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simultaneously.[5–7] Controlling the wave-
front of SPs, although challenging, is 
highly required in enabling a variety of 
functional SP devices.[8] In early studies, 
much attention has been paid to the con-
trol of propagating SPs, where free-space 
light is first coupled to SPs, and then the 
wavefront of SPs can be manipulated 
by diffraction units,[9–11] patterned grat-
ings,[12,13] or transformation optics.[14,15] 
In order to support the ever-increasing 
demand in both research and applications 
of plasmonics, and to bring it to the next 
level, the exploration for new approaches 
to steering SPs in the launching process 
has thus been an intrigued research topic, 
which could significantly simplify the 
design and fabrication of most integrated 
plasmonic devices.

Recently, metasurfaces have emerged 
as an ideal tool for fine control of SPs through the design 
of suitable subwavelength meta-atoms and the prescribed 
arrangement of their spatial distributions.[16,17] In particular, 
subwavelength metallic slit resonators are among the most 
commonly used unit elements in designing metasurfaces 
for SP manipulation. Since the locations and orientations 
of the slit resonators can be carefully chosen using the itera-
tive algorithm,[18] holographic principle,[19,20] Pancharatnam–
Berry (P–B) phase concept,[21–23] or coupled mode theory,[24,25] 
such metasurfaces have shown excellent flexibilities to steer 
the wavefront of the coupled SPs. However, due to the dipole 
response of a single slit resonator, the basic unit elements in 
these metasurfaces are normally arranged at a distance of about 
one wavelength, and such a small duty cycle significantly limits 
the conversion efficiency of SPs. On the other hand, innovative 
metasurfaces with abrupt phase discontinuities have shown 
unprecedented capabilities of manipulating electromagnetic 
waves,[26–28] and thus become the current interest and are being 
actively explored.[29–31] In particular, it has been demonstrated 
that the momentum difference between free-space light and 
SPs can be matched by properly arranging the phase discon-
tinuity gradient.[27,32] In conjunction with reflection-type phase 
discontinuity units, a series of high-efficiency SP couplers have 
been reported.[27,33–35] However, the conversion efficiency of 
such couplers decreases significantly as the excitation range 
increases.[36] That is because the converted driven surface 
waves are not an eigen mode of the metasurface, and thus, 
they experience significant scattering before coupling out of the 
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Plasmonics

1. Introduction

Surface plasmons (SPs), a special form of electromagnetic 
excitations propagating along a metal/dielectric interface, 
have been widely exploited in various scientific communities, 
ranging from physics, chemistry to biology.[1–4] Owing to a 
confinement of the wave to the surface and an enhancement 
of the optical field, SPs are very attractive in developing next- 
generation, ultracompact integrated plasmonic circuitry in 
which light and electric signals can be transferred and processed 
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excitation range. In addition, these SP couplers only function 
as normal SP launchers, in which complex SP launching is not 
implemented.

In this article, we demonstrate that designer metasurfaces 
composed of C-shaped slit resonators (CRs) offer a pow-
erful solution capable of both efficient coupling and complex 
launching of SPs. The proposed metasurfaces cannot only 
match the momentum difference between free-space light and 
SPs and function as efficient SP metacouplers, but can also 
support the propagation of the coupled SPs, exhibiting greater 
effectiveness in the case of a large excitation range. More 
importantly, by carefully altering the geometrical parameters 
and the rotation angles of the composing CRs, the phase and 
amplitude of the coupled SPs can be simultaneously manipu-
lated, which could provide significant flexibility in the design 
of complex SP launching. As a proof of concept, single- and 
dual-order SP diffractions are demonstrated both theoretically 
and experimentally. The proposed methodology illustrates the 
power of the clever implementation combining phase disconti-
nuity with complex SP launching and it may pave a novel way 
for developing various SP devices.

2. Results and Discussion

2.1. Sample Design and Phase Discontinuity Concept for SP 
Coupling

Figure 1a shows the schematic of a single CR with the fol-
lowing geometrical parameters: radius r, width w, open angle 
α, and orientation angle β. The metallic CR is made of a 200 nm  

thick aluminum film on a silicon substrate. By altering the geo-
metrical parameters, as illustrated in Figure 1b, the CR can be 
used to produce a controllable phase retardation in the cross 
polarization over an entire 2π range. Based on this, a spatial 
distribution of phase discontinuities at the interface between 
two media can be constructed freely, where the refraction can 
be expressed by the following generalized formula[26,28]

sin sin
1 d

d
t t i i

0

θ θ ϕ
= +n n

k x 	 (1)

where ni and nt are the refractive indices of the input and 
output media, respectively; k0 is the wavenumber of free-space 
light; θi and θt are the angles of the incident and transmitted 
light, respectively, with respect to the normal direction of the 

metasurface; ϕd
dx

 is the phase discontinuity gradient along the 

x-direction.
In the case of normal incidence (θi is equal to zero), θt is 

fully dependent on nt and ϕd
dx

. Based on Huygens’s principle, 

this phenomenon can be understood by considering each CR 
as a source of secondary wavelets that spread out in the for-
ward direction. As schematically shown in Figure 1c, the trans-
mitted light at the air side (nt = 1) exhibits anomalous refraction  
with arcsin

1 d

d
t

0

θ ϕ
= 



k x
, which has been widely studied previously. 

Because the electric field is always perpendicular to the propa-
gation direction in the free-space, such anomalous refraction 
is actually constituted by both Ex and Ez components. And the 
Ez components increase as the θt increases. Then in the spe-
cific case where the phase gradient equals the SP wavenumber  

kSP, namely, d

d
SP

ϕ
=

x
k , as schematically illustrated in Figure 1d. 
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Figure 1.  Schematics of C-shaped slit resonator (CR) and phase discontinuity concept. a) Schematic view of a single CR, here the Px = Py = 80 µm.  
b) Simulated amplitude and phase shift of CRs shown at the bottom at 0.73 THz. Geometrical parameters of former five CRs are r = 35, 36, 36, 37, 38 µm,  
α = 80°, 65°, 43°, 17°, 10°, and w = 10, 9, 7, 6, 5 µm, respectively, with the same rotation angle β = 135°. By incorporating the additional y-axis-mirrored 
CRs, a phase shift over an entire 2π range can be achieved. c) and d) Schematics of phase discontinuity concept in the cases of anomalous refraction 
and SP coupling, respectively.
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In this case, the refraction waves are bent to propagate along 
the surface, where almost all the refraction electric fields exist 
as Ez components, and thereby be coupled to SPs. As a realistic 
instance, Section 1 (Supporting Information) illustrates the 
simulation results of both conditions.

To illustrate the SP coupling behavior of the proposed design 
scheme, full wave simulations were performed using com-
mercially available software CST Microwave Studio. The super  
unit is shown as the inset in Figure 2a, which is constituted 
by five CRs with a super period Λ = 400 µm to cover the  
2π phase range. Since metals almost behave like perfect conduc-
tors in the terahertz regime, the SP dispersion relation is very 
close to that of the free-space wave, and thus the SPs cannot be 
confined as well at the metal surfaces as in the visible regime. 
To increase the confinement, all the metasurfaces are cov-
ered with a 20 µm thick dielectric layer (polyimide, εpolyimide =  
2.96 + i0.09).[37] In this case, the ksp ≈ 1.023 k0 at 0.73 THz, 
which is determined by the eigen-mode solver (see Section 2 
in the Supporting Information). A broadband y-polarized plane 
wave is normally incident from the substrate side to excite the 
SPs. Figure 2a illustrates the simulated real part of the Ez-field 
distribution, which is obtained by defining electric field moni-
tors in the xz-plane at y = 0 (the center of the CRs), and the 
metasurface is located at z = 0. It can be seen that the excitation 
exhibits unidirectional launching behavior, and the electric field 
increases gradually due to the constructive interference caused 
by the periodic configuration.

2.2. Phase Discontinuity Concept for SP Wavefront Control

So far, we have seen that the SP coupling can be achieved 

through appropriately designing CRs to satisfy 
d

d
SP

ϕ
=

x
k . The 

next problem is how to realize the complex SP launching simul-
taneously. For a simplified analysis, each row of CRs that satisfy 

the coupling phase condition 
d

d
SP

ϕ
=

x
k  can be treated as a source 

of secondary output SPs. In the case where the phase gradient 
along the y-direction is zero, namely, a periodic arrangement 

with 
d

d
0

ϕ
=

y
, the output SPs are in phase with each other and 

collectively produce a normal wavefront, as shown in Figure 2b.  
Therefore, in order to achieve anomalous SP launching, due 
consideration must be given to constructing a phase discon-

tinuity gradient of 
ϕd

dy
. As schematically shown in Figure 2c,  

if we carefully design the phase distribution of each row of the 

CRs along the x-direction to satisfy 
d

d
SP

ϕ
=

x
k  and meanwhile 

tailor each column of CRs along the y-direction with the desired 

value of 
ϕd

dy
, SP coupling and anomalous SP launching could 

thus be simultaneously achieved. In addition, if the spatial con-
trol of SP amplitude can also be manipulated, more complex 
SP launching can be achieved.[16,20,23,38,39]

To demonstrate the proposed scheme, three typical 
samples are numerically designed and experimentally studied 
here: Sample I—a metasurface for normal SP launching, 
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Figure 2.  Schematics of super units and SP launching. a) Schematic of CR-based super unit and simulated real part of Ez-field distributions at  
0.73 THz. Here six super units along the x-axis are employed. b) and c) Schematics of normal and anomalous SP launching, respectively.
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Sample II—a metasurface with a phase gradient ϕd
dy

 for anom-

alous SP launching, and Sample III—a metasurface with the 

phase gradient d
dy

ϕ  and also the angular orientation manipula-

tion for amplitude control to achieve complex SP launching. 
The element resonators in these samples are chosen from the 
CRs illustrated in Figure 1b according to desired phase (for 
details see Section 3 in the Supporting Information). All the 
samples were fabricated using conventional photolithography 
and metallization processing, and then spin-coated with a 
20 µm thick polyimide layer. A near-field scanning terahertz 
microscopy system (NSTM) was applied to characterize the 
samples, in which the detector was a near-field photoconduc-
tive-antenna-based probe that could measure the SP field by 
a pair of electrodes sensitive to the Ez component.[40] To allow 
the detected terahertz pulse to be long enough to cover the 
entire pulse duration, a 2 mm thick silicon wafer was used as 
the substrate to avoid Fabry–Perot reflections within 46 ps after 
the main terahertz pulse.

Figure 3a illustrates the simulated real part of the Ez-field 
distribution of Sample I, which is obtained in the xy-plane at  
z = 50 µm above the metasurface. The excitation range is marked 
by a dashed rectangle, and it can be seen that the excited SPs 
clearly exhibit normal launching wavefront. To experimentally 
verify the proposed coupling scheme, we fabricated Sample I,  

in which 
d

d
SP

ϕ
=

x
k  and d

d
0

ϕ
=

y
. The corresponding microscopic 

image is shown in Figure 3b. The coupled SP fields of Sample 

I were scanned in a range of 1 × 1.3 mm2 using NSTM, as 
shown in Figure 3c, which was started from two wavelengths 
away from the excitation range, and the probe was placed 
approximately 50 µm above the sample during scanning, the 
same as that in the simulation. The measurements clearly show 
normal SP launching that agrees well with the corresponding 
simulations and experimentally confirms the proposed cou-
pling scheme. Some of the corresponding time-domain signals 
are illustrated in the Section 4 (Supporting Information). Fur-
thermore, in order to experimentally compare the coupling effi-
ciency, we also fabricated a metacoupler composed by the most 
commonly used normal slit resonators, as shown in Figure 3b. 
The Ez-field amplitudes along the line two wavelengths away 
from the excitation range (see the white line in Figure 3a) of 
each metacoupler are scanned and integrated as ECR and ESlit, 
respectively. Figure 3d illustrates the corresponding measure-
ments, where obviously ECR is much larger than ESlit. The 
bandwidth of ECR can be calculated as the full width at half 

maximum 2

2
MAX
CR≥







E E , which equals about 0.07 THz. Notably, 

because periodic configuration is used in the SP coupler 
design, the in-plane interference of SPs significantly affects the 
work bandwidth, where the bandwidth of launched SPs nar-

rows at the frequency that satisfies 
d

d
SP

ϕ
=

x
k  as the number of 

period increases. In view of the symmetric excitation feature of 
normal slit resonators, the coupling efficiency ratio of these two 
metacouplers can be calculated as | | /2 | | 4.2CR 2 Slit 2 =E E , which 
experimentally verified the efficient feature of the proposed  
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Figure 3.  CR-based metasurface for normal SP launching. a) Simulated real part of Ez-field distribution at 0.73 THz. b) Microscopic images of fabri-
cated CR and normal slit resonator samples, respectively. c) Measured real part of Ez-field distributions at 0.73 THz using NSTM. The scan is started 
at the position about two wavelength away from the excitation range. In this sample, 20 and 60 CRs were used along x- and y-direction, respectively. 
d) Experimental comparison of SP excitations between CRs and normal slit resonators.
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design scheme. However, the conversion efficiency of the 
proposed coupler cannot be directly measured in the experi-
ments currently. Alternatively, it can be estimated in the simula-
tion by integrating the electric-field intensity over an area above 
the metal surface, which is approximately 23.3% (see Section 5 
in the Supporting Information).

For a demonstration of complex SP launching, we designed 
Samples II and III to control the diffraction orders of the 
launched SPs, which functioned as SP gratings. To constitute 
a grating with desired diffraction orders, the corresponding SP 
excitation in the y-direction can be calculated by[41]

2 /∑( ) ( )= =φ π( ) −E y A y e A ei y
m

m

i m y d
	 (2)

where d is the grating period, m is the diffraction order, and 
Am is the amplitude of the m-th diffraction order. In the case 
of a single diffraction order, E(y) is actually a linear phase pro-
file along the y-direction with uniform amplitude, which is also 
referred to as anomalous SP launching.[22] As a proof of con-
cept, we designed Sample II with m = −1 and d = 1000 µm,  
where the composing CRs are schematically illustrated in 

Figure 4a. Here the phase gradient 
d

d
SP

ϕ
=

x
k  and meanwhile 

d

d

2ϕ π
=

Πy
 with Π = 1000 µm. The corresponding simulated real 

part of the Ez-field distribution in Figure 4b clearly illustrates  
the anomalous launching of the SPs. In order to experimentally 
retrieve the information of the diffraction order and verify the 
anomalous launching performance, we scanned the SP fields 

of fabricated Sample II using NSTM and then applied Fourier 
transform to the measured SP fields along the y-axis at x = 1 mm.  
The retrieved result is shown in Figure 4c, where a single 
dominant diffraction order at m = −1 can be identified. Further-
more, the measured real part of the Ez-field distribution shown 
in Figure 4d agrees well with the simulations, experimentally 
verifying the viability of the anomalous SP launching by the 
designed phase gradient along the y-direction. Such a control 
scheme is universal, and can be directly applied to other kinds 
of phase discontinuity concept-based couplers.[27,32–35,42] More 
importantly, apart from the presented linear phase design, the 
phase gradient can be encoded with more complicated distribu-
tions to achieve functional applications such as SP metalenses 
or special SP beams.[10,11,22]

In the case of multiple diffraction orders, the amplitude of 
E(y) is no longer uniform. As an example, Figure 5a illustrates 
the calculated phase and amplitude of E(y) when the diffraction 
orders are −1st and −3rd where d = 2000 µm. To achieve such 
a grating, obviously amplitude modulation of the excited SPs 
is desired. Interestingly, it has been proven that when a C-ring 
resonator is rotated, the phase of the scattered light remains the 
same while the amplitude follows[41]

sin 2β( )∝E 	 (3)

where β is the orientation angle. According to the Babinet’s 
principle, this amplitude modulation can also be applied to 
the CRs. In order to check this modulation for SP coupling, 
simulation studies were carried out in Section 6 (Supporting 
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Figure 4.  CR-based metacoupler for anomalous SP launching. a) Schematic of metasurface with linear phase gradient along y-direction. b) Simulated 
real part of Ez-field distribution at 0.73 THz. c) and d) Calculated diffraction order distribution from measurements, and measured real part of Ez-field 
distribution at 0.73 THz using NSTM, respectively. The scan is started at the position about one wavelength away from the excitation range. In this 
sample, 10 and 60 CRs were used along x- and y-direction, respectively.
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Information), and the results indicate that the amplitude 
of SP excitations also follows this rule. Furthermore, we  
designed Sample III to exploit such a modulation for com
plex SP launching, as schematically shown in Figure 5b, here 

the phase gradient along x-direction is still d

d
SP

ϕ
=

x
k  and the 

phase distribution along y-direction is correspond to the solid 
line in Figure 5a. The rotation angle of each CR is calculated by 
corresponding amplitude (for details see Section 3 in the Sup-
porting Information). The simulated real part of the Ez-field dis-
tribution in Figure 5c illustrates clearly the interference between 
the two diffraction orders. The corresponding measurements 
are shown in Figure 5d, which agree well with simulations. Fur-
thermore, the calculated diffraction orders from the measure-
ments are shown in Figure 5e, where two dominant diffraction  
orders at m = −1 and −3 can be observed. These results  
experimentally confirm the viability of the proposed design 
scheme. We anticipate such design schemes being used to 
design more innovative metasurfaces, where the extra design 

flexibility of simultaneous phase and amplitude control can be 
used to achieve special SP beaming or holography.[16,20,23,38,39]

2.3. Discussion about the SP Excitation

Conversion efficiency of cross-polarization in single metallic 
resonance layer has a theoretical limitation of 25%.[43,44] By 
carefully designing the resonance of realistic structures, this 
limitation has been experimentally approached in P–B phase 
metasurface.[45] For manipulating the free-space light by 
phase discontinuity concept in single metallic resonance layer 
metasurfaces,[26,28,32] only the cross-polarization can achieve 
a phase coverage of 2π. Similarly, the CRs also have this 
limitation. On contrast, manipulating free-space light using 
reflection-type[27,35] or transmission bilayer and multilayer meta-
surfaces[46,47] can easily achieve much higher efficiency in either 
co- or cross-polarizations. By applying the in-plane momentum 
matching,[27] the metasurfaces mentioned above can all be used 
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Figure 5.  CR-based metacoupler for complex SP launching. a) Desired phase (solid line) and amplitude (dashed line) distributions along y-axis to 
achieve first- and third-order SP diffractions. b) Schematic of metasurface with simultaneous phase and amplitude modulation. c) Simulated real 
part of Ez-field distribution at 0.73 THz. d,e) Measured real part of Ez-field distribution at 0.73 THz using NSTM, and corresponding diffraction order 
distribution calculated by Fourier transform, respectively. The scan is started at the position about one wavelength away from the excitation range. In 
this sample, 10 and 60 CRs were used along x- and y-direction, respectively.
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for SP coupler design. And thus the recently reported high- 
efficiency SP coupler was generally designed using reflection-
type metasurfaces.[27,33–35] However, if we take an insight into 
the SP couplers, we can find that the most important metric 
is actually the magnitude of the feed-out SPs that could be uti-
lized for the target system. Despite the fact that the reflection-
type metacouplers could lead to a high conversion efficiency, 
they also suffer from significant scattering loss when the gener-
ated driven surface waves propagate along the metasurface,[36] 
as schematically shown in Figure 6a. In order to solve this 
problem, a recently reported work proposed to guide out and 
support the generated SPs by placing an additional plasmonic 
layer and experimentally obtained an extremely high efficiency 
of 73%.[42] However, the strict requirements of the separation 
and parallel configuration of the SP coupler and plasmonic 
layer complicate the fabrication, which makes it difficult to 
extend this scheme to infrared or visible light frequencies. 
Therefore, more simplified and universal solutions are still 
required. Then one can consider the single metallic resonance 
layer metasurfaces, though it has a relatively lower conversion 
efficiency than that of reflection-type metacouplers, their main 
body is a metal film that can more favorably support the propa-
gating surface waves, which renders scattering loss lower, as 
schematically shown in Figure 6b.

To quantitatively analyze the excitation performances, we 
performed simulations of different kinds of metacouplers, 
including CRs, P–B phase-based slit array, reflectarray, and also 
the normal slit resonators. For a fair comparison, the super 
unit of each coupler has the same period, and the structural 
parameters of all the basic elements are carefully optimized 
(corresponding schematics are illustrated in Figure 6c). The SP 
excitations are obtained by setting the Ez probe to be located 
two wavelengths away from the excitation range. Figure 6d 

illustrates the simulated Ez-field-amplitudes as a function of the 
number of super units n for each metacoupler. Obviously, the 
SP excitation of the normal slit resonators is much less than 
that of the others, which can be attributed to a small duty cycle. 
The recently reported metasurfaces using paired slits with a 
duty cycle double that of the single slit structure showed an 
excellent flexibility of SP manipulation, but the SP excitation 
remained or became even smaller because of the interference 
between these two slits.[20–23] For the CRs and P–B phase-
based slit array, they have a comparable duty cycle and share 
same efficiency limitation; nevertheless, the SP excitation of 
the former is higher than that of the latter. That is because the 
excitations from the B–P phase-based slit array contain both the 
transverse-magnetic and transverse-electric components, while 
only the transverse-magnetic-polarized component can be sup-
ported for propagation, and therefore, such a mode mismatch 
reduces the SP excitation.[32,34] In the case of the reflectarray, 
the SP excitation is initially much larger than that of the other 
couplers. However, it becomes saturated as n increases due to 
the large scattering loss, as discussed above. In contrast, the 
SP excitation growth of the CRs decreases much slower, which 
causes it to exhibit higher excitation than that of the reflectarray 
when n > 11. A comparison of these excitations indicates that 
the CR-based metacoupler is not only the most efficient one 
among the single layer metacouplers, but can also be more effi-
cient even than the reflection-type metacoupler in the case of a 
large excitation range.

3. Conclusion

Employing CRs as unit elements, we demonstrate an efficient 
SP metacoupler by cleverly applying the phase discontinuity 

Figure 6.  Comparison of different SP excitations. a) and b) Coupling and propagating characters of reflection-type and single-layer SP metacouplers, 
respectively. c) Schematics of normal slit, P–B phase-based slit array, and reflection-type C-ring-based super units, respectively. Here the width and 
length of slits are 10 and 70 µm, respectively; the orientation angle difference of adjacent slits in P–B phase-based slit array is 36°; the geometrical 
parameters of C-ring resonators are r = 32, 34, 36, 33, 35 µm, α = 95°, 47°, 15°, 70°, 30°, β = 135°, 135°, 135°, 45°, 45°, and w = 9, 7, 5, 8, 6 µm, 
respectively; the thickness of dielectric spacer is 30 µm. d) Simulated Ez-field amplitudes as a function of super unit number n.
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concept. Normal SP launching, along with single- and mul-
tiple-order SP diffractions, is demonstrated both theoretically 
and experimentally, reflecting the additional freedom in our 
design scheme and suggesting further manipulation possibili-
ties. Particularly, the simultaneous phase and amplitude mod-
ulation of the coupled SPs have many prospects in practical 
plasmonic applications and would motivate the design of more 
complex and innovative metasurfaces. Based on the universal 
phase discontinuity concept, the proposed design scheme is 
straightforward and can be applied to a broader electromag-
netic spectrum.

4. Experimental Section
Experimental Setup: To characterize the samples, an NSTM system 

was applied allowing detection of the SP field distribution with a 
raster scan, which was developed based on traditional terahertz time–
domain spectroscopy (THz–TDS). The main difference compared to a 
regular THz–TDS system was that the terahertz detector in NSTM was 
replaced with a near-field photoconductive-antenna-based probe.[40] 
To achieve a movable probe, the detection beam of the system was 
coupled into a 2 m-length optical fiber. Before coupling into the fiber, 
a predispersion compensation grating pair was employed to suppress 
the pulse stretching effect in the fiber. The probe was then fixed onto 
a 2D electrically controlled translation stage to enable the scanning 
function.

Sample Fabrication and Characterization: The samples made from a 
200 nm thick aluminum film were fabricated on a 2 mm thick silicon 
substrate by conventional photolithography and metallization process. 
All the samples were spin coated with a 20 µm thick polyimide layer. 
To excite SPs, the terahertz beam was incident from the substrate 
side onto the metallic structures. The incident terahertz beam was 
collimated with a spot size of 5 mm in diameter, which was large 
enough to cover the whole excitation area; the linear polarization 
was achieved using a metallic grid polarizer. During characterization, 
the detection probe was placed approximately 50 µm above the 
metasurfaces, the same as in numerical simulations. The scanning 
resolution for all the samples was 0.1 mm per step, corresponding 
to about a quarter wavelength of the SP wave. The results shown in 
Figures 3c, 4d, and 5d are 10 times interpolated from measurements 
using Matlab.
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