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a promising route to miniaturize, planarize, and integrate 
multiple microwave or optical components on a chip. 

 With the raise and development of artifi cial engineered 
metamaterials (MTMs), important advances in science and 
technology have been put forward; for example, negative 
index MTMs have notably been used to propose imaging func-
tionalities that may go beyond conventional Abbe's limit on 
resolution. [ 1,2 ]  At the same time, the theory of transformation 
optics (TO) has also been successfully exploited for wavefront 
engineering and to design advanced planar metalenses. [ 3,4 ]  In 
spite of these improvements in imaging devices, metalenses 
based on MTMs and TO still follow conventional refraction 
laws, which implies that the local phase variation comes from 
either the specifi c surface topography, or a spatial variation of 
the refractive index. Therefore, the lens thickness is an essen-
tial factor to realize specifi c refraction effects. Although Fresnel 
lenses seem to be a solution, they still require a thickness of 
 λ / n , [ 5 ]  where  λ  is the wavelength and  n  denotes the refractive 
index. Hence, lenses based on conventional refraction are lim-
ited in thickness and weight. 

 The concept of phase discontinuities at an interface provides 
a powerful solution to break the mentioned limitations. [ 6 ]  By 
introducing abrupt phase changes on a surface, phase accumu-
lation in a traditional lens can be substituted by suitably tailored 
phase discontinuities, which provide the possibility of con-
structing ultra-thin planar metalenses. Based on the plasmonic 
response of nanoantennas, anomalous refraction and refl ec-
tion were fi rstly observed in the infrared region, as predicted 
by generalized Snell's laws (GSL) of refraction. [ 6,7 ]  So far, meta-
surfaces based on phase discontinuities have been realized in 
the mid-infrared range, [ 6 ]  near-infrared, [ 7 ]  visible [ 8 ]  and terahertz 
range, [ 9 ]  and several types of nanoantennas have been proposed 
to achieve full control of cross-polarized (cross-pol; opposite 
handedness of the incident wave) fi eld components. [ 10–12 ]  The 
concept of phase discontinuities has been adopted for novel 
and intriguing applications by tailoring the phase distribution 
on the metasurface. Up to now, phase discontinuities-based 
metasurfaces have found applications in wavefront manipula-
tion in transmission [ 6,13 ]  and refl ection mode, [ 14–16 ]  optical infor-
mation processing and analog computations, [ 17 ]  manipulating 
orbital angular momentum of light, [ 18 ]  realization of spin-
controlled nanophotonic applications, [ 19 ]  achieving strong and 
broadband photonic spin Hall effect [ 20 ]  and three-dimensional 
holography. [ 21 ]  

 Compared to conventional lenses or imaging devices, meta-
surfaces provide a powerful method to achieve planarization, 
thickness reduction, pixel refi nement, and transverse resolu-
tion. All of these results hold the potential to trigger several 
new technologies in the fi elds of imaging, energy harvesting 

  Recent years have witnessed a great surge of interest in meta-
surfaces providing phase-discontinuities, which fi nd novel 
applications in fl at lenses, spin-orbit manipulation, wave-
front engineering, information processing, holography, to 
name a few. Compared to conventional lenses or imaging 
devices, metasurfaces provide an alternative approach to 
wave control and manipulation, thickness reduction, pixel 
refi nement, and transverse resolution. However, ultrathin 
metasurfaces operating in transmission face the challenge of 
intrinsically low anomalous transmission, as only a few per-
cent of the total power of incident light gets processed by the 
metasurface, preventing the widespread use of these devices. 
Here, we design and experimentally verify a planar ultra-thin 
metalens (≈ λ /1000 in thickness) demonstrating anomalous 
cross-polarization transmission effi ciency reaching ≈24.7% 
in our proof-of-concept experiment, which is almost at the 
theoretically predicted upper limit 25% for ultra-thin sur-
faces. The polarization-dependent phase change is intro-
duced and engineered by assembling Pancharatnam–Berry 
phase elements with spatially varying axis orientation. Due 
to its polarization-dependent phase engineering properties, 
such metalens also naturally exhibits bi-functionality. By con-
trolling the handedness of the incident wave, in fact, con-
verging and diverging functions are interchangeable using 
the same fl at lens. With great improvements in effi ciency 
and thickness reduction, the proposed metalens overcomes 
several challenges of earlier metasurface designs, providing 
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ultrathin metasurfaces operating in transmission still face sev-
eral challenges, the most important being their low conversion 
effi ciency, which is typically defi ned as the ratio of the energy 
transmitted in the anomalous cross-pol beam, the only portion 
of the beam that can be fully controlled over the entire available 
phase range, to the total energy of the incident wave. So far, the 
maximum conversion effi ciency achieved with ultra-thin meta-
surfaces has been in the order of only a few percent, [ 6,7,13,23 ]  
which represents a signifi cant obstacle for the applicability of 
these concepts in practical scenarios. 

 The need to work with cross-pol beams is associated to the 
general issue that, for linear, reciprocal and passive metasur-
faces with infi nitesimal thickness, only the phase of the cross-
pol transmitted wave can be arbitrarily controlled, whereas the 
co-polarized (co-pol; same handedness of the incident wave) 
transmission phase is severely limited (see Reference  [ 24 ]  and 
Supporting Information therein). Besides, it has been theoreti-
cally shown [ 24 ]  that the cross-pol coupling effi ciency is funda-
mentally limited to stay below 25% (with respect to the total 
incident energy) for any linear, reciprocal, and passive ultrathin 
metasurfaces operating with linearly polarized fi elds (by 
ultrathin we mean devices that can support only tangential 
electric currents on a single plane). To overcome these bounds, 
thicker designs can be used, which, by breaking the radiation 
symmetries, may be able to attain 100% effi ciency and, at the 
same time, full phase coverage in the co-pol transmitted wave. 
Different metasurfaces have been proposed to this aim, for 
example, Huygens’ surfaces [ 25 ]  or multilayered metascreens 
and meta-transmitarrays. [ 9,24 ]  However, all these designs funda-
mentally require a fi nite minimum thickness to realize higher 
effi ciencies, and typically pose signifi cant fabrication challenges 
and more signifi cant frequency dispersion. Therefore, despite 
their effi ciency limitations, ultrathin single-layer designs are 
still very appealing for practical applications. 

 In this paper, we show that the concept of Pancharatnam–
Berry (P–B) geometric phase manipulation [ 26,27 ]  can be applied 
to realize infi nitesimally-thin metasurfaces operating with cir-
cularly-polarized fi elds that can optimally control the phase of 
the cross-pol transmission, while ensuring at the same time 
maximum coupling effi ciency, very close to the theoretical 
bound. Based on these ideas, we propose the design and reali-
zation of an ultrathin metalens (thickness of about 0.001 λ ), 
and we verify its performance with simulations and a proof-of-
concept experiment at microwave frequencies. We demonstrate 
high-effi ciency anomalous refraction and, based on the polari-
zation-dependent response of P–B phase elements, we put for-
ward a bi-functional metalens design, of interest for practical 
applications. 

 First, the physical bounds on the effi ciency of infi nitesi-
mally-thin metasurfaces are extended from linear polariza-
tion [ 24 ]  to circular polarization by converting the elements of 
the linear transmission matrix (Jones matrix) to a circularly 
polarized base. In a circularly polarized base, the symmetrical 
linear cross-coupling transmission coeffi cients =T Txy yx [ 28 ]  cor-
responds to =T TLL RR, where the subscripts  L  and  R  indicate, 
respectively, left-handed or right-handed circular polarized 
waves (LCP or RCP). Then, by following a procedure sim-
ilar to the one described in Reference [ 24 ]  we fi nd the following 

nonlinear equation, which fundamentally constraints the 
amplitude of the circular cross-coupling transmission effi ciency 
TLR (or TRL)

 Re2 2[ ]= −T T TLR LL LL   (1)   

 From this condition, we see that the amplitude of TLR  (or TRL) 
is uniquely determined by the co-pol transmission effi ciency TLL, 
and the maximum cross-coupling effi ciency is 0.252 =TLR , 
when TLL  is equal to 0.5, similar to the linearly polarized case 
studied in Reference [ 24 ] . Moreover, it can be verifi ed that the 
phase of TLR  is not constrained by the imposed passivity, reci-
procity, and symmetry conditions. This fact implies that it may 
be possible, as we show in the following, to design a metasur-
face that achieves maximum cross-pol transmission effi ciency 
for any desired transmission phase, hence enabling an optimal 
manipulation of the cross-pol transmitted beam. 

 To imprint the desired phase pattern to the transmitted beam 
in the microwave band, we adopt here an approach based on 
the P–B geometric phase manipulation, guided by the fi ndings 
in Equation  ( 1)  . Different from the majority of metasurfaces 
proposed so far, which were focused on anomalous transmis-
sion of  linearly polarized waves , here we are inspired by the work 
of Hasman, [ 26,27 ]  which exploits the manipulation of P–B geo-
metric phase, arising from space-variant polarization modifi ca-
tions, to achieve perfect control of the transmission phase for 
 circularly polarized waves . In the original designs based on this 
principle, high transmission effi ciency was guaranteed by the 
large optical thickness of the dielectric metasurface supporting 
Fabry-Perot slab resonances. Here, on the contrary, we purpose-
fully focus on an ultrathin design with resonance concentrated 
on a surface, which requires some modifi cation of the design 
principles behind these metasurfaces. 

 The proposed metalens and the corresponding unit cell are 
schematically shown in  Figure    1  a,b, respectively. The unit cell 
was optimized to achieve, in a subwavelength footprint, the 
desired level of TLL  transmission as required by Equation  ( 1)  . 
Compared to H-shaped apertures, [ 29 ]  the total size of the unit 
cell (Figure  1 b) is reduced by about 50% (the electrical length of 
the unit cell is about  λ /6), which is benefi cial to ensure a more 
accurate resolution of the transverse phase pattern. Details on 
the unit cell can be found in the Supporting Information. At 
the fi rst resonance frequency of 9.8 GHz, an incident wave with 
linear polarization along the  x -axis is transmitted with ampli-
tude larger than 0.9, while transmission is much lower for 
  y  -polarized incidence, as shown in Figure  1 c. As a result, when 
the incident wave is circularly polarized, 0.5=TLL , consistent 
with the requirements from Equation  ( 1)  . Figure  1 d shows that 
cross-pol and co-pol components both exist in the transmitted 
fi eld under LCP incidence, with same magnitude, again con-
sistent with (1). Simulation results also show that the amplitude 
of the transmission coeffi cients for circularly polarized inci-
dence is essentially independent on the orientation angle of the 
unit cell, suggesting that the geometric-phase concept can be 
applied to ultrathin resonant metasurfaces. To further confi rm 
this possibility, we verifi ed that a phase factor (PF) is achieved 
when the polarization modifi cation between fi xed initial and 
fi nalstates (from LCP to RCP) varies in space, as it can be con-
veniently visualized on the Poincaré sphere (inset of  Figure    2  , 
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the two poles on the sphere indicate the RCP and LCP states, 
while the equator corresponds to linear polarization states). 
In other words, when the incident beam undergoes a gradual 
space-variant polarization change, also its phase changes in 
space, this modifi cation being of purely geometric nature. [ 26 ]  To 
quantify the relation between space-variant polarization modi-
fi cation and phase change, it has been shown that the PF is 
equal to half of the area that is encompassed by the loop on 
the Poincaré sphere, and its absolute value can be calculated 
as PF θ θ( )= −2 1 0 , assuming that the polarization changes 
between the two poles of the sphere (from purely RCP to LCP, 
or vice versa, as shown in Figure  2 ). With arbitrary polarization 
rotation, any desired phase modifi cation in the range [0, 2π] can 
thus be achieved. Using Jones calculus, the transmitted fi eld 
of the P–B elements can be calculated for arbitrarily polarized 
incident waves as: [ 26,27 ] 

    
2 2

� � � �
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in and  η  E ,  η  R ,  η  L  are the polarization 

order coupling effi ciencies, <•|•> denotes inner product, 
�
R  

(
�
L ) represents the RCP (LCP) component,  t x   and  t y   are the 

amplitudes of the transmission coeffi cients for two linear polar-
izations perpendicular and parallel to the optical axis (i.e., par-
allel to the  x  and  y  axis, respectively, when 0φ = ), and φ is the 
phase difference between these transmission coeffi cients.   

 When the incident wave is purely RCP (or LCP), the effi -
ciency  η  R  (or  η  L ) vanishes, and Equation  ( 2)   indicates that the 
transmitted fi eld from a P–B element comprises two polariza-
tion orders. One maintains the phase and original polariza-
tion state of the incident wave, while the other one exhibits 
opposite handedness and a phase modifi cation of ±2 θ , where 
the plus or minus signs correspond to both the rotating direc-
tion of the unit cells and the handedness of the incident wave. 
Positive rotation angles refer to clockwise rotation, negative to 
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 Figure 1.     Geometry and transmission features of the proposed metasurface. a) Schematic of the metalens, b) Geometric parameters of the unit cell, 
c) Transmission coeffi cients under linear-polarized incident wave when  θ  = 0, d) Transmission coeffi cients under LCP illumination, e) Partial view of 
the photograph of the fabricated metalens.
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anti-clockwise. The main difference, compared with previous 
designs based on P–B phase elements, [ 26,27 ]  is that here we are 
not assuming 1= =t tx y  (and φ π= ) in Equation  ( 2)  , since 
our structure is not a half-wave plate as in refs.  [ 26,27 ] , but an 
ultrathin surface with maximal, yet limited, coupling effi ciency. 
As a result, the co-pol term in Equation  ( 2)   does not disappear 
in our case, consistent with the discussion in the previous sec-
tion. The optimal scenario is when 25% of the transmitted 
energy goes into the cross-pol beam and 25% into the co-pol 
one (the other 50% being associated with the refl ected energy). 

 To further demonstrate the predictions of Equation  ( 2)  , the 
geometric phase modifi cations of the transmitted electric fi eld, 
arising from varying the orientation angle of the unit cell, have 
been simulated and the results are plotted in Figure  2 . For 
co-pol transmitted fi elds, there is no phase change, no matter 
how the unit cell is rotated. Instead, for the transmitted compo-
nent with opposite handedness (cross-pol), the numerical value 
of the phase shift is equal to twice the rotating angle of the unit 
cell, which is consistent with the theoretical value of the second 
term in Equation  ( 2)  . Therefore, by arranging unit cells with dif-
ferent orientations, as shown in Figure  1 e, it is possible to tailor 
the local spatial phase variation at will. Since only the cross-pol 
transmitted beam can be controlled by the metasurface, as seen 
in Figure  2 , these results indicate we are able to manipulate at 
will the phase of almost 25% of the impinging energy. There-
fore, the proposed metasurface reaches the theoretical limit on 
the maximum coupling effi ciency for anomalous transmitted 
beams, consistent with our analysis and with refs.  [ 24,30 ] . 

 The large effi ciency of the proposed metasurfaces is ideal 
to demonstrate strong anomalous refraction effects. The 
refraction angle can be predicted according to the GSL [ 6 ]  as 

sin( ) sin( )
2

0θ θ λ
π

ϕ− =n n
d

dx
t t i i , where  θ i   and  θ t   are the angle of 

incidence and refraction, respectively. For an LCP incident wave, 
the designed metalens has a linear gradient d φ /d x  = 2π/10 a  
along the  x -axis (as sketched in Figure  1 a), while for an RCP 
incident wave, the gradient is −2π/10 a . More details on the 

metalens, as well as its fabrication and testing, are presented in 
the Supporting Information. At the fi rst resonance frequency, 
the refraction angle of the cross-pol component can be calcu-
lated as 37.75° under normal LCP incidence, which agrees well 
with the simulation result (37.32°), as shown in  Figure    3  a. Then 
the anomalous refraction for the transmitted RCP component 
was simulated and measured in a wide frequency band ranging 
from 9.3 to 11.2 GHz. Figure  3 a presents the refraction angle 
as a function of frequency, and Figure  3 b shows the angular 
pattern of the normalized transmission amplitudes in far fi eld, 
at the fi rst resonance frequency. The simulated direction of the 
main lobe is in very good agreement with the measured results, 
while the measured sidelobes present slight differences com-
pared to simulations. This is because the incident wave used 
in our numerical calculations is an ideal plane wave; while 
in our measurements we used a standard horn antenna. Our 
measurements also show that, at the fi rst resonance frequency, 
the transmission coeffi cient of the cross-pol component is 
–6.07 dB, with respect to the co-pol transmission coeffi cient in 
the scenario without metalens. Thus, also our measurements 
confi rm that the transmission effi ciency of the anomalous 
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 Figure 3.     Experimental demonstration of high-effi ciency anomalous 
refraction. a) Theoretical, simulated, and measured anomalous refrac-
tion angle as a function of frequency; b) simulated and measured trans-
mitted far-fi eld pattern (normalized to the simulated and measured peak 
value respectively) under LCP normal incident wave, at the fi rst resonance 
frequency.

 Figure 2.     P–B geometric phase variation of the co-pol (solid lines) and 
cross-pol (dashed lines) transmitted wave, as a function of the orienta-
tion angle of the unit cell. Both theoretical [Equation  ( 2)   and numerical 
results are reported in the fi gure. The inset shows a visualization of the 
P–B phase on the Poincaré sphere.
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refraction component is about 24.7%, which approaches the 
theoretical limit of 25%. [ 24,30 ]  In Figure  3 b, we also note that the 
intensity of the anomalous refracted beam is the same as the 
ordinary beam, consistent with our theoretical predictions. This 
is a remarkable result compared to previous zero-thickness 
metasurfaces (e.g., ref.  [ 6 ] ), in which only a small fraction of the 
incident energy undergoes anomalous refraction.  

 As demonstrated above, the unit cell of the metalens 
responds differently to LCP and RCP incident waves. Thus 
we can exploit this phenomenon to construct bi-functional 
metalenses. Recently, there have been a few works on dual-
polarity lenses, demonstrated in far-infrared [ 27 ]  and visible 
light region. [ 8 ]  Here, we propose a bi-functional (converging–
diverging) ultrathin metalens in the microwave region, based 
on P–B phase manipulation, which guarantees an anomalous 
refraction effi ciency almost at the theoretical limit. 

 To achieve focusing at a given focal length  f , the relationship 
between the rotation angle  θ  and the position of the unit cells 

is given as 0.5
2

| |2 2θ π
λ ( )= ± × + −f x f , where  x  =  na  ( n  = 0, 

±1, ±2, …). Here we show experimental results for a fabricated 
metalens with focal length  f  = 300 mm. The working frequency 
is around 10 GHz, thus the lens can be considered to be oper-
ating in the far-fi eld region, as  f  ≈ 10 λ . More details are shown 
in the Supporting Information.  Figure    4   shows the experi-
mental results of the total electric fi eld amplitude distribution. 
It can be seen that, for normal RCP incident waves, the meta-
surface operates as an ultra-thin converging lens (Figure  4 a). 

Conversely, when the polarization of the inci-
dent plane wave is changed to LCP, the met-
alens exhibits a diverging effect (Figure  4 b), 
demonstrating a bi-functional operation 
directly controlled by the handedness of the 
incident fi eld.  

 The experimental results exhibit slight 
asymmetries and nonuniformity compared 
with the simulation results shown in the right 
insets of Figure  4 , which may result from the 
sidelobe of the transmitting horn and wave 
diffraction. This situation can be improved 
by placing absorbers or metal plates around 
the metalens to ensure that the incident wave 
transmits only through the lens. According 
to Equation  ( 2)  , the phase of the transmitted 
cross-pol component is affected by the lens, 
whereas the transmitted co-pol component 
keeps the original state. Although not as per-
fect as the pure cross-pol transmission (right 
insets of Figure  4 ), the measured total fi elds 
still show the same converging or diverging 
effects, even after superimposition with the 
transmitted co-pol wave. This makes our 
dual-polarity metalenses competitive for 
practical applications. 

 Compared to other reported planar designs 
used to reshape the wavefront of electromag-
netic waves at microwave frequencies, such 
as gradient-index lenses, MTM Huygens’ sur-
faces and microwave phased array antennas, 

the most signifi cant advantage of our metasurface resides in 
the fact that its operation does not depend on the thickness 
of the lens along the transmission direction. The phase shift 
achieved in our designs does not result from propagation 
effects, but rather from space-variant phase modifi cations of 
pure geometric origin, which provides abrupt phase changes on 
a single interface. As a result, our metasurface designs can be 
extremely thin and, at the same time, ensure reasonably high 
effi ciency, bi-functional capabilities and ease of integration with 
other components and systems. We reiterate that the 25% limit 
of cross-pol conversion effi ciency holds for ultrathin metasur-
faces, while higher effi ciencies can be achieved at the cost of 
a larger metasurface thickness (comparable to the operational 
wavelength). We are currently investigating different fi nite-
thickness metasurface designs that may guarantee an optimal 
tradeoff between transmission performance and compactness. 

 In conclusion, we have proposed and fabricated a novel 
kind of planar metalens based on Pancharatnam–Berry phase 
elements on an ultrathin layer, demonstrating highly effi cient 
anomalous refraction and polarization-controlled dual-func-
tionality. Remarkably, the effi ciency of cross-pol conversion 
approaches the theoretical limit for ultrathin metasurfaces. The 
calculated, simulated, and measured results of the bending 
angle for anomalous refraction are all in very good agreement. 
Furthermore, it is the fi rst time that bi-functional metalensing 
based on P–B phase is demonstrated in the microwave regime, 
with maximal effi ciency for such a thin design. For the bi-
functional design, both simulation and experimental results 
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 Figure 4.     Measurement set-up and experimental fi eld map of the energy distribution for a 
bi-functional metalens under a) RCP incident wave and b) LCP incident wave (the metalens is 
placed at the distance of 20 λ  from the feeding horn). The insets in the dashed boxes show the 
corresponding simulated results.
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show that the property of converging and diverging EM waves 
only depends on the handedness of the incident wave, with 
intriguing implications for reconfi gurable microwave systems. 
The planar metalens proposed in this paper empowers signifi -
cant reduction in thickness, versatile focusing behavior, and 
high transmission effi ciency simultaneously, thereby providing 
a great practical alternative to conventional lenses. With sub-
wavelength control of the transmission phase and amplitude, 
this technology holds interesting promises for feeding-network 
free microwave radiating systems with advanced functionalities.  
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