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Manipulating electromagnetic waves with artificial nanostructures has garnered great interest for

their properties and potential applications. However, existing devices performing various desired

operations at different wavelengths usually require cascading with different geometry patterns,

which does not offer satisfactory simplicity. Here, we theoretically and experimentally demonstrate

that an ultrathin, multifunctional metasurface, consisting of an array of nanorods, can perform

various functions at different wavelengths. Simulated and experimental results indicate that nearly

perfect absorption, linear-to-circular conversion, and linear cross-polarization conversion can be

integrated into one multifunctional metasurface. Furthermore, the multifunctional metasurface can

maintain very high performance across a large range of incident angles. The proposed configuration

is extremely compact and easy to fabricate; these qualities should support the development of

practical applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982240]

The development of metamaterials has led to a diversity

of exciting and profound effects that depend upon modulated

electromagnetic waves generated by manipulating the reflec-

tion mode through adjustments to the interaction between

the incident wave and the components of the engineered

configuration.1,2 Extensive pioneering research has exhibited

significant accomplishments over the past few years and

demonstrated that the precise arrangement of elements can

be shaped to exhibit desired changes in the amplitude and

phase of the scattered light response.3–5 Among engineered

nanostructures, metasurfaces showing ultrathin planar con-

figurations that can alter the phase of the incident light

abruptly at the interface attract growing attention because of

their remarkable versatility and ease of fabrication in com-

parison to their bulk counterparts.6–8

The unique optical properties of metasurfaces support the

generation of many extraordinary physical phenomena, such

as polarization conversion,9–12 anomalous reflection,13 nearly

perfect absorption,14,15 metasurface holograms,16 and planar

perfect lenses.17 In these cases, two lines of research investi-

gations of polarization conversion and developments of

metasurface-based optical resonators have progressed signifi-

cantly. Substantial studies have indicated that many excep-

tional manipulations of the polarization state or intensity of

light can manifest high efficiency,18 wide operating-wave

bands,19 wide incident angles and polarization insensitivity,20

and dynamically reconfigurable optical responses.21,22

Despite these works to utilize metasurfaces to realize

exotic performance, only an expected operating function can

be produced at a specific wave band. Chen et al. have realized

multifunctional metasurfaces’ lens or hologram, which also

demonstrated the importance and interest for multifunctional

metasurfaces.23,24 Nevertheless, practical applications have

demonstrated, through miniaturization and simplification, the

integration of a single nanostructure with a multifunction meta-

surface. A survey of research shows that several designs have

proposed full-wave operational devices performing various

functions at different frequencies. However, in these designs,

geometries with different dimensions or engineered patterns

must be arranged into one supercell to support independently

operating functions that can, in turn, be merged into a multi-

functional device. Such devices are relatively difficult to fabri-

cate and impractical for use in working systems.25

In this letter, we theoretically and experimentally demon-

strate that an ultrathin, multifunctional metasurface consisting

of a nanorod array can achieve different functions at different

wavelengths. We demonstrate that nearly perfect absorption

and either linear-to-circular conversion or linear cross-

polarization conversion can be integrated into one double-

functional metasurface and operated at different frequencies.

Subsequently, we prove that linear cross-polarization conver-

sion, linear-to-circular conversion, and nearly perfect absorp-

tion can be realized simultaneously by optimizing further the

geometric parameters to form multifunctional metasurfaces.

We also study the angular dispersions of the reflective ampli-

tude and phase difference and prove that the proposed

multifunctional metasurface can work across a wide range of

incident angles. Based on the configuration of the metal-

dielectric-metal (MDM) device, various reflective manipula-

tions can be merged into one single metasurface. This result

serves as a further step in developing multifunctional meta-

surfaces for use in electromagnetic devices.

The construction of a device that not only can act as a

perfect absorber but also can convert the polarization state of

incident light depends upon a design that prohibits in-system
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transmission and provides simultaneous tuning of the phase

and amplitude of reflected light at relevant wavelengths. An

MDM configuration can meet these requirements. A continu-

ous metal layer can prevent the transmission of any incident

light through the system. The localized plasmon resonance

and the magnetic resonance induced by the incident electro-

magnetic wave in the metal layers can block and counteract

the original energy, yielding near-zero reflection around the

resonant frequency.

The top metal layer should be a homogeneous anisotropic

metasurface composed of metallic nanoresonator arrays to sup-

port adjusting the phase of reflected light. We employed gold

nanorods as individual inclusions because (1) the dimensions

of this simple geometry optimize conveniently to provide the

desired phase change and (2) precise nanoscale device fabrica-

tion is much easier. A nanorod can be treated as two orthogo-

nal resonators exhibiting no interaction along the long and

short nanorod axes, respectively. The resonance frequencies

xpx and xpy are determined by the nanorod dimensions. Then,

the polarizabilities axðyÞ are expressed by

ax yð Þ xð Þ ¼
Ax2

px yð Þ

x2
px yð Þ � x2 � iCx

; (1)

where A represents the intensity and C denotes the damping

coefficient.

Intermediate incident light with polarization along the

orientation between the x and y directions can exhibit excita-

tion of both dipoles. The amplitudes of the polarizabilities

are almost equal in the wavelength range in which the

desired functionality works. Then, the phase difference of

the two polarizabilities for minimal offset x ¼ xpxþxpy

2
�

xpx�xpy

2
can be expressed as a function of xpx � xpy,26

DU
xpx þ xpy

2

� �
¼ U1 � U2ð Þx¼xpxþxpy

2

¼ p� arctan
C

xpx � xpy

� �
: (2)

By adjusting the magnitude of the width w and aspect ratio

w/l of an isolated nanorod to change the values of xpx and

xpy, we can design waveplates exhibiting arbitrary measures

of retardation. Meanwhile, the metal layer plays a critical

role in increasing the reflection coefficient and polarization

conversion ratio through the superposition of the reflected

fields credited to the modified Fabry-P�erot etalon formed

with the top gold nanorod arrays. The dielectric spacer,

owing to the addition of optical distance, can increase the

design degree to expand the range of phase difference. The

interaction of all elements easily yields polarization conver-

sion with high reflection.

Here, we propose a series of multifunctional metasurfaces

and investigate their reflection properties. Figure 1(a) shows

the schematic of the proposed multifunctional metasurface,

which comprises a top homogeneous anisotropic metasurface,

a silicon dioxide layer separated from the metasurface by a

subwavelength air spacer, and a bottom continuous gold layer.

The unit cell is illustrated in Fig. 1(b). The incident linearly

polarized plane wave exhibits polarization relative to the x axis

in the x–y plane. The reflected light can be realized either as

nearly perfect absorbed or as converted either to a linearly

cross-polarized wave or to circularly polarized light. The form

of polarization can be selected arbitrary by appropriately

designing the nanostructure. The theoretical simulations were

performed using a commercial software package, COMSOL

Multiphysics (COMSOL Inc., Burlington, MA), based on the

finite element method. The Drude model defines the material

properties of gold: a relative permittivity at infinite frequency

e1 ¼ 9:0, plasma frequency xp ¼ 1:3166� 1016s�1, and

damping constant c ¼ 1:3464� 1014 s�1.27 The refractive

index of the glass substrate is taken to be 1.47. In these theoret-

ical simulations, the unit cell has periodic boundary conditions

in the x and y planes and waveguide ports boundary conditions

on the other boundaries.

We first consider the design of a double-functional

metasurface. Figure 2(a) shows the simulated reflection coef-

ficients and phase difference between x- and y-polarizations

of the reflected light illuminated by a linearly polarized inci-

dent light with polarization direction 45� relative to the x
axis. The results show that the amplitudes of the x and y
components are high and remain almost invariable in the

range of 1300 nm to 1400 nm. The phase difference can

reach 90� at a wavelength of 1352 nm, which ensures that

the reflected light is perfectly circular-polarized radiation.

To experimentally verify the theoretical results, we fabri-

cated the proposed double-multifunctional metasurface using

electron beam lithography. Figure 2(b) shows the top view

of the scanning electron microscopy (SEM) image of the fab-

ricated sample. We illustrate the polarization conversion

ability of our design by giving the polarization states of the

reflected light at 1352 nm in a simulation and 1295 nm in an

experiment, as shown in Figs. 2(c) and 2(d), respectively.

Both the theoretical and experimental results suggest that the

reflected light can be converted into circularly polarized light

(red curve) incident by the linearly incident light polarized

along angles of 43� and 32� (blue curves). The simulated and

experimental conversion efficiencies are 42.7% and 22.6%,

respectively. In addition, the simulated and experimental

absorption spectra of the designed double-functional meta-

surface are given in Figs. 2(e) and 2(f). An apparent nearly

perfect absorption at 775 nm can be obtained. The absorption

effect is due to the excitation of localized electric dipole res-

onances in the metallic nanobars. In addition, surface cur-

rents in the top metallic nanobars and the ground metallic

FIG. 1. Schematic representations of the proposed multifunctional metasur-

face. (a) A depiction of simultaneously realized linear cross-polarization

conversion, linear-to-circular conversion, and nearly perfect absorption. (b)

The unit cell of the proposed multifunctional metasurface.
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plane are opposite to each other. The magnetic field accumu-

lates in the dielectric spacer between them. Magnetic dipole

resonances also contribute to the absorption effect. The

experimental result shows reasonable agreement with the

simulated result, partly because of the inclined incidence in

the experiment and inaccuracies occurring during fabrica-

tion. The absorption performance of the proposed devices

was simulated with normal incidence with the polarization

direction along the long axis of the nanorod. For our experi-

mental measurement, a Bruker VERTEX 70 spectrometer

was used to focus the incident wave on the sample with a

near-infrared microscope objective. The measurement result

is an average value for wide incident angles. Thus, the main

reason for the discrepancy between the simulated and mea-

sured absorption spectrum is about different incident angles.

Furthermore, for the measurement, the polarization angle

may not be strictly along the long axis of the nanorods,

which also affects the absorption strength. Consequently, our

designed double-functional metasurface can provide simulta-

neous integration of the functionality of a nearly perfect

absorber in the visible spectrum and linear-to-circular con-

version in the near-infrared range.

The double-functional metasurface can incorporate

geometric parameters designed to provide the simultaneous

functions of linear-to-linear conversion with cross polariza-

tion and linear-to-circular conversion at different frequen-

cies. Figure 3(a) depicts the simulated reflection coefficients

and phase difference between x- and y-polarizations of the

reflected light spectra illuminated by linearly polarized inci-

dent light with a polarization direction of 45� relative to the

x axis. The phase difference can be controlled easily to reach

180� at 1131 nm and 90� at 1368 nm, respectively. The corre-

sponding amplitude can maintain a high value simulta-

neously. The SEM image of the fabricated sample, viewed

from the top, is also shown in Fig. 3(b). Figures 3(c) and

3(d) show the simulated and experimental linear cross-

polarization conversions, which can convert linearly polar-

ized light to its cross polarization in the reflection mode. The

experimental results show good agreement with the simu-

lated results except that the working wavelength of 1228 nm

displays a redshift. Meanwhile, we also prove that the line-

arly polarized light can be converted easily into circularly

polarized light by using the same geometric configuration.

The simulated and experimental results are shown in Figs.

3(e) and 3(f), respectively. We see there that the incident

FIG. 2. Comparison of simulation and experimental metasurface performance

of linear-to-circular conversion and related absorption spectra. (a) Simulated

reflection coefficients and phase difference between the x- and y-polarizations of

reflection light spectra illuminated by the linearly polarized incident light with a

polarization direction of 45� relative to the x axis. The length l, width w, and

thickness t of the nanorod are 350 nm, 180 nm, and 55 nm, respectively. The

lattice constant P in both the x and y directions is 400 nm. The thicknesses tg and

tm of the SiO2 spacer and bottom continuous gold layer are 30 nm and 100 nm,

respectively. (b) A SEM image showing the top view of the fabricated double-

functional metasurface. (c) Simulated and (d) experimental linear-to-circular

conversion at 1352 nm and 1259 nm, respectively. (e) Simulated and (f) experi-

mental absorption spectra for the proposed double-functional metasurface.

FIG. 3. Comparison of simulation and experimental metasurface performance

of linear cross-polarization and linear-to-circular conversions. (a) Simulated

reflection coefficient and phase difference between x- and y-polarizations of

reflection light spectra illuminated by the linearly polarized incident light with

a polarization direction of 45� relative to the x axis. The length l, width w, and

thickness t of the nanorod are 350 nm, 175 nm, and 40 nm, respectively. The

thickness tg of the SiO2 spacer is 50 nm. The period of the nanorod is 400 nm.

(b) A SEM image showing the top view of the fabricated double-functional

metasurface. (c) Simulated and (d) experimental linear cross-polarization con-

version at 1131 nm and 1227 nm, respectively. (e) Simulated and (f) experi-

mental linear-to-circular conversion at 1368 nm and 1380 nm.
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linearly polarized light can be converted effectively into cir-

cularly polarized light, with conversion efficiencies of 45.2%

and 38.0% at 1368 nm and 1380 nm, respectively. It should

be noted that there exists coupling between the gold nano-

rods, especially along the direction of the long axis of the

nanorods. However, the coupling between the nanorods has

little influence on the amplitude and phase difference

because the wavelengths of polarization conversions are out

of the resonance.

The multifunctional metasurface, which can achieve the

simultaneous functions of linear cross-polarization conver-

sion, linear-to-circular conversion, and nearly perfect absorp-

tion, also can be obtained by further optimizing the

geometric parameters, as shown in Fig. 4. The reflection

coefficients and the phase difference between the x- and y-

polarizations are shown in Fig. 4(a). The phase difference

can achieve angles of 90� and 180� at 1267 nm and 1151 nm

with high reflection coefficients, respectively. Figure 4(b)

shows the associated SEM image with optimized geometric

parameters. Figures 4(c) and 4(d) show the simulated and

experimental linear cross-polarization conversions, which

are in reasonable agreement with each other. Although the

experimental result is tripled at the low experimental effi-

ciency, we demonstrate that the reflected light is normal linear

light polarized at an angle of 113� with incident light polarized

at an angle of 23�. This result confirms that the proposed

multifunctional metasurface can perfectly realize cross-

polarization conversion. Figures 4(e) and 4(f) theoretically and

experimentally demonstrate that linearly polarized light also

can be converted into circularly polarized light by using the

same geometrical configuration at a different wavelength. The

polarizations of the incident light align with angles of 36� at

1267 nm and 23� at 1394 nm for the simulated and experimen-

tal results, respectively. The experimental result is also multi-

plied by three, as indicated in Fig. 4(f), to confirm the

converted circularly polarized light. The simulated and experi-

mental absorption spectra of the multifunctional metasurface

also are shown in Figs. 4(g) and 4(h), respectively. The simu-

lated nearly perfect absorption at 770 nm can be achieved. The

absorption peak for the experimental result is relatively low

compared to the absorption peak for the simulated result

because of the inclined incidence in the experiment and the

inaccuracies of fabrication.

The angle insensitive performance is important in practi-

cal applications. In some cases, most of the obtainable light,

needed for operations, may contain a wide range of incident

angles. We plotted the angular dispersion of the reflective

amplitude to investigate both the angle dependence of the

proposed multifunctional metasurface, as shown in Figs. 5(a)

and 5(c), and the phase difference between the x- and y-

polarizations at 1150 nm, as shown in Figs. 5(b) and 5(d). In

the plots in Fig. 5, the alignment was oblique in the x–z and

y–z planes. The angle of incidence is defined as the angle

between the wavevector and the z axis of the corresponding

coordinate. For oblique angles in the x–z plane, the reflective

amplitude and phase difference show slight variations across

a large range of incident angles. When the angles are oblique

in the y–z plane, the reflective amplitude and phase differ-

ence will gradually decrease with increasing incident angles.

In this case, the components of the electromagnetic wave

used to drive electric dipoles in the metallic nanorod

decrease.

For our designed nanobar metasurface, only one function-

ality dominates at one wavelength (i.e., perfect absorption,

FIG. 4. Comparison of simulation and experimental metasurface performance

of linear cross-polarization, linear-to-circular conversions, and related absorp-

tion spectra. (a) Simulated reflection coefficient and phase difference between

x- and y-polarizations of the reflection light spectra illuminated by the linear-

polarized incident light with a polarization direction of 45� relative to the x
axis. The length l, width w, and thickness t of the nanorod are 350 nm, 175 nm,

and 40 nm, respectively. The thickness tg of the SiO2 spacer is 30 nm. The

period of the nanorod is 400 nm.(b) A SEM image showing the top view of the

fabricated multifunctional metasurface. (c) Simulated and (d) experimental lin-

ear cross-polarization conversion at 1151 nm and 1375 nm, respectively. (e)

Simulated and (f) experimental linear-to-circular conversion at 1267 nm and

1394 nm, respectively. (g) Simulated and (h) experimental absorption spectra

for the proposed multifunctional metasurface.

FIG. 5. Simulated reflective amplitude and phase differences. (a) and (c)

The angular dispersion of the reflective amplitudes. (b) and (d) The distribu-

tion of phase differences. The simulations modeled x- and y-polarizations as

functions of wavelength and angle of incidence under 1150 nm incident light

oblique in the x-z and y-z planes.
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linear-to-circular conversion, or linear cross-polarization

conversion). Perfect absorption will absorb the light along y
polarization. However, linear-to-circular conversion or lin-

ear cross-polarization conversion requires nonzero y compo-

nent of light. Thus, perfect absorption cannot be achieved

simultaneously with linear-to-circular conversion or linear

cross-polarization conversion. Furthermore, for our

designed nanobar structure, DU ¼ Uxx � Uyy is just related

to the structure parameter and wavelength. Fixed structure

parameter and wavelength will lead to a fixed DU, which

should be p=2 for linear-to-circular conversion and p for lin-

ear cross-polarization conversion. Thus, the linear-to-circu-

lar conversion and the linear cross-polarization conversion

cannot be achieved simultaneously.

In summary, we have theoretically and experimentally

demonstrated that multi-functional devices with high effi-

ciency and scalability can be fabricated using a simple con-

figuration based on MDM. Depending on the frequency-

selective reflective radiation of nanorods, such arrays per-

form desired effects at particular frequencies that can be

adjusted carefully without recourse to complicated geometric

designs and arrangements. These qualities made fabrication

extremely convenient. We verified the results of our design

simulation by carrying out experimental measurements,

which showed a good match with the predictions obtained

from the theoretical model. Furthermore, in addition to sup-

porting the integration of several functions, this design also

features thickness far less than the operated wavelength.

Thus, our design shows prospects for applications in micro-

optics. With its excellent performance and compactness, our

design can add value to many practical applications, such as

simultaneous sensing and polarization. This configuration

capacity for supporting elaborate patterns and dimensional

designs can enable the creation of structures that integrate

additional useful functions in the full-wave band and

increase miniaturization and versatility.
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