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To construct PSOEs, two anisotropic sub-
strates [ 7,8 ]  or a structure with form-bire-
fringent [ 9,10 ]  have been traditionally used 
to impose the desired phase delay for the 
two cross-polarizations of incident light. 
Although these devices prove to be effec-
tive, it is challenging for the etching depth 
control especially when some extreme 
phase profi les are needed. Besides, these 
devices suffer from the limited phase levels 
and the large pixel size due to the current 
fabrication techniques. 

 Benefi ting from the easy fabrication and 
the fl exible control of the light propagation, 
metasurfaces have provided new opportu-
nities to realize virtually fl at optics. [ 11–26 ]  
In comparison with the traditional PSOEs, 
which realize the birefringence by carefully 
designing the structure of each pixel, the 
metasurface provides a much easier way 
by directly merging different optical ele-

ments together with each one working for a particular incident 
polarization. Refl ective-type metasurface holograms have been 
demonstrated to reconstruct two interchangeable images [ 27,28 ]  
by controlling the linear polarization state of the incident light. 
Although the previously proposed metasurfaces have shown 
their unique advantages such as broadband [ 27 ]  and wide fi eld 
of view, [ 28 ]  further application is hindered by the limited phase 
levels [ 27 ]  and binary modulation [ 28 ]  of the holograms since most 
optical elements such as a lens or an axicon are required to pre-
cisely manipulate the phase of the wavefront. 

 Driven by miniaturization and system integration, ultrathin, multifunction 
optical elements are urgently needed. Traditional polarization-selective optical 
elements are mainly based on birefringence, which is realized by using the 
well-designed structure of each phase pixel. However, further reduction of the 
pixel size and improvement of the phase levels are hindered by the compli-
cated fabrication process. An approach is proposed to realize a metasurface 
device that possesses two distinct functionalities. The designed metasurface 
device, consisting of gold nanorods with spatially varying orientation, has 
been experimentally demonstrated to function as either a lens or a hologram, 
depending on the helicity of the incident light. As the phase of the scattered 
light is controlled by the orientation of the nanorods, arbitrary phase levels 
and dispersionless phase profi le can be realized through a much simpler 
fabrication process than the conventional device. This approach provides an 
unconventional alternative to realize multifunction optical element, dramati-
cally increasing the functionality density of the optical systems. 

  1.     Introduction 

 Miniaturization and integration are two continuing trends in 
the production of photonic devices. Great effort has been made 
to incorporate multifunctions into a single device, [ 1–3 ]  such as 
the optical Janus device. [ 4 ]  As one of the important multifunc-
tion optical elements, polarization selective optical elements 
(PSOE) can achieve multiple functionalities according to 
the polarization states of the incident beam; these have been 
applied in optical encryption, [ 5 ]  image processing, [ 6 ]  and so on. 
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 In this paper, we propose and experimentally verify a novel 
method to realize a metasurface device that possesses two 
distinct functionalities. The realization of each functionality 
depends on the helicity of the incident light. As shown in 
 Figure    1  , the metasurface device acts as a hologram when the 
polarization state of the incident light is left circular polariza-
tion (LCP), while the same device will turn into a convex lens 
when the polarization state is changed to right circular polari-
zation (RCP). Arbitrary phase levels of the phase-only metas-
urface can be realized with an easy-to-fabricate process, which 
is highly desirable for the phase modulation optical elements. 
Since the helicity of the incident light can be controlled, the addi-
tional degrees of freedom provided by Berry phase can be used 
to integrate two independent optical elements into a single meta-
surface. To maintain the unique characteristics of conventional 
optical elements which usually alter the phase front only in the 
propagation direction, we demonstrate the capability of the mul-
tifunction metasurface device along this direction. In addition, 
the proposed metasurface device is ultrathin (≈40 nm) and broad-
band, which can dramatically increase the functionality density 
in the integrated optical systems. In this work, we integrate two 
optical devices with totally different functionalities on the single 
transmission-type device with functionality-switchable property. 
As a brand new optical device, our work might not only trigger the 
interest of the general public in the science and technology ena-
bled by metamaterials and metasurfaces but also can contribute to 
future possibilities for applications in the relevant research fi elds.   

  2.     Materials and Methods 

 To create the helicity dependent multifunction metasurface 
device, a 2D array of gold nanorods fabricated on the ITO 
(indium tin oxide) coated glass substrate is utilized. Each 
nanorod functions like an anisotropic scatterer, [ 29 ]  i.e., the 
complex scattering coeffi cients for the incident light polarized 
along the two axes of the nanorod are different. As a result, 
the nanorod is capable of converting the circularly polarized 
(CP) incident light into two parts: one has the same polariza-
tion as that of the incident light and no phase shift and the 
other one has the opposite polarization of the incident light and 
an abrupt phase change of ±2 φ , where  φ  is the orientation of 
the nanorod. The “+” or “−” depends on the combination the 
input/detected polarization, with the “+” sign for LCP/RCP 
and the “−” sign for RCP/LCP. [ 30–34 ]  The conversion effi ciency 
of a nanorod for changing the incident light into the opposite 
helicity is determined by its geometry, [ 35 ]  which implies that a 
phase function can be encoded onto the metasurface consisting 
of nanorods with spatially varying orientations. 

 First, a phase-only hologram for the target image of “cat” is 
generated. The target image is discretized and regarded as a col-
lection of point sources. After each point source is added with 
a random phase, the phase-only hologram is obtained by super-
imposing the light emitting from all the point sources (see Sec-
tion 1 in the Supporting Information). Then the phase distribu-
tion of the hologram is sampled and encoded onto the metas-
urface. Each nanorod defi ned in the metasurface represents a 
sampled phase value in the hologram. Under the illumination 
of LCP light, the desired continuous local phase profi le is gener-
ated for the transmitted RCP light and the image “cat” is recon-
structed ( Figure    2  a). Similarly, by encoding the phase function 
of ( , ) 2 / 2 2 2x y x y f fφ π λ ( )( )= − + + −  onto the metasurface, [ 36 ]  a 
convex lens with the focal length  f  is created for the incident/
detected combination of RCP/LCP. However, the metasurface 
lens turns into concave when the combination changes to LCP/
RCP [ 12 ]  and the refracted light diverges as though it is emanated 
from a virtual image plane on the incident side of the metasur-
face (Figure  2 b). Finally, the two sets of data are merged together 
with a displacement vector of ( d /2,  d /2) (Figure  2 c), where  d  
is the distance between neighboring nanorods. Although the 
merged metasurface contains nanorods of two categories, the 
size of the sample is still the same and the equivalent pixel size 
changes into 2 /2d  (viewing from the 45° direction), leading to 
the increase of the nanorod density.  

 The two types of nanorods contributing to the hologram 
and the lens are named type A and type B for convenience, 
respectively. As the dipolar coupling between the neighboring 
nanorods is negligible, [ 37 ]  the nanorods of the two categories 
work independently. For the incident/detected combination of 
LCP/RCP, the RCP light emitting from the nanorods A recon-
structs the image of “cat,” and the RCP light from the nanorods 
B diverges and forms a subtle background Figure  2 c). In con-
trast, if the combination is switched to RCP/LCP, the phase 
profi les of the metasurface in Figure  2 a–c are all reversed and 
the merged metasurface changes from a hologram to a convex 
lens (Figure  2 d–f). By comparing Figure  2 c with Figure  2 f, it 
clearly shows that the functionality of the merged metasurface 
is switchable, depending on the incident/detected combination.  
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 Figure 1.    Schematic to show the polarization selectivity of the metasur-
face device. The metasurface functions as a) a hologram to reconstruct an 
image of “cat” or b) a lens that converges the incident light into the focal 
point, depending on the incident/detected light combination.
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  3.     Results 

 First, we calculate the phase profi les for the 
hologram and the lens separately, then merge 
them together and encode onto the metasur-
face ( Figure    3  a). The metasurface is fabricated 
on the ITO coated glass substrate with the 
standard electron beam lithography, followed 
by the gold fi lm deposition and lift-off pro-
cess (see Section 2 in the Supporting Infor-
mation). The scanning electron microscopy 
image of the fabricated metasurface is shown 
in Figure  3 b. The incident CP light is gener-
ated by a polarizer and a quarter-wave plate, 
which are placed in front of the spectrally 
tunable laser source (NKT, SuperK Extreme). 
The fabricated sample is mounted on the 
2D translational stage with the metasurface 
side facing the incident light. To ensure the 
uniform illumination of the metasurface, 
the incident beam has a diameter (≈2 mm) 
much larger than the size of the metasurface 
(400 µm). The scattered light in the transmis-
sion side is collected by an objective (10×/0.3) 
and a lens ( f  = 50 mm) that used for the far-
fi eld microscopy detection. As the objective 
is fi xed on the 3D translational stage whose 
resolution along the optical path is 1 µm, 
the distance between the objective and the 
metasurface can be fi nely adjusted. Another 
pair of quarter-wave plate and polarizer is 
placed in the transmission side to select the 
CP light with opposite helicity to the inci-
dent light. Finally, the amplifi ed images are 
captured by a CCD (charge-coupled device) 
camera.  
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 Figure 2.    Design methodology for obtaining two distinct functionalities on a single metasurface device. Two different metasurfaces consisting of 
a) a hologram that can reconstruct a real image of “cat” and b) a concave lens that diverges the refracted beam for the incident/detected combination 
of LCP/RCP. c) The two metasurfaces are merged together with a displacement vector of ( d /2,  d /2). Only a reconstructed image of “cat” is observed 
upon the illumination of LCP. As the polarity of the hologram and the lens depend on the polarization of the incident light, no real image is observed 
in (d) but a real focal point appears in (e) when the incident/detected combination is changed from LCP/RCP to RCP/LCP. f) Similarly, a focal point 
will be observed in the real focal plane of the designed metasurface.

 Figure 3.    Metasurface encoding process and the experimental results. a) Nanorod distribu-
tion for part of the designed multifunction metasurface device. The phases of the nanorods 
are denoted by the different colors. The metasurface has the size of 400 µm × 400 µm in total 
and the sampling number is 666 × 666 × 2 (666 × 666 for the hologram and the same for the 
lens). The target image of “cat” is designed to be 150 µm × 150 µm in size and the recon-
struction distance is 200 µm. The focal length of the lens is 200 µm. b) Part of the scanning 
electron microscope image of the fabricated metasurface. The gold nanorods are fabricated on 
the ITO coated glass substrate with a standard electron-beam lithography and lift-off process. 
Each nanorod is 50 nm wide, 150 nm long, and 40 nm high. The nanorods in odd and even 
rows contribute to the lens and hologram, respectively. The distance between the neighboring 
nanorods is 600 nm both in the  x  and  y  directions. c) When the incident/detected light is LCP/
RCP, the merged metasurface functions as a hologram and the image of “cat” is reconstructed 
experimentally. d) When the incident/detected light (633 nm) is RCP/LCP, the metasurface 
turns into a lens that converges the refracted light to the focal point.
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 The polarization selectivity of the metasurface is experimen-
tally verifi ed. The metasurface functions as a hologram when 
the incident/detected polarization combination has the state of 
LCP/RCP (Figure  3 c). By gradually tuning the distance between 
the objective and the metasurface, the optical intensity distri-
bution is examined along the propagation direction to deter-
mine the position of the image “cat.” When the polarizations 
of the incident and detected beams are switched to RCP and 
LCP, respectively, the metasurface functions as a convex lens 
that causes the incident laser beam to converge at a focal plane 
on the transmission side (Figure  3 d). In comparison with 
Figure  3 c, it clearly shows that the selectivity of the metasur-
face from the hologram to the convex lens is solely attributed 
to the helicity change of the CP light for the incident/detected 
combination, which is in good agreement with the theoretical 
prediction. 

 Since the phase profi le of the metasurface is only deter-
mined by the orientation of the nanorods and the helicity of the 
incident light, the metasurface is expected to work over a wide 
range of wavelengths. The broadband property of the metasur-
face is verifi ed by the images captured at different wavelengths 
from 533 to 733 nm with an interval of 50 nm (see Section 3 in 
the Supporting Information). As the designed metasurface 
possesses two functionalities, a detailed performance analysis 
of two separate functionalities is given in the following. Huy-
gens’ principle is used to simulate the reconstructed images 
since the full wave numerical simulation of the designed device 
is beyond our simulation capability due to the large array of 
antennas contained in the metasurface device. The simulated 
and experimentally obtained holographic images are shown 
in  Figure    4  a,b, respectively. In comparison with Figure  4 a, the 
background noise (intensity in areas A and C) increases and the 

fi neness of the image degrades in Figure  4 b. The signal-to-noise 
ratio (SNR) defi ned as  I  B / S  A  is also analyzed.  I  B  is the mean 
intensity value within area B and  S  A  is the standard deviation 
of area A. The SNR is 10.51 in Figure  4 a and 7.97 in Figure   4 b. 
The mismatch between the experimental results and simula-
tion is mainly due to the fabrication uncertainty (e.g., missing 
dipoles), where any deviation from the designed phase values 
can increase the background noise. [ 38 ]  Nevertheless, the pat-
tern outline is still sharp enough to generate a clear image. The 
beam propagation characteristics when the metasurface func-
tions as a convex lens are analyzed in  Figure    5  . Figure  5 a shows 
the experimentally obtained CCD images of the light spots 
corresponding to the positions A–E in the beam path, where 
the point C represents the focal point. Figure  5 b is the corre-
sponding normalized intensity distribution in Figure  5 a. It can 
be seen that the beam size (characterized by the full width at 
half maximum) along the propagation direction is almost sym-
metric about the focal point, which agrees with the theoretical 
prediction. The beam size of the focal point is ≈6.5 µm repre-
senting an effective compression of the original incident beam. 
Due to the resolution of the measurement system (1.06 µm at 
 λ  = 633 nm), the measured beam size is larger than the cal-
culated value. [ 39 ]  Moreover, benefi ting from the submillimeter 
size and the short focal length, the metasurface lens has a high 
numerical aperture of 0.707. 

     4.     Discussion 

 One of important parameters that can be used to evaluate 
the performance of the designed metasurface is conversion 
effi ciency, which is defi ned as the ratio of the power of the 
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 Figure 4.    Detailed analysis of the reconstructed images when the merged metasurface functions as a hologram. The left row shows a) the simulated and 
b) experimentally reconstructed images of “cat” for the designed metasurface device at the wavelength of 633 nm. Areas A, B, and C are marked out in 
the reconstructed images. Area B is a portion of the reconstructed “cat,” while areas A and C exclude the reconstructed image and are located beside 
area B. The zoom-in images and the normalized intensity distribution of the areas A–C are shown in the middle and right columns, respectively.
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transmitted light with opposite helicity to that of the incident 
circularly polarized light. The maximum conversion effi ciency 
we obtained in the experiment is 5% at the wavelength of 
880 nm (details are available in Section 4 in the Supporting 
Information). It is worth mentioning that this value might be 
at the lower edge of what is required for practical applications 
since transmission-type plasmonic metasurfaces consisting of 
metallic structures (e.g., gold or silver) have low effi ciency due 
to the metal loss, especially in the visible range. Although this 
value can be increased by optimizing design parameters [ 40 ]  and 
fabrication process, it has been reported that the maximum 
experimental value based on single-layer metallic structures is 
24.7% in the microwave range. [ 41 ]  Another solution is to use 
refl ection-type metasurfaces; [ 37 ]  however, these refl ection-type 
optical devices are generally less popular than transmission-
type devices for practical applications. Fortunately, the dielectric 
metasurfaces have been demonstrated to possess high conver-
sion effi ciency since they do not suffer from the Ohmic loss in 
metal. [ 19,42 ]  To achieve high conversion effi ciency, the dielectric 
metasurface is an ideal candidate for the proposed device with 
helicity-dependent functionality. 

 As mentioned above, half of the nanorods in the merged 
metasurface contribute to the background noise when the 
metasurface functions as a hologram or lens. In order to 

examine to what extent the performance of the merged meta-
surface is affected by the background noise, a comparison 
between the separate metasurface before and after merging 
is shown in  Figure    6   and  Figure    7  . Understandably, the back-
ground noise of the reconstructed image of “cat” is higher for 
the merged metasurface (Figure  6 c,d) than that for the separate 
metasurface hologram (Figure  6 a,b). Nevertheless, the intensity 
of the noise is still much lower than the pattern of “cat” and the 
outline of the reconstructed image is sharp enough. Figure  7  
shows that the focal point of the merged metasurface is nearly 
unaffected by the background noise. It is interesting to note 
that the undesired beam (background noise) can be eliminated 
by utilizing a more sophisticated design approach for the inte-
gration of multiple and similar optical functionalities (e.g., two 
holograms) into one single optical element. [ 43 ]  However, it is 
very challenging to completely eliminate the background noise 
for the multifunction device with totally different functionali-
ties in this project due to the on-axis design. 

   Another interesting fact is that the virtual image and the 
real image always coexist in the designed metasurface design. 
For example, a real focal point on the transmission side and 
a virtual hologram image (“cat”) on the incidence side can be 
clearly observed when the incident/detected light is RCP/LCP. 
Similarly, a real hologram image on the transmission side and 
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 Figure 5.    The light propagation characteristics when the metasurface functions as a convex lens. a) Experimentally obtained CCD images of the light 
spots at different planes A–E along the longitudinal direction. The distance between two neighboring planes is 20 µm and C is the focal plane. b) The 
corresponding normalized intensity distribution in (a). The full width at half maximum of each light spot is measured and labeled.
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 Figure 7.    Comparison of simulation results of the light spot in the focal plane for the metalens before and after merging with the metasurface hologram. 
a) The simulated focal point and b) the corresponding normalized intensity profi le along the dashed line shown in (a) before merging. Panels (c) and 
(d) correspond to the simulation results after merging.

 Figure 6.    Comparison of simulation images of “cat” for the metasurface hologram before and after merging with the metalens. a) The reconstructed 
image and b) the corresponding normalized intensity profi le along the dashed line shown in (a) before merging. Panels (c) and (d) correspond to the 
simulation results after merging.



327wileyonlinelibrary.com

FU
LL P

A
P
ER

FU
LL P

A
P
ER

FU
LL P

A
P
ER

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Optical Mater. 2016, 4, 321–327

www.MaterialsViews.com
www.advopticalmat.de

a virtual focal point on the incidence side will appear when the 
light combination RCP/LCP is changed to LCP/RCP.  

  5.     Conclusion 

 In conclusion, we have experimentally demonstrated a straight-
forward approach for designing and integrating multiple optical 
functions into a single element. The two independent function-
alities of a hologram and a lens on the same metasurface device 
are interchangeable, depending on the helicity of the incident 
light. Benefi ting from arbitrary phase control and uniform scat-
tering amplitude from different nanorods, the metasurface 
device may pave the way of creating more compact, broadband, 
and versatile optical components for integrated optics. This 
type of metasurface device opens a new avenue to achieve a 
high density of functionality, effectively scaling down the size 
of photonic systems.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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