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We demonstrate free-space focusing of terahertz (THz) radiation by scattering plasmonic
surface-waves into the air. We use a grating of shallow holes which contains non-equidistant
defects which act as scattering centers. The scattering occurs with defined phase delays such that
the waves emitted in free-space interfere constructively to form a focus above the waveguide
surface. In contrast to conventional lenses, this structure does not require any free-space on its
backside and has great potential for integrated THz optics. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4759042]

Lenses are fundamental components in terahertz (THz)
systems. Compared to their optical counterparts, THz lenses
are bulky due to the relatively long wavelengths.'* Recently,
several attempts have been reported to fabricate thin THz
lenses based on Fresnel zone plates or using metamaterials.”°
Even though the thickness of each lens could thus be reduced,
the entire THz system remains bulky as long as the system
relies on free-space propagation paths between the lenses.

In this letter, we demonstrate a planar THz lens based
on the scattering of surface-waves from a plasmonic wave-
guide with a chirped-grating structure. Since the radiation
aperture is excited by guided waves, no additional free-space
is required on the backside of the structure. So far, in the
context of integrated optics, chirped-gratings grooved on
dielectric waveguides have been shown to form an optical
focus based on constructive interference of the scattered light
in the air.” Here, we point out that metallic grating couplers
hold great potential for integrated THz devices. They not
only allow for low-loss surface-wave transmission® " but
also for a variety of plasmonic functional components.'*~'*
The use of metal also assures that the radiation appears only
above the structure and prevents so-called substrate modes
as in dielectric structures.'” All of these features are favor-
able for developing integrated THz systems interfaced with
the surrounding spaces.

Recently, the authors have numerically presented that
spatially perturbed metal corrugations generate focused THz
radiation.'® There, the corrugation was modeled as a genuine
1D periodic structure uniform in the lateral direction. For
practical devices, it is important to incorporate a mechanism
that prevents two-dimensional lateral spreading of the
surface-wavefront. The structure demonstrated in this letter
is based on a “blind” hole array,'’ which supports one-
dimensionally confined surface-waves propagating along
hole apertures grooved on metal surfaces. We implemented
chirped gratings on such a waveguide by filling a series of
the holes as shown in Fig. 1(a). The partially flat regions
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disturb the surface-waves and scatter them into the air with
defined phase delays. To illustrate the scattering principle,
we compare two simulations calculated with CST MW-
Studio in Figs. 1(c) and 1(d). In Fig. 1(c), there are no holes
filled, i.e., the hole array is perfectly periodic working as a
normal waveguide. In Fig. 1(d), there is one hole filled,
which scatters the incoming surface-wave into the air serving
as a point source. Focusing is achieved by designing the gra-
ting pattern in a way that each scattered wave contributes to
constructive interference at a single point in the air. Note,
that the phase velocity of the surface-wave is slower than
that of free-space. The focus should be line-shaped spreading
in the y-direction as in the case of cylindrical lenses since the
structure has no mechanisms to focus the radiation in that
direction (Fig. 2).

The structure was fabricated out of stainless steel
(SUS304). The blind holes were processed in two steps.
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FIG. 1. (a) Photograph of the developed structure. A series of the holes are
filled to form a chirped grating pattern. (b) Definition of the dimensions. The
waveguide is defined by rectangular shaped holes of 0.12 mm deep aligned
in 0.16 mm period. (c) Simulation with no holes filled. (d) Simulation with
one hole filled.
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FIG. 2. Experimental setup. The receiver moves in xyz to map the field
above the waveguide. The fields are kept in TM-polarization throughout the
measurement (the magnetic field has only y-components).

Through-holes were first created with a standard photo-
etching process and then the bottom was covered with a con-
tinuous flat plate using thermo-compression bonding. Stain-
less steel possesses less than one-tenth of the conductivity of
aluminum. Yet, we used that material for its capability of
etching very fine structures. It is yet possible to increase the
surface conductivity by coating the surface with another
metal like aluminum.'” The hole dimensions are summarized
in Fig. 1(b). The holes have a nearly rectangular shape and a
depth of 0.12mm. The hole array has a period of 0.16 mm
and the total length of 40 mm. The anti-resonant (AR) fre-
quency,'” above which the surface-wave propagation is pro-
hibited was estimated to be around 420 GHz. Given the
dispersion curve by CST, the chirped grating pattern was
designed so that a focus is formed 30 mm above the wave-
guide at 300 GHz. Due to the dispersive nature of the struc-
ture, the focus moves as the frequency changes forming a
trace as predicted in Fig. 3(a) (solid curve).

The focus generated by the fabricated device is experi-
mentally characterized using a fiber-coupled THz-time domain
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FIG. 3. Frequency-dependent trace of the focus. Solid curve represents a
theoretical curve while circles and triangles express the measurement (from
232 GHz to 302 GHz at about 3 GHz intervals) and simulation (230 GHz to
300 GHz at about 5 GHz intervals), respectively.
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FIG. 4. Focused radiation observed at 270GHz (power distribution).
(a) Simulation and (b) measurement. The measured area is indicated by the
dashed squares.

spectroscopy (TDS) system (Fig. 2). TM-polarized THz pulses
are coupled onto the waveguide through a narrow slit between
the waveguide surface and a metal blade separated by 1 mm.
The blade is tilted by 30° from the z-direction so that scattered
waves reflected by the blade do not disturb the focused radia-
tion. The field distribution above the waveguide is mapped by
scanning the receiver. Since the surface-wave is TM-polarized,
the focus is also TM-polarized. Figure 4 compares the field dis-
tribution between (a) simulation and (b) measurement at
270 GHz. They show good qualitative agreement and the fo-
cusing effect is clearly observed. The field pattern observed in
parallel to the focal plane is shown in Fig. 5 confirming a clear
line-shaped focus. During the measurement, we observed
shorter lines compared to the simulation. This can be explained
by the reduced sensitivity of the receiver for larger incident
angles. The frequency-dependent trace of the focus from
232 GHz to 302 GHz is plotted in Fig. 3 (circles) along with

9 mm

FIG. 5. Line-shaped focus observed at 270 GHz in parallel to the focal plane
(power distribution). (a) Simulation (z=24.8 mm) and (b) measurement
(z=28 mm). The color bar is the same as in Fig. 4.



151116-3 Monnai et al.

1.0 |

-=--=---- Simulation

O Measurement

0.5

Intensity [arb. unit]
o
(&)}

- O
o o

X-position [mm]

FIG. 6. Profiles of the focus at (a) 243 GHz, (b) 270 GHz, and (c) 290 GHz,
respectively. The z-position of the profiles differs between the simulation
and measurement as indicated in Fig. 3.

the simulation (triangles). The focus always moves in positive
x-direction as the frequency increases. In the experiment, the
focus appeared several millimeters higher than expected from
the simulation. We attribute this to a silicon lens on the re-
ceiver that shifts the apparent focal position. The measurement
and the simulation showed the same tendency as the theoretical
curve above 260 GHz. Below that frequency, the behavior
changed because of interference with unintentionally dif-
fracted radiation emanating from the incoupling slit. The mea-
surement above 300 GHz almost reached the noise level and
the focus was hardly observable. In order to increase the sig-
nal-to-noise ratio, it is important to reduce the conductive sur-
face losses, which increase with frequency. The surface-waves
also experience attenuation due to the radiation losses. This
makes the contribution from the last scatterers weaker than the
first ones, resulting in non-uniform wavefronts. This could be
compensated by spatially modulating the shape of the grating.
Focusing the radiation in the y-direction using two-
dimensionally aligned chirped-gratings could also contribute
to improve the signal. Figure 6 shows the focal profiles at (a)
243 GHz, (b) 270GHz, and (c) 290 GHz, respectively. The
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focal widths (FWHM) are (a) 0.89 mm (0.72/), (b) 0.77 mm
(0.694), and (c) 0.74 mm (0.724), respectively, and are almost
diffraction limited. As mentioned earlier the focus position is
frequency dependent. From the CST simulation, we roughly
estimated the loss budget of the system at 285 GHz as follows:
40% of the excited surface-wave was radiated into the air
(16% was focused within the FWHM and 24% was stray
light), another 40% was dissipated by the stainless-steel (the
conductivity of 1.4 X 10° [S/m]ls), and the remaining 20%
was transmitted to the other end of the waveguide without
being scattered or dissipated. In conclusion, we have demon-
strated THz beam focusing based on plasmonic waveguide
scattering. Although we used the structure as a transmitter in
this letter, it could also be used as a receiving lens. Other beam
shapes, i.e., diffraction patterns can also be tailored by design-
ing the grating pattern based on the waveguide hologram con-
cept." The blind hole array structure holds potential to be
further engineered, for example, by filling the holes with active
or tunable materials, which give prospects for future smart
THz systems.
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mation and Communications Technology (NICT) 13701.
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