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Section A. Transient analysis of effective media model  

 

Figure S1. Calculated E-field (Re(Ex)) distribution inside the meta-device based on the effective media 

model at different times. Here, the incident Gaussian beam at the central frequency of 12. 975 GHz is 

just excited at (a) and converted to SWs at (b). Next, they are gradually slowed down to travel on the 

slow-wave meta-surface as depicted in (c-e). Eventually, the SWs are decoupled back to free space 

propagation waves (PWs) as shown in (f-g). In the whole process, the EM beam is totally delayed for 

approximately 36 ns. The efficiency of the device, defined by the ratio of the output power to the incident 

power, is about 73% according to our simulations in lossless case. 

 

 

 

 

 

 

 



Section B. Design of the slow-wave meta-surface 

  

Figure S2. Slow-wave meta-surface with impedance mismatch at the two edges. (a) Schematic of the 

slow-wave meta-surface designed with the abruptly changed impedance at the two edges, where the 

patch width changes from 0 mm to 3.5 mm directly.  (b, c) The distributions of the eigen wavevector 

and group velocity of SWs on such meta-surface. (d) Simulated E-field (Ex) distributions inside such 

slow-wave meta-surface excited by the SWs traveling along x direction. It is noted that the transmission 

efficiency is only about 35%. Due to the strong impedance mismatch at the two edges, there exists 

strong scattering and reflection losses (about 30% and 35%) in the device [1,2].   

 

 



 
Figure S3. Slow-wave meta-surface with the slowly varied impedance at two edges. (a) Schematic of 

the slow-wave meta-surface with the slowly varied impedance at two edges, where the patch width has 

the gradient distributions of 2.1 mm, 2.5 mm, 2.74 mm, 2.92 mm, 3.1 mm, 3.21 mm, 3.33 mm, 3.42 

mm. (b-c) The distributions of the eigen wavevector and group velocity of SWs on such meta-surface. 

(d) Simulated E-field (Ex) distributions inside such slow-wave meta-surface excited by the SWs 

traveling along x direction. Thanks to the gradient change of the effective impedance, both the scattering 

and reflection losses are significantly suppressed, giving rise to a high efficiency of about 98% [3,4].  

 

 

 

 

 

 

 

 

 



Section C. Comparison of EM pulse delay for three different devices 

 

 

Figure S4. Comparison of EM pulse delay for three different devices: (a) a metallic mirror, (b) a high-

integration meta-device composed of a meta-coupler, a homogeneous plasmonic metal (l=0 mm), and a 

meta-decoupler, and (c) a high-integration meta-device composed of a meta-coupler, a slow-wave meta-

surface, and a meta-decoupler (corresponding to the device in Fig. 4a of the main text). Here, the 

frequency is fixed at 12.985 GHz. 

 

Here, we compare the time delay effects of electromagnetic pulse based on three different systems: 

a metallic mirror, a high-integration meta-device composed of a meta-coupler, a homogeneous 

plasmonic metal (l=0mm), and a meta-decoupler, and a high-integration meta-device composed of a 

meta-coupler, a slow-wave meta-surface, and a meta-decoupler. In all three cases, the source antenna 

and receiver antenna are placed at 10 cm above the sample. As shown in Figure S4a, when an incident 

wave strikes the metallic mirror, the reflected wave is directly reflected back with nearly zero delay time. 



Figure S4b shows that, when the propagating wave is incident on the meta-device without the slow-

wave meta-surface, the time delay of the outgoing wave can also reach 5 ns originating from the 

propagation process of SW on the device. It should be noted that the velocity of SW, being about 0.61c, 

is only slightly smaller than free space light speed. Furthermore, when the wave is incident on meta-

device with the slow-wave meta-surface, the delay time increases to 20 ns (see Figure S4c). Here, the 

frequency is fixed at 12.985 GHz in these studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Section D. Working efficiency and delay time of the proposed high-integration meta-
device 

 

 

Figure S5. Working efficiency (blue stars) and delay time (red circles) of the high-integration meta-

device corresponding to Figs. 4-6 of the main text as a function of frequency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Section E. Numerical demonstration of an optical integrated meta-surface 

 

Figure S6. Numerical demonstration of an optical integrated meta-surface. (a) Schematic of the 

designed PB meta-atoms in metal-insulator-metal configuration for creating the optical meta-coupler 

and meta-decoupler. The geometric parameters are listed here: t1=400 nm, t2=150 nm, d=200 nm, p=500 

nm, and the thickness of both top metallic bar and the bottom metallic film was set to be 30 nm. (b) 

Calculated spectra of the polarization conversion ratio (PCR) of the proposed PB meta-atoms, exhibiting 

high performance within a broad band. (c) Schematic of the building block of plasmonic metal that 

supports eigen SPP mode at optical frequency. Such a device can be easily obtained by simply removing 

the top metallic bars of the meta-atoms shown in (a). (d) Dispersion relation of the SPP supported by 

the plasmonic metal shown in (c). Here, the dash line represents the light line in vacuum. The eigen 

wavevector of SPP at 1550nm (red star) is about 1.14k₀ (k₀: total wavevector of light in vacuum). (e) 

Numerical demonstration of the PW-SPP-PW conversion based on the integrated meta-device, which 

consists of a PB meta-coupler (left), the homogenous plasmonic metal (middle), and the PB meta-

decoupler (right). The orientation angles of two adjacent PB meta-atoms in meta-coupler and meta-



decoupler have a constant difference of 66.25°. Full-wave simulations demonstrate that the conversion 

efficiency and delay time in such coupling-decoupling system at the working wavelength of 1550nm 

are about 45% and 0.3 ps, respectively. Here, the metal is chosen as Ag with its permittivity described 

by the Drude model [5], and the dielectric spacer is SiO2 with the permittivity of 2.09. If the slow-wave 

meta-surface is further integrated inside the present device, the delay time can be further increased. 

Besides, the working efficiency can be also improved by utilizing low-loss optical modes like 

waveguide modes supported by the conventional photonic integrated circuits.  
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