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With the evergrowing demand for miniaturization of photonic devices, the 

integration of different functionalities in a single module is highly desired for the 

next generation of ultracompact photonic devices. Optical modules for 

manipulating waves in the near field and far field are both key elements in the 

construction of nanophotonic devices. Metasurfaces have attracted tremendous 

interests, because of their flexible ability to manipulate light in either near or far 

fields_ENREF_3. However, integrating the near- and far-field functionalities into a 

single module is a great challenge, which hinders the integration and minimization 

of optical devices. Here, we demonstrate a bifunctional optical launcher by using 

a single metasurface structure, with which both unidirectional launching of 

surface plasmon polaritons (SPPs) and focusing of scattered far fields can be 

simultaneously achieved. Moreover, the SPP propagating direction and the 



real/virtual focus of the far-field scattering can be actively controlled by the spin 

state of the incident light. Our work provides a new platform for the integration 

and control of different optical components at subwavelength scale, and opens a 

way to design multifunctional optical devices for the future. 

 

Currently, there is an increasing demand of high-density integration and the 

miniaturization of photonic elements for the modern information processing. As an 

emerging branch in nanophotonics, plasmonics has attracted great attention for the 

ultracompact photonic devices due to its ability to overcome the diffraction limit, and 

manipulate light at deep subwavelength scale 1-4. Many photonic modules based on 

surface plasmon polaritons (SPPs), such as efficient unidirectional optical launcher 5-7, 

reflectors 8, 9 and demultiplexers 10, 11 have been proposed as the key components for 

the future plasmonic circuits. On the other hand, optical modules for controlling free 

space light propagation, such as the metalens 12-15 and optical vortex emitters 16, 17, are 

also critical components for the photonic circuits. To reduce the size and cost of optical 

devices, the integration of both the near- and far- field functionalities with a single 

structure is highly desired.  

Metasurface, the two dimensional (2D) analog of metamaterial, is capable of 

manipulating light in a controllable manner at a subwavelength scale. This is 

accomplished by the strong optical interaction of space-variant subwavelength artificial 

structures, with the geometry carefully designed to exhibit desired distributions of 

amplitude and phase for scattered light18. The ultra-thin metasurface provides a novel 



route for design of compact optical components. These characteristics make the 

metasurface a promising candidate for a variety of applications, including the optical 

spin Hall effect19-21, anomalous refraction18, 22-24, metalens12-15, optical vortex 

generation25-27 and optical holography28-31.  

In this work, we propose a method to integrate both the near- and far-field 

functionalities into a single metasurface design. The metasurface consists of nanoslits 

perforated in Au film, whose orientations can introduce spatially variant geometric 

phases for scattering waves in both the near and far fields under circular polarizations. 

With an additional degree of freedom provided by the positions of the metasurface 

elements, simultaneous spin-dependent unidirectional near-field launching and the 

virtual/real far field focusing can be achieved. The bifunctional structure may have 

potential for the integration and minimization of future optical devices.  

 

Results 

Design of the integrated launcher. Figure 1 shows a schematic view of the designed 

metasurface for an integrated near- and far-field optical launcher. The structure consists 

of an array of nanoslits perforated in Au film. Upon the illumination of a beam at normal 

incidence, the nanoslit simultaneously generates SPPs in the near field that propagates 

along the metallic surface, and scatters the incident light into the far field. Under the 

circular polarization (CP) incidence, the nanoslit generates locally a geometric phase of 

σθ  for the surface waves5, 20 , while a geometric phase 2σθ in its cross polarization for 

the transmitted wave22, 32, where σ=±1 corresponds to the spin state of right- (RCP) 



and left-circular polarization (LCP) for the incident light and θ is the orientation angle 

of the nanoslit relative to the x axis. 

 

Figure 1| Schematic of the integrated near- and far-field launcher based on metasurface. The 

metasurface consists of an array of nanoslits with a total length of L0. Under the illumination of CP 

light, the nanoslit array excites SPPs in the near field and scatters the incident light into the far field. 

 

By utilizing different geometric phases of the nanoslit in the near and far fields, we 

are able to integrate both the near- and far-field functionalities into a single structure. 

In the near field, the SPPs excited by the nanoslit-array at position xi propagating along 

the left and right sides (±x axis) can be written as   

[ ( ) ]( ) e spp ii k x x
zE x σθ± − +∝ ±                                           (1) 

where kspp is the SPP wave vector, the positive (+) and negative (-) signs correspond to 

a SPP propagating to the right and left sides, respectively. Here, by controlling both the 

position and orientation of each nanoslit, we aim at designing a bifunctional 



metasurface that can simultaneously excite unidirectional plasmon propagation and 

operate as a lens for free space scattering. By requiring that all the SPPs excited by 

different nanoslits interfere constructively to the right under the LCP (σ =-1) incidence, 

the following equation can be formulated, 

.spp ik x constθ− − =                                                      (2) 

This condition ensures that the launched SPPs under LCP incidence mainly propagate 

to the right. For negligible propagation loss of SPPs, the powers to the right and the left 

are 
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total number of nanoslits along the x direction. The exact power to the left 1
LI
σ =− is 

dependent on specific orientation angle (i.e. the position) of each nanoslit and is 

generally much less that to the right 1
RI
σ =−  as the constructive interference condition is 

not satisfied. 

Next, to achieve the lens functionality such that the incident LCP light can be focused 

at the transmitted side, and we then have  

2 22 .ik x f constθ− + + =                                                (3) 

where k is the wave vector of light in free space and f is the focal distance of the 

metalens.  

 



 

Figure 2| Design of the integrated near- and far-field launcher and the simulation results. (a) 

Plot of the orientation angle θ of nanoslit as a function of its position x for equations (2) and (3). 

The inset shows the designed pattern of nanoslits based on the intersection points indicated by star 

symbols. The length of the metasurface is L0=10 µm and the number of nanoslits is N=15. (b) 

Extinction ratio as a function of the number of nanoslits N and the total length L0. The red dashed 

line indicates the case in a. (c) Plot of the simulated optical near-field SPP intensities |Ez|2 with LCP 

(red line) and RCP (blue line) incidences for the structure in a. The shaded areas represent the 

positions of nanoslit metasurface between -5 µm and 5 µm. (d, e) Simulated far-field distributions 

at xz plane with (d) LCP and (e) RCP incidences. 

 

 

In order to integrate the optical near- and far-field functionalities in a single device, 



equations (2) and (3) need be satisfied simultaneously. Figure 2a shows the relationship 

between the orientation angle of nanoslit θ and its position x for satisfying both equation 

(2) (dashed yellow line) and equation (3) (solid blue line) with a focal length f=20 µm 

at the operating wavelength of 671 nm. The bifunctional metasurface can be realized 

by choosing the positions of nanoslits at the intersections points (indicated by star 

symbols), with the distribution shown in the inset of Fig. 2a. With the conventional 

metasurface design, the positions of constituent plasmonic elements are usually 

distributed uniformly in space 18, 22. Here, the extra degree of freedom provided by the 

positions of the metasurface elements is utilized to achieve the dual functionalities in a 

single metasurface structure. 

Besides achieving the dual functionalities, the designed metasurface is also 

reconfigurable by the spin of incident light. For the abovementioned metasurface, if the 

spin state of the incidence is changed to RCP (σ=+1), the powers towards the two 

opposite directions would be exchanged, i.e. 1 1
L RI Iσ σ=+ =−= and 1 1

R LI Iσ σ=+ =−= . That is to say, 

if the SPPs propagate unidirectionally toward one direction under incident light with a 

certain spin state, the unidirectional launching toward the opposite direction with 

opposite spin state can be automatically fulfilled. For the far field, equation (3) also 

guarantees another condition 2 22 .ik x f constθ − + = , which indicates a virtual focus 

for the RCP incidence (σ=+1). In this case, the polarity of our dual-functional metalens 

can be changed from positive to negative by switching the polarization of incident light 

from LCP to RCP.  

To estimate the unidirectionality of the launched SPPs in the near field, we define an 



extinction ratio 1 1/R LI Iσ ση =− =−= , which is the same as 1 1/σ ση =+ =+= L RI I . The extinction 

ratio is a function of the number of nanoslits N, as shown in Fig. 2b. With increasing 

number of nanoslits, the extinction ratio shows a oscillatory feature riding on top of a 

gradually increasing base. The red dashed line indicates the case in Fig. 2A (N=15), 

with the extinction ratio reaching 17.7. 

 

Numerical and experimental demonstrations of the integrated optical launcher. To 

confirm the performance of the designed metasurface, we perform finite-difference 

time-domain (FDTD) simulation of the electric field intensity distributions in the near- 

and far-field regions (see Method for more details of the numerical calculation). The 

width and length of each nanoslit is designed as 80 nm and 250 nm, respectively, and 

the period along the y direction is 400 nm. Figure 2c shows the simulated Ez intensity 

field at a distance 10 nm above the metasurface with N=15 under LCP (red line) and 

RCP (blue line) incidences. The spin-dependent unidirectional launching of SPPs is 

clearly observed. The simulated extinction ratio is 22 for LCP incidence and 18.2 for 

RCP incidence, respectively, which is close to the theoretical value of 17.7. The 

discrepancy between theory and simulation may result from the neglected dissipation 

of SPPs and the near-field coupling between nanoslits. Figure 2d, e show the far-field 

intensities at xz plane for the two opposite CP lights. For the LCP incidence, a real focal 

line appears at z=20 µm, which agrees with our designed focal length. When the 

incident polarization is changed to RCP, a virtual focus emerges at the incident side of 

the metasurface with z=-20 µm. 



 

 

Figure 3| Experimental results of the optical performances in the near and far fields for the 

2D metasurface. (a) Scanning electron microscopy (SEM) images of the fabricated 2D metasurface. 

(b, c) Measured optical near-field intensities with (b) LCP and (c) RCP incidences. (d, e) Line-cut 

of intensities versus x-coordinate for the dashed lines in b, c. (f, g) Measured optical far-field 

intensities at (f) xz plane and (g) real focal xy plane (z=20 µm) with LCP incidence. (h, i) Measured 

optical far-field intensities at (h) xz plane and (i) virtual focal xy plane (z=-20 µm) with RCP 

incidence. 

 

The metasurface is fabricated by evaporating gold film on a glass substrate, followed 

by focused ion beam (FIB) milling of the nanoslit patterns, as shown in Fig. 3a. To 



confirm the dual functionalities, both the near- and far-field optical properties of the 

metasurface under CP light are measured (See Methods and Supplementary Note 1 for 

the near-field and far-field measurements). Figure 3b, c show the measured optical near-

field intensities by scanning near-field optical microscopy (SNOM), where 

unidirectional propagation toward each direction with the opposite CP incidence can be 

observed. From the line-cut of the optical intensities in Fig. 3d, e we can estimate the 

extinction ratios, which are about 8 and 14 for LCP and RCP incidences, respectively. 

The measured extinction ratio is smaller than the theoretical calculation, possibly due 

to the imperfection of the fabrication. Figure 3f-i show the measured far-field intensities 

at xz and xy planes for two different incident/transmission polarization combinations: 

LCP/RCP (Fig. 3f, g) and RCP/LCP (Fig. 3h, i). We can observe a real (virtual) focus 

at the transmitted (incident) side with z=20 µm (z=-20 µm) for LCP (RCP) incidence. 

Because the designed metasurface is a 2D periodical structure, the intensities at focal 

plane (xy) show bright focused line along the y direction for both CP incidences (Fig. 

3g, i).  

 



 

Figure 4| Near- and far-field launching in circular metasurface. (a) SEM figure of the designed 

circular metasurface with an inner radius of r1= 3.5 µm and an outer radius of r2=7 µm. (b, c) 

Measured optical near-field intensity distributions for (b) LCP and (c) RCP incidences. (d, e) Cross-

sectional plane views of the measured optical far-field intensity distributions for (d) LCP and (e) 

RCP incidences. Inset figures show the intensity distribution at the real and virtual focal (xy) planes. 

 

To achieve high-intensity focusing, we modify the metasurface design into a circular 

configuration, such that both the near field and the scattered far field can be focused 

into a 2D spot. In the near field, the SPPs generated by each slit propagating toward 

opposite directions exhibits a π-phase difference, which should be taken into account 

in the design of the metasurface 20. The detail of the design is provided in 

Supplementary Note 2. Figure 4a shows the SEM figure of the circular metasurface, 

with an inner radius of r1= 3.5 µm and an outer radius of r2=7 µm. The measured optical 



near-field intensities under LCP incidence is shown in Fig. 4b, where the SPPs 

propagate radially towards the center and form a high-intensity SPP field at the center, 

which is consistent with our design. When the incident polarization is changed to RCP 

(Fig. 4c), the SPP intensity at the center is about 6 times less than that under LCP 

incidence, since the SPPs primarily propagate outward along the radial directions.  

In the far field, a focal-spot point is observed (Fig. 4d, e). The lens is designed with 

a focal length of 20 µm and a numerical aperture (NA) of 0.33. When the structure is 

illuminated by a LCP beam, it concentrates light into a real RCP focal point (Fig. 4d). 

For incident light with an opposite spin of RCP, a virtual LCP focal point emerges at 

the incident side of the lens (Fig. 4e). The focal spot size is measured to be about 960 

nm at full width at half maximum, which is close to the diffraction-limited spot size 

(λ/2NA).   

 

Discussion 

It is important that multiple functionalities integrated into a single device do not 

interfere with each other. Here we compare the optical performance of our designed 

bifunctional structure with the one that has single functionality (far-field focusing or 

unidirectional launching of SPPs only). In the design of the far-field focusing, because 

constructive-interference condition is satisfied for both the single-functional and our 

bi-functional structures, the focal intensities should be the same if they contain the same 

number of metasurface elements with the same geometry. In the near field, although 

the SPPs constructively interfere along one direction and cannot be completely canceled 



along the opposite direction, the extinction ratio of our structure can be at least 

comparable to that with a single functionality 6, 33, 34, due to the additional degree of 

freedom provided by the positions of the metasurface elements. Thus, our designed 

metasurface can not only integrate both functionalities in a single structure, but also 

maintain good optical performances. 

In summary, we proposed and experimentally demonstrated an integrated near- and 

far-field launcher with designed metasurface. By flipping the spin state of the incident 

light, we show that unidirectional launching of SPPs toward either direction of the 

periodical metasurface can be realized and meanwhile the polarity of the metalens can 

be switched between negative and positive. We further designed a metasurface for 

focusing both near field and far field wave propagation into focal spots. Although each 

functionality demonstrated here has been individually realized previously, the 

integration of them in a single structure is highly desired for the device minimization. 

Our work may provide new ideas for further design of multifunctional integrated optical 

devices. 

 

Methods 

Numerical calculations. The optical near and far fields are numerically calculated by 

FDTD method. The virtual fields, which are contributed by the transmitted light and 

formed at the incident side of the metasurface if they were projected backward, cannot 

be directly obtained from the simulation. To calculate the virtual fields, we first record 

the field distribution of a xy plane located at the transmitted side of the metasurface 



(z>0). An near- to far-field projection is employed to calculate the angular distribution 

of the far field E(kx), where kx is the x component of the wave vector of light. The fields 

with the circular polarization opposite to that of the incident wave are extracted as

( )xE kʹ . The total field can be obtained by summing all the plane waves multiplied by a 

phase factor as ( )( , ) ( ) x z

x

i k x k z
x

k
E x z E k e +ʹ=∑ , where 2 2 2

x zk k k= + . The far-field 

distribution at both real (z>0) and virtual regions (z<0) can be calculated directly.  

Sample fabrication and experimental measurements. The samples were 

fabricated by evaporating 120-nm-thick gold film on a glass substrate and a following 

focused ion beam (FIB) milling of the nanoslit patterns. For optical measurement, the 

incident CP light with wavelength of 671 nm was generated by a quarter-wave plate 

(QWP) and a polarizer. The sample was mounted on a three-dimensional stage, which 

is able to accurately control the movement of the sample. The SPPs were measured by 

a SNOM probe, which can collect the SPP signals and couple it into propagating modes 

in the optical fiber. The transmitted light through the metasurface in the far field was 

collected with an objective (40×/0.75) and imaged on a CMOS camera after passing 

through another pair of QWP and polarizer. A schematic of the optical setup is shown 

in Supplementary Fig. 1. 
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