of their microwave counterpart, i.e., p = 100µm, r = 40µm, w = 5µm, θ = 85◦.
And the dielectric spacer is replaced by a 50-µm thick polyimide film (εr = 3.9 + 0.05i). The
orientation angles of local PB meta-atoms can be straightforwardly obtained as α = φ(x, y)/2.
As depicted in Fig. 6(a), such PB meta-device will symmetrically bend the impinging RCP
beam towards the main axis of the sample with a specific deflection angle θr = sin−1(k‖/k0),
generating the desired zero-order BBs. We perform FDTD simulations to calculate the scattered
field intensities |Ex |

2 at both the x-z [Figs. 6(c)–6(g)] and x-y planes [Figs. 6(h)–6(l)] at several
representative frequencies, exhibiting the non-diffraction features of BB beams in the whole
frequency band. In our calculations, the total size of such BB meta-generator is 3300× 3300 µm2.

Fig. 6. High-efficiency and broadband BB generator for THz regime. (a, b) Schematics
of the zero-order BB beam (a) generated by the proposed meta-device (b). The simulated
electric field |Ex |2 distributions at five representative frequencies at x-z plane with y=0 (c-g)
and at x-y plane at different longitudinal positions (see insets).

4. Conclusions

In summary, we proposed a scheme to design PB meta-devices in reflection configuration
with both high efficiencies and broadband performances. Reflection phases of the designed
meta-atoms under excitations of two orthogonal LPs are engineered to exhibit nearly identical
linear dispersions with similar slopes, resulting in a desired π difference within an ultra-broad
frequency band. Based on such a building block, we design and fabricate two functional PB
meta-devices to achieve respectively the broad-band PSHE and focusing effect for CP waves,
demonstrated by both FDTD simulations and microwave experiments. We finally employ such a
generic scheme to design a THz BB meta-generator and numerically demonstrated its broadband
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and high-efficiency performances. Our findings may stimulate many spin-dependent photonic
applications, including broadband polarizers, spectrum beam splitters, multifunctional wavefront
engineering, and so on.
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