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1. Decoupling effects in conventional couplers 

Two intrinsic issues to limit the performances of conventional surface plasmon 

polariton (SPP) couplers are significant first reflection at the device surface and 

decoupling from generated SPP back to propagating waves (PWs). Here, we perform 

finite-element-method (FEM) simulations to illustrate these effects in prism and 

grating couplers. To make fair comparisons, we have chosen the same lateral 

dimensions (282 mm) for all couplers (prism coupler, grating coupler and 

meta-coupler). In addition, to get the highest SPP efficiencies in different cases, the air 

gap separations cd  are optimized in three cases, and are finally set as dc=10 mm for 

prism coupler, dc=8 mm for grating coupler, and dc=13.4 mm for meta-coupler. Here 

the working frequency is 9.2GHz, and the semi-infinite plasmonic metal 

(with 4.33r   ) supports an eigen SPP mode with  SPP 0 01 1.14r rk k k     at this 

frequency. 

 

Figure S1 First reflection and decoupling effect in conventional SPP couplers. FEM 

simulated (Hy) field patterns in the cases that (a) a prism coupler and (b) a grating 

coupler are put at certain distances above a plasmonic metal, and are illuminated by a 

Gaussian beam with incident angle 35.2i  , waist-width 0 2.2w   and central 

frequency 9.2 GHz.  

 

Figure S1a shows the FEM simulated field distribution in the SPP excitation 
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process using a prism coupler ( prism 3.9  ). As a Gaussian beam (waist-width 0 2.2w  ) 

illuminates the prism at 35.2i  , the evanescent wave generated at the bottom 

surface of the prism possesses a parallel wavevector 
0 0sin 1.14r ik k k   , which 

can resonantly excite the eigen SPP (with SPP 01.14k k ) on the plasmonic metal. FEM 

simulation shows clearly that such an SPP excitation scheme suffers both strong first 

(specular) reflection and decoupling effect (see Fig. S1a), leading to a relatively low 

SPP conversion efficiency (about 15%).  

As shown in Fig. S1b, similar issues can be found in the grating coupler, which is 

made by 25 mm-wide metal stripes arranged periodically with a lattice constant 

53.2mmL  . Illuminated by the same Gaussian beam as in the case of prism coupler, 

the grating coupler can excite the SPP on the plasmonic metal through its m=1 

scattering mode which satisfies the resonant condition m=+1 0 0sin 2 / 1.14ik k L k     

(Fig. S1b). However, strong specular reflection and diffraction, which are inevitable in 

such a grating coupler, suppress its SPP conversion efficiency (~12%).  

While the above-mentioned SPP conversion efficiencies (e.g., 15% and 12%) can 

certainly be enhanced by careful structural optimizations, we find the above-mentioned 

issues are intrinsic to such conventional devices. 

 

 

2. Working processes of our meta-coupler 

   In this section, we discuss the detailed working processes (i.e. excitation and 

scattering of SPP) of our meta-coupler based on both transient and continuous-wave 

(CW) FEM simulations. 

2.1 Transient analyses on the meta-coupler 

We first perform time-dependent (transient) FEM simulations to illustrate the 

detailed working process of our meta-coupler. In order to see the working processes 

more clearly, here we chose a Gaussian pulse to excite the meta-coupler so that the 

excited SPP waves (and scatterings to other channels) be spatially separated from the 

incident beam. As shown in Fig. S2a, a Gaussian pulse beam (with central frequency 

9.2 GHz) with field 
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is excited at the upper boundary. Here, we have assumed that 0 2.5w  , 0 0.75 nst   

and 0.3 nst  . Then a driven surface wave (SW) is generated on the meta-coupler 

by the Gaussian pulse [S1], which is in turn, resonantly converted to the eigen SPP on 

the plasmonic metal (Fig. S2b). The resonant coupling between the driven SW and the 

eigen SPP is completed at a time t=1.7ns (Fig. S2c), and then the generated SPP flows 

to the right-hand side leaving the region where the meta-coupler covers (Fig. S2d). It is 

clear that here both the specular reflection and the decoupling are very weak, which 

explains why our meta-coupler can exhibit such a high SPP conversion efficiency 

(94%). To see the generation of the driven SW more clearly, we purposely removed the 

plasmonic metal (so that the driven SW cannot be resonantly coupled to the eigen SPP) 

and re-did the simulation. Figure S3 shows clearly that the input beam has indeed been 

converted to the driven SW bounded on the meta-coupler. 

 

Figure S2 Field distributions at different time instants when a Gaussian pause is shined 

into our device. (a) The Gaussian pulse beam is just excited, and (b) is then converted 

to an SW on the meta-coupler surface, and (c) is further concerted to an SPP on the 

plasmonic metal, and (d) the generated SPP finally flows out of the area covered by the 
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meta-coupler. 

 

Figure S3 Excitation of a driven SW on the meta-coupler by a normally incident 

propagating wave. The simulation setup is similar to that in Fig. S2 except that the 

plasmonic metal is removed here. 

 

2.2 Continuous-wave analyses of the meta-coupler 

   The transient analyses presented in last section has implied the dual roles played by 

our meta-coupler in the SPP excitation processes, namely, it generates a driven SW and 

scatters the SPP. In consistency with the main text, here we employ CW FEM 

simulations to illustrate the two roles independently.  

Consider the meta-coupler illuminated by an x-polarized Gaussian beam with a 

waist 0w . Since the meta-coupler is impedance-matched everywhere 

( M M 0 M( ) ( ) 1 /x x x k d     ), waves can transmit through the meta-coupler at every 

local point with unit transmission-coefficient but with phase linearly varying against x: 

0( )   x x . Under the roughest approximation, we can regard the transmitted 

wave through everything local point to be generated by the “induced local current” at 

the meta-coupler, so that the local current at this particular point should take the same 

phase as the transmitted wave (i.e. ( , ) i xj x t e  ). Meanwhile, the amplitude of the local 

current should be proportional to the local E field. Based on all these considerations, 

we find the effective current generated on the meta-coupler by the incident Gaussian 

beam should be     2 2

0 0
ˆ( , ) exp expxj x t e j x w i x i t    . This argument is basically 

the same as that in Ref. [S1] although a reflection geometry is considered in Ref. [S1]. 
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To quantitatively check the validity of this argument, we compare in Figure S4 the 

patterns of radiations from a meta-coupler (illuminated by the input beam) and from a 

virtual surface wave current taking the form    2 2

0 0
ˆ( , ) exp expxj x t e j x w i x i t    . 

Reasonable agreement between the two cases is noted. 

 

Figure S4 Simulated field distributions for (a) the meta-coupler is illuminated by an 

x-polarized Gaussian beam with beam-width 0w  and (b) for a virtual surface-wave 

current taking the form    2 2

0 0
ˆ( , ) exp expxj x t e j x w i x i t    . Reasonable agreement 

is noted between the two cases. In (a), we add a reasonable loss in the meta-coupler to 

effectively “guide out” the input energy, which mimic the role played by the plasmonic 

metal in realistic situation. 

 

We next illustrate the second role played by the meta-coupler. Figure S5 shows the 

simulated filed patterns when an SPP wave is launched on the plasmonic metal in the 

left-side region and flows to the right side. Obviously, the meta-coupler reflects the 

SPP wave more significantly when the gap d  is smaller, which is in consistency with 

Fig. 1(c) in the main text. 
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Figure S5 Simulated field distributions when an SPP wave, launched at the left-side 

region on the plasmonic metal, flows to the right-hand side of the plasmonic metal 

encountering a meta-coupler with (a) 0.3d   and (b) 0.7d  . Obviously, the 

reflection is significantly reduced when d decreases. 

 

                                                                                                                                                                                                                                                                                                                              

3. Additional information of five meta-atoms and the working 

bandwidth of the meta-coupler 

In Fig. 2c and 2d of the main text, we have shown the unit-cell geometries and 

measured transmission amplitudes /phases of five ABA sandwich structures. To see the 

structural details of those ABA systems clearly, here we show in Fig. S6 the pictures of 

layer A (left row) and layer B (right row) of five ABA samples, correspondingly.  
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Figure S6 Pictures and unit-cell geometries of the five ABA samples. The final 

samples are obtained by stacking these layers in an ABA geometry with two 1.5 mm – 

thick dielectric spacers ( 4.1 0.03r i   ) separating two metallic layers (thicknesses 

0.02 mm). Unit of those numbers listed in the insets is mm. 

 

To estimate the working bandwidth of our meta-coupler, we show in Fig. S7 the 

measured and FEM-simulated spectra of transmission amplitude and phase for the five 

samples studied in Fig. 2c and 2d. Figure S7 shows that, within the shaded frequency 

range [8.8 GHz - 9.5 GHz], the transmission-phase differences between two adjacently 

numbered samples are kept nearly as a constant (about 72 ) and the averaged 

transmission amplitudes are also pretty high ((|t1|+|t2|+|t3|+|t4|+|t5|)/5>70%). Therefore, 

the bandwidth of our meta-coupler can be estimated as ~0.7 GHz, which is also 

consistent with that shown in Fig. 3d of the main text.   
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Figure S7 Working bandwidth of our meta-coupler. Spectra of transmission amplitude 

(a, b) and phase (c, d) of the five ABA samples, obtained by experiments (a, c) and 

FEM simulations (b, d). 

 

It is difficult to directly measure the absorption in our meta-coupler in the SPP 

conversion process, since the energy flow carried by the generated SPP wave is hard to 

be accurately measured. Here we employed FEM simulations to provide an indirect 

estimation on the absorption in our meta-coupler. Figure S8 shows the FEM simulated 

absorption spectra (A=1-|t|2-|r|2) of the five ABA samples that are studied in Fig. 2d. 

Here the imaginary part of permittivity for the spacer is set as Im( ) 0.03r i  , fixed by 

comparing the FEM simulated transmission spectra with the measured ones (see Fig. 

S7). We note that the absorption of all five meta-atoms are quite small within the 

working band. As a simple estimation on the absorption in the meta-coupler, we 

averaged the absorbance of five meta-atoms and found that the averaged value is about 

4% at 9.2GHz. 
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Figure S8 Absorption spectra. FEM-simulated absorption spectra for five ABA 

samples (permittivity of the dielectric spacer: 4.1 0.03r i   ). At the working 

frequency 9.2 GHz, the averaged absorbance of them is 

(0.038+0.015+0.017+0.074+0.056)/5=4%.  

 

4. Transparency mechanisms in ABA structures 

In this section, we discuss the working mechanisms for those perfect transparencies 

in ABA structures, and discuss how to use the ~A B   phase diagram (Fig. 2b in the 

main text) to design our realistic ABA structures. Since here we focus on the physical 

mechanisms only, we omit all material losses in our FEM calculations in this section.  

We start from analyzing the transparency mechanisms of those five model ABA 

systems, indicated by five points labeled by “1, 2, 3, 4, 5” in Fig. 2b. Using a standard 

transfer matrix method (TMM), we computed the field distributions in these five 

model ABA systems when they are shined by normally input plane waves with unit 

amplitude. Figure S9 shows the evolution of electric-field amplitude and phase along 

the z direction in five systems. We find that high transmissions in these ABA effective 

models are governed by different mechanisms. For example, one may see that cases 

3-5 must be dictated by high-order Fabry-Perot (FP) resonances, since B  are positive 

in all these structures. Meanwhile, a careful analysis reveals that case 1 and 2 are 

governed by the scattering cancellation mechanism [S2].   
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Figure S9 Field evolutions in five ABA models. Thicknesses of layer A and layer B are 

dA=1.37 mm, dB= 0.26 mm respectively. Permittivity of layers A and B in five models 

are: 
1,2,3,4,5A （ ） = (-17.4, 22.4, 28.4, 32.8, 46.6), and 

1,2,3,4,5B （ ） = (132.5, -342.5, 51.3, 

958.9, 789.9). 

 

Figure S10 Evolutions of amplitude and phase of the averaged xE  field in five 

realistic ABA systems. 

 

   Understanding the working mechanisms in model ABA systems can help us design 

the realistic ABA structures. To see that the designed realistic ABA structures indeed 

follow the same transparency mechanisms, we employed FEM simulations to compute 

the field distributions associated with the high transmissions in these systems. 

However, EM fields are highly inhomogeneous inside realistic structures. Therefore, 

we first computed the local field distributions, and then averaged xE  fields within 

each x-y planes, and finally depicted the evolutions of the averaged field xE  (with 

both amplitude and phase) along the z direction in Fig. S10. Comparison between Fig. 

S9 and Fig. S10 clearly demonstrated that the realistic structures indeed follow the 

same transparency mechanisms as in their corresponding model ABA systems. 

 

However, we emphasize that the structural details of the final samples should only 

be fine-tuned and finalized by full-wave simulations on the coupled ABA structures. In 
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other words, one cannot simply design individual A and B layers according to their 

effective-medium parameters shown in Fig. 2b, and then naively combine the obtained 

A and B layers to form the coupled ABA structures. The reason is that near-field 

couplings between microstructures in layers A and B will inevitably modify the 

responses of the coupled ABA structures. To illustrate such near-field coupling effect, 

we first employed FEM simulations to study the EM responses of individual layers A 

and B (with 1.37Ad  mm, 0.26Bd  mm in accordance with the model ABA system) in 

five realistic ABA structures, and found that these slabs can be best described by the 

following effective-medium parameters:   

2 2

(1) (1)2 2 2

31.5 49.8
4.9 ,   5.4

22.1
A B

f f
    


, 

2 2

(2) (2)2 2 2
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A B
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(4) (4)2 2 2 2

24.2 59.1
4.9 5.7

12.1 16.5
A B

f f
    

 
， , 

2 2

(5) (5)2 2 2 2

27.3 65.4
4.7 5.8

11.3 15.3
A B

f f
    

 
，  

Here f is the frequency in unit of GHz. We next employed TMM to calculate the EM 

transmission spectra of five ABA structures assuming that those A and B layers are 

described by the effective-medium parameters given in Equation (S2). The spectra thus 

obtained are shown in Fig. S11 as red lines, which are found to deviate obviously from 

the direct FEM results on the coupled ABA structures (black lines). Although two 

calculations yield qualitatively similar behaviors, near-field couplings have red-shifted 

those transmission peaks in direct calculations with respect to the EMT results. 

Therefore, to accurately design the practical meta-atoms, we must perform full-wave 

simulations directly on the coupled structures to finalize all the structural details. 

Nevertheless, the phase diagram (Fig. 2b) can help us fix the resonant types of the 

required microstructures and their approximate effective-medium parameters, which 

are very helpful for practical designs.  
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Figure S11 Demonstration of the near-field coupling in realistic ABA structures. 

Spectra of transmission amplitude (a, c, e, g, i) and phase (b, d, f, h, j) of five ABA 

structures, obtained by direct FEM calculations on coupled systems (black lines) and 

TMM on ABA modes with effective medium parameters given by Equation (S2).  

 

 

 

 

 

 

 

5. Raw data used to determine the SPP dispersion relation in Fig. 3b 

To experimentally determine the SPP dispersion relation for the “plasmonic metal” 

(Expt.-II in Fig. 3b), we gradually varied the incident angle i  to measure the spectra 
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of local field intensity of SPP waves generated on the “plasmonic metal”. Figure S12 

depicts the measured spectra under five incident angles i , from which we identified 

the eigen frequencies of those excited SPP modes as the peak frequencies of different 

curves, and then determined their corresponding wavevectors using the relation 

SPP 0 sin ik k    . Data thus obtained are represented by solid stars in Fig. 2b in the 

main text.  

 

Figure S12 Raw data to determine the SPP dispersion relation of the “plasmonic 

metal” (solid stars in Fig. 3b in main text). 
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6. Experimental details of the conventional couplers studied in Fig. 3d 

 

Figure S13 Schematics for experimental setups (left row) and sample pictures (right 

row) of four SPP couplers (see (i) and (j) for the detailed structures of side-coupler in 

xy-plane and xz-plane) studied in Fig. 3d.  

 

7. Beam-width dependence of working efficiency in different SPP 

couplers 

As shown in Fig. S14(a-b), we shine a Gaussian beam with waist-width w on the 

meta-coupler or the side-coupler, and study how the converted SPP depends on the 
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parameter w in two cases. Figure S14c shows that, while the SPP power in the 

meta-coupler case (open squares) continuously increases as a function of w, the SPP 

power in the side-coupler case (open stars) saturates after w exceeds a critical value 

(about 2.6 ). Inset to Fig. S14c compares the SPP conversion efficiencies of two 

devices, which are calculated as the ratios between the power of the generated SPP 

waves and the total input energy (open circles shown in Fig. S14c). In the case of 

meta-coupler, the SPP conversion efficiency first increases and then keeps at a high 

value as w is enlarged. In contrast, the efficiency of the side-couple first increases and 

then continuously decreases as w increases. These results show that the side-coupler 

does not work well for input beams with large w.  

The physics has been well explained in Ref. S3. In the case of side-coupler (Fig. 

S14b), the generated SWs have to flow on the surface of the side-coupler (which is 

inhomogeneous and exhibits periodic super-cells) before they are coupled to SPPs on 

the “plasmonic metal”. Therefore, the coherent Bragg scatterings, contributed by the 

super-cell boundaries in the side-coupler, can significantly diminish the SPP 

conversion efficiency when w is large (since more super cells are involved in the 

coherent Bragg scattering) [S3]. On the contrary, in the case of meta-coupler studied in 

this paper, the generated SPP wave does not need to flow on the surface of the 

inhomogeneous meta-coupler (see Fig. S14a) but rather flows on the flat plasmonic 

metal surface. As a result, the decoupling effect contributed by the coherent super-cell 

Bragg scatterings is significantly suppressed. Therefore, our meta-coupler can still 

work well for input beams with large beam width, which is very favorable in practical 

applications.   

 

Figure S14 Beam-width dependence of SPP conversion efficiency. Schematics of the 

meta-coupler configuration (a) and side-coupler configuration (b). (c) Integrated 

powers for the input Gaussian beam (open circles) and generated SPP waves by the 
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meta-coupler (squares) and the side-coupler (stars), as functions of width w of the input 

beam. Inset to (c) shows the calculated SPP conversion efficiencies for two couplers. 

Here, the working frequency is 9.2GHz. 

 

8. Design of a meta-coupler working at telecom wavelength 

   In this section, we design a surface plasmon meta-coupler working at telecom 

wavelength ( 1.55 μm  ). Different from the microwave sample, the four meta-atoms 

of the designed optical meta-coupler (see its super-cell geometry in Fig. S15) are all 

constructed by multi-stacking of dielectric materials (SiN, SiO2 and Si). Instead of 

using lateral resonances involving metallic components, here we adjust the thicknesses 

of each dielectric layers to ensure the nearly perfect transparency of each unit but with 

the desired transmission phase (here we require their transmission phases to be 

30 ,120 ,210 ,300 ). The physical principle governing the transparency is Fabry-Perot 

mechanism. Due to its all-dielectric property, the designed optical meta-coupler can be 

low-loss, but the price is that its thickness is about / 2 . Nevertheless, we employed 

FEM simulations to study its performances.  

 

Figure S15 Geomerty of a supercell for the designed meta-coupler at telecom 

wavelength. Four meta-atoms in a supercell are all constructed by dielectric layers 

(SiN, SiO2 and Si) in an ABCBA geometry. Permittivity of Si (red), SiO2 (yellow), 

SiN (orange) are set as 11.9, 2.1, 4.0, respectively. Thicknesses of the SiN, SiO2, and 

Si layers are (29nm, 231nm, 250nm), (125nm, 43nm, 404nm), (22nm, 32nm, 620nm), 

(57nm, 316nm, 24nm), for four meta-atoms, respectively. A silver layer is adopted to 

separate two meta-atoms to improve the performance of the meta-coupler.  
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Figure S16a shows the FEM computed performance of our meta-coupler. Here, the 

optical meta-coupler is put at an optimized distance (500nm) above a “plasmonic 

metal” which is silver capped by a 160nm-thick SiO2 layer. Such a “plasmonic metal” 

supports an SPP with 01.08SPPk k  at telecom wavelength matching the phase 

gradient of our designed meta-coupler ( 02 / 1.08L k   ). We note that similar 

“plasmonic metal” was studied in Ref. [S4].  Illuminating the meta-coupler by a 

normally input Gaussian beam, a “driven SW” can be generated on the bottom surface 

of the meta-coupler, which is next resonantly coupled to the eigen SPP on the 

“plasmonic metal. Figure S16a shows clearly that the efficiency of our meta-coupler is 

~ 54% , even with realistic losses and dispersions of materials fully taken into account. 

In contrast, if we replace our meta-coupler by conventional devices such as prism or 

grating couplers, FEM calculations show that the SPP, excitation efficiency is several 

times lower that the meta-coupler (Fig. S16(b-c)).  

This design is only a first trial to realize the concept presented in the main text at 

optical frequencies, and there are plenty of rooms for the improvements. We hope a 

much better design can come up in the near future.  

 

Figure S16 FEM computed (Hy) field distributions in the cases that (a) the optical 

meta-coupler, (b) a prism couple (b) and (c) a grating coupler are employed to excite 
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SPPs on the plasmonic metal. Here these couplers are all illuminated by a Gaussian 

beam with waist-width 0 2.2w   at telecom wavelength. The incident angle is 

35.2i   in (b) and (c). The plasmonic metal is constructed by capping a 

160nm-thick SiO2 film on the bulk silver. 

 

9. Numerical simulations and experimental characterizations.  

All FEM simulation results were obtained using COMSOL Multiphysics 3.5 

(developed by COMSOL, Inc., Burlington, USA, 2008). In our FF experiments, the 

incident EM waves were generated by a horn antenna, and the scattering patterns were 

measured with another identical horn antenna. Both antennas could be freely moved on 

a circular track (radius=1m) around the sample and were connected to a vector network 

analyzer (Agilent E8362C PNA). Received signals were normalized against a 

reference measured when the meta-coupler was replaced by a metal plate of the same 

size. In our NF experiments, we illuminated the meta-coupler with a horn antenna 

placed at 1 m away from the sample, and then used a 4 mm long monopole antenna, 

placed at 1 mm away from the “plasmonic metal” and perpendicular to the surface, to 

measure both the amplitudes and phases of the received local zE  field on the sample 

surface. Both antennas were connected to the vector network analyzer. 
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