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Abstract 

Terahertz electromagnetic fields can be well confined and propagate at structured metal surfaces, 

known as spoof surface plasmon polaritons (SSPPs). Recent demonstrations of terahertz SSPP 

waveguides have attracted much attention for their potential in developing ultra-compact 

plasmonic circuits. However, further progress has been hampered by the lack of complex and high-

performance devices which can flexibly manipulate the propagation of terahertz SSPPs. Here, we 

demonstrate several terahertz gradient index SSPP devices using metallic pillar structures. The 

devices are realized by engineering the geometric parameters of each metallic pillar to achieve the 

desired local mode index for the terahertz SSPPs. The performance of these SSPP devices is 

experimentally characterized using scanning near-field terahertz microscopy. The versatility of the 

presented design scheme would provide a platform for the design and fabrication of high-
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performance plasmonic devices, especially cascadable ones in practical applications. 
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Introduction 

In order to support the ever-increasing demand in both research and applications of terahertz 

(THz) radiation and to bring it to the next level, miniaturized and multifunctional on-chip THz 

systems are one of the frontier research areas and being actively explored.1-4 On the technological 

level, this requires novel devices to manipulate THz electromagnetic fields at the deep 

subwavelength scale. Surface plasmon polaritons (SPPs) arise from the collective electron density 

oscillation coupled to external electromagnetic waves.5 Due to strong field confinement and large 

field enhancement of the SPPs, compact plasmonic devices such as lenses,6-8 logic gates,9, 10 and 

switchable launchers11-14 have been demonstrated at the visible and near-infrared frequencies, 

emerging as ideal candidates for integrated on-chip plasmonic circuits.15-17 In contrast, high 

confinement of the SPPs at flat metal surfaces can hardly be achieved in the THz regime due to 

the fact that metals behave close to perfect electric conductors (PECs).5 To solve this problem, 

Pendry et al. proposed that surface waves confined on a structured PEC surface mimic the familiar 

SPPs at optical frequencies and are known as spoof SPPs (SSPPs).18 In the last decade, SSPPs 

have been developed from the metamaterial concept to practical applications,19-21 including 

waveguiding,22-24 lasing,25 sensing,26, 27 filtering,28, 29 etc. However, most of the related works were 

carried out at microwave frequencies, while the experimental studies at THz frequencies were 

mainly focused on simple waveguides,30-34 and more complex plasmonic devices still remain a 

challenge. 

Inspired by the gradient index (GRIN) optics and transformation optics in free-space, great 

efforts have been made in realizing high performance plasmonic devices by variable refractive 

index structures.35-39 Different from critical transformation optics that requires a spatial variation 

of anisotropic materials and extreme values for both the permittivity and permeability,40 the 
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structures used in these works were isotropic and non-magnetic by applying a prudent 

transformation scheme, i.e., solely modulating the mode index distributions could sufficiently 

manipulate the propagation of SPPs in a prescribed manner.41, 42 Following this approach, complex 

devices for the manipulation of THz SSPPs can also be achieved once the effective mode index 

can be freely controlled by proper structures. In this letter, we demonstrate that subwavelength 

metallic pillars offer a powerful solution capable of controlling the local effective index of the THz 

SSPPs, paving the way for practical plasmonic device design. By using semiconductor processing 

technologies and scanning near-field terahertz microscopy (SNTM), proof-of-concept GRIN lens 

along with three integrated devices for THz SSPPs are fabricated and characterized. The proposed 

methodology illustrates an implementation combining strong field confinement with flexible 

propagation tailoring in the same platform. 

 

Results 

The basic unit cell for index manipulation is schematically shown in Figure 1a, which is a 

subwavelength metallic pillar on a metallic slab. Such a unit cell can support the propagation of 

SSPPs and the corresponding dispersion could be adjusted by changing the height h, width a, and 

period p of the pillar. Since metals fundamentally show the characteristics of a PEC in THz regime, 

the skin depth is generally less than 100 nm. In a realistic design, instead of directly constructing 

pure metallic pillars, we choose to etch silicon pillars using deep reactive ion etching and then coat 

them with 200-nm-thick Au films (see Section 1 of the Supporting Information for the fabrication 

details). Such Au-coated silicon pillars could be equivalently treated as pure metallic pillars since 

the THz fields can hardly interact with the silicon materials. The height and period of all the pillars 

were fixed as h = 70 μm and p = 80 μm, respectively, to ensure easy fabrication. Figure 1b 
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illustrates the dispersion relations for the fundamental mode in the first Brillouin zone for pillars 

with different lateral widths, which were obtained by using the eigen-mode solver of the 

commercial software CST Microwave Studio. In the eigen-mode simulation, the entire unit cell 

was set as PECs, which is approximately valid for metals in the THz regimes (see Section 2 of the 

Supporting Information for more details about simulation). The large wavevectors around 0.73 

THz showing slow light features, means that the SSPPs can be well confined on metallic pillars. 

Due to the well-known trade-off between the field confinement and loss, the propagation loss of 

such THz SSPPs on metallic pillars increases significantly compared with that on metal/air 

interface.4, 22 For instance, the attenuation length of a metallic-pillar-based THz spoof waveguide 

has been experimentally measured as 9.2 mm, which is about 3 orders of magnitude smaller than 

that of a metal/air interface.33 From the dispersion relations, the effective mode index of the unit 

cells can be calculated as:43 

       0/effn f k f k f  ,                           (1)  

where f is the frequency and k0 is the free-space wave number. According to Equation (1), the 

effective mode index at 0.73 THz for varying lateral widths a from 34 μm to 76 μm with a step of 

2 μm is retrieved, as shown in Figure 1c. Clearly the index can be flexibly modified in the range 

about 1 - 1.5. Once the relationship between the THz SSPP effective mode index and the pillar 

width is known, the width profiles for different GRIN plasmonic devices or transformation 

plasmonic devices can be readily interpolated according to the desired index profiles. 
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Figure 1. (a) Schematic of subwavelength metallic pillar on a metallic slab with height h = 70 μm 

and period p = 80 μm. (b) Dispersion relation of THz SSPPs for metal pillars with different lateral 

widths. (c) Retrieved mode index for SSPPs at 0.73 THz with lateral width a varied from 34 μm 

to 76 μm with a step of 2 μm. (d) Required mode index for SSPP GRIN lens and lateral widths of 

corresponding selected pillars. 

 

In order to verify the feasibility of the proposed scheme, a GRIN lens for THz SSPPs was 

demonstrated as a proof of the concept. Compared with classical lenses, GRIN lenses have the 

advantage that they can be flat and free of geometrical aberrations. In our design, the two-

dimensional GRIN lens has a uniform index distribution along the x-direction and a gradient index 

distribution along the y-direction:44 

2 2

0( ) 1n y n y  , 
0

1 Dn

D n


 
  

 
, ( y D ),                (2) 

where 
0n  and 

Dn  are the maximum and minimum indices at the center and edge of the GRIN 
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lens, respectively; α is a parameter defining the curvature of the index parabola; and D is the half 

width in the y direction of the lens. From the ray-optics point of view, such a GRIN lens collimates 

any paraxial input ray at the characteristic distance (i.e., the focal length) L = π/2α. By setting 
0n  

= 1.5, 
Dn = 1.06, and D = 1520 μm, the required index distribution along the y-direction and the 

lateral widths of the corresponding selected pillars are illustrated in Figure 1d as the green and 

blue dots, respectively. 

To experimentally verify our proposed design, we fabricated the sample using conventional 

photolithography, deep reactive ion etching, and metallization processing. A momentum-matched 

metacoupler made of C-shaped-slit resonators (CRs) was used to efficiently convert free-space 

THz radiation to SSPPs at 0.73 THz.45 Figure 2a shows the schematic of a single CR with the 

geometrical parameters of radius r, width w, open angle θ, and orientation angle γ. It has been 

demonstrated that such resonators can produce phase retardation for the cross-polarization output 

over the entire 2π phase range, and the conversion from normal incident plane waves to surface 

waves can be achieved by properly arranging the phase gradient.45 In our design, five different 

CRs with a super period Λ = 400 μm were chosen to satisfy the phase gradient dφ/dx = kSP, where 

Fig. 2b illustrates part of the fabricated metacoupler. The measured time-domain and frequency-

domain signals on the top of the metacoupler are illustrated in Figs. 2c and 2d, respectively, 

indicating that the SSPPs were successfully excited with a center frequency around 0.73 THz. Here 

the conversion efficiency of the proposed coupler cannot be directly measured in the experiments 

currently. Alternatively, it can be estimated in the simulation by integrating the electric-field 

intensity over an area above the metal surface, and is approximately 23.3%.45 
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Figure 2. (a) Schematic of a single CR, where the periods along x and y directions are both 80 μm. 

(b) Microscopy image of fabricated metacoupler, where the parameters of the CRs within a super 

period are: radius r = 36, 37, 35, 36, 38 μm, width w = 9, 6, 10, 7, 5 μm, open angle θ = 65°, 17°, 

80°, 43°, 10°, and orientation angle γ = 45°, 45°, 135°, 135°, 135°, respectively, from left to right. 

(c, d) Measured time-domain and frequency-domain signals in the excitation range, respectively. 

 

Figure 3a illustrates the schematic of the sample and the measurement setup, where the total 

area of the GRIN lens was about 5.0 × 3.2 mm2. The inset at the bottom-right corner illustrates the 

enlarged scanning electron microscopy (SEM) image of part of the fabricated GRIN lens, whose 

mode index distribution is shown in Figure 3b. Figure 3c illustrates the simulated SSPP fields in 

the excitation range (x < 0) and on the GRIN lens (x > 0), respectively, which were obtained by 

setting electric field-monitors in the xy-plane that was 100 μm above the pillar structures. Clearly, 

the well-confined SSPP fields were gradually varied from a plane wave to a converging wave when 
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passing through the GRIN lens, which was eventually focused to a point in the Fourier plane along 

the x-direction. Then, the wavefront of the SSPPs turned into divergence behind the focus, which 

complies with the periodic wavefront variation of the GRIN lens design. An SNTM was used to 

experimentally measure the SSPP fields, as schematically shown in Figure 3a. The THz beam 

generated from a photoconductor antenna was illuminated on the backside of the metacoupler to 

excite the SSPPs, and the plasmonic fields were detected by a near-field probe above the pillar 

arrays at a distance about 100 μm (see Section 3 of the Supporting Information for the details about 

the SNTM and measurements). The propagating SSPP fields on the GRIN lens were scanned in a 

range of 3.5 × 3 mm2, as shown in Figure 3d. It can be seen that the measured results agree well 

with the simulation results, which verified the proposed design scheme. Figure 3e illustrates the 

extracted normalized amplitude in Figure 3d as a function of the y coordinate at the focus, which 

shows a full width at half-maximum of about 410 μm. 
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Figure 3. (a) Full schematic of the experimental setup, where the inset SEM image illustrates part 

of the fabricated sample. (b) The index distribution of fabricated GRIN lens. (c) Simulated and (d) 

measured near electric-field distributions at 0.73 THz on the observation plane. (e) Measured 

normalized Ez-field amplitude along the y direction at the focus, showing the horizontal 

confinement. 

 

To further exploit the versatility of proposed design scheme, we designed and characterized 

three kinds of integrated devices: SSPP telescope, SSPP waveguide coupler, and SSPP multiplexer. 

The telescope was combined by two different GRIN lenses, as shown by the SEM image in Figure 

4a. Here, the half widths of these two GRIN lenses were D1 = 1520 μm and D2 = 720 μm, 

respectively, and the length of each GRIN lens along the x-direction was defined by its own 

collimation distance. These two GRIN lenses formed a flat telescope in confocal arrangement, 
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where the periphery range was filled by unit cells with the minimum mode index. Figure 4b 

illustrates the simulation results, where the excited SSPPs travel across the telescope from the 

larger GRIN lens side horizontally. It is clearly seen that the incident flat-wavefront SSPPs with a 

width about 2D1 varied from being concave to convex, and were eventually transformed into flat-

wavefront SSPPs with a width about 2D2. Likewise, when the SSPPs were incident from the 

smaller GRIN lens side, their scale was accordingly magnified by D1/D2 times. The measured real 

part of the Ez-field distribution shown in Figure 4c agrees well with simulations, showing a 

compressed flat wavefront at the output port that was different from the diverging wavefront in 

Fig. 3d. Both simulation and experimental results verify the wavefront scaling capability of the 

proposed SSPP telescope. 
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Figure 4. (a, d, g) SEM images of the fabricated SSPP telescope sample, SSPP coupler sample, 

and the SSPP multiplexer, respectively. (b, e, h) Simulated real parts of Ez-field distribution at 0.73 

THz, respectively. (c, f, i) Measured real parts of Ez-field distribution at 0.73 THz using SNTM 

with a scanning range of 3.5×2.5 mm2, 3.5×3 mm2, and 1.8×2.5 mm2, respectively. 

 

In free-space, the GRIN lens is frequently used as a fiber coupling element. So far, most of 

the reported THz plasmonic couplers functionally convert free-space THz beams to plasmonic 

waves with a certain width of the wavefront.42, 43 For designing ultra-compact plasmonic circuits, 

it is highly desired to couple SSPPs into a single waveguide. We fabricated an SSPP waveguide 

coupler that combined an SSPP GRIN lens and a straight SSPP waveguide, as illustrated in Figure 
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4d. The width and the index distribution along the y-direction of this GRIN lens are the same as 

those in Figure 3, and meanwhile the length along the x-direction was set as its collimation distance. 

The straight waveguide was comprised of the same periodic unit cells as the central ones in the 

GRIN lens, ensuring a smooth impedance matching. Figure 4e illustrates the simulation results, 

where the flat-wavefront SSPPs were successfully focused at the interface center between the 

GRIN lens and the waveguide, and then were coupled into and propagated along the straight 

waveguide. The corresponding measurements agree well with simulations, as shown in Figure 4f, 

experimentally confirming the viability of the SSPP wavegudie coupler. In addition to the proposed 

design, such a coupling scheme could smoothly link different efficient THz metacouplers45, 46 and 

diverse plasmonic waveguides,30-34 which may motivate the design and fabrication of future 

practical plasmonic circuits. 

Since the GRIN lens could focus different oblique incidences at the same collimation distance 

with the focal points shifted along the direction perpendicular to the optical axis, it is possible to 

design a multiplexer for obliquely incident SSPPs based on the proposed design scheme. Figure 

4g illustrates the SEM image of an SSPP multiplexer, which is composed of an SSPP GRIN lens 

and a Y-shaped SSPP waveguide. In order to get obliquely incident SSPPs, two sets of crossed 

periodic gratings were utilized as the metacoupler to convert incident free-space THz beams to 

two SSPP excitations with angles of 30° and -30° with respect to the x-axis (see Section 4 of 

Supporting Information for the detailed design and corresponding simulation results). The two 

endpoints of the Y-shaped waveguide were connected with the GRIN lens at the focal points of the 

obliquely incident SSPPs, as schematically shown by the dashed lines in Figure 4g. The simulated 

real part of the Ez-field distribution was shown in Figure 4h, where two obliquely incident SSPP 

excitations were focused at the corresponding endpoints of the Y-shaped waveguide, and were then 
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multiplexed into and propagated along the straight part of the waveguide. The SSPP fields at the 

multiplexing points were scanned using SNTM, as shown in Figure 4i, which agree well with 

simulations and experimentally verify the proposed SSPP multiplexer. Interestingly, if the SSPPs 

were incident from the straight waveguide side, this device could function as a splitter, i.e., the 

incident SSPPs would split into two SSPP beams at the left end of the GRIN lens with angles of 

30° and -30° with respect to the x-axis. Furthermore, by removing the straight waveguide, this 

device could function as a reflector to reflect the 30° incident SSPPs to -30° output SSPPs, or vice 

versa. 

The presented GRIN device design scheme extends the utilization of metallic pillars from 

simple waveguiding to refractive index manipulation, making SSPPs easier to be manipulated and 

utilized; meanwhile, the cascadable feature of the proposed GRIN devices would be quite practical 

for designing miniaturized and multifunctional on-chip THz system. Firstly, future wireless 

communication networks need to handle data rates of tens or even hundreds of Gbit/s per link, 

which requires carrier frequencies in the unallocated THz regime. The presented GRIN devices 

could serve as a data stream bridge between the wireless signals and on-chip microprocessors, 

since they can flexibly couple free-space THz waves into SSPPs with diverse functionalities, i.e., 

focusing, multiplexing, and routing to desired positions or components. Secondly, the strong field 

confinement of the SSPPs can enable enhanced light-matter interaction, which has great quite 

potential for on-chip sensing applications. For instance, the proposed SSPP multiplexer could also 

function as a Mach-Zehnder interferometer, where the change in the dielectric environment around 

one interferometer arm could be revealed by the interference spectra. We envision that the ensuing 

studies of such complex GRIN devices and integrated on-chip systems could motivate and enrich 

various practical applications. 
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Conclusion 

We have experimentally demonstrated the feasibility of tailoring the mode index of THz 

SSPPs by metallic pillars. The proposed variable refractive index structures would therefore serve 

as basic elements for designing THz SSPP devices. We have verified our approach with some 

integrated GRIN devices that can flexibly manipulate the propagation of well confined THz SSPPs. 

In addition to the exhibited slowly varied index distributions, our approach could also achieve 

abrupt or arbitrary index distributions. Such flexibility in conjunction with the recently reported 

computational inverse-design approaches47, 48 – algorithms for discovering index distributions to 

achieve desired functions – would realize various plasmonic devices with extreme performance, 

contributing to the development of miniaturized and multifunctional on-chip THz systems. 

Supporting Information 

This material is available free of charge at http://pubs.acs.org.  

There are four sections: 

1). Description of sample fabrication; 

2) Simulation details; 

3). Method of SNTM experimental system and characterization; 

4). Oblique launcher. 
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