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Polarization-independent all-silicon dielectric
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Dielectric metasurfaces have achieved great success in realizing high-efficiency wavefront control in the optical
and infrared ranges. Here, we experimentally demonstrate several efficient, polarization-independent, all-silicon
dielectric metasurfaces in the terahertz regime. The metasurfaces are composed of cylindrical silicon pillars on a
silicon substrate, which can be easily fabricated using etching technology for semiconductors. By locally tailoring
the diameter of the pillars, full control over abrupt phase changes can be achieved. To show the controlling ability
of the metasurfaces, an anomalous deflector, three Bessel beam generators, and three vortex beam generators are
fabricated and characterized. We also show that the proposed metasurfaces can be easily combined to form
composite devices with extended functionalities. The proposed controlling method has promising applications

in developing low-loss, ultra-compact spatial terahertz modulation devices.
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1. INTRODUCTION

Metasurfaces, which are 2D versions of metamaterials, over-
come many drawbacks of 3D metamaterials, such as their
complicated design and fabrication challenges, as well as their
large material loss. Metasurfaces are generally composed of
subwavelength scatterers patterned on planar interfaces, which
can control the phase, polarization, amplitude, and, thus, the
complex field distribution of the transmitted or reflected
electromagnetic wave in a flexible way [1,2]. The flat, ultrathin,
and easy-to-fabricate features make metasurfaces promising for
next-generation compact photonic devices [3-9]. Meanwhile,
the controlling strategy is universal and applies to a broad spec-
tral range, including the spectroscopically important terahertz
range for which functional devices are in high demand.

As in the other frequency range, single-layer plasmonic
metasurfaces were first adopted for controlling the wavefronts
of cross-polarized output components in the terahertz regime
and enabled a variety of terahertz devices that included anoma-
lous deflectors [10], meta-gratings [11], flat lenses [12,13],
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special beam generators [14], holograms [12,15,16], and
surface plasmon couplers [17]. However, the efficiency of
single-layer plasmonic metasurfaces is limited to 25% [18,19].
Multilayer plasmonic structures can increase the efficiency
[20-27], but they also increase fabrication difficulties and
are not easy to integrate into an on-chip system.

Dielectric metasurfaces made from high-contrast dielectric
structures have attracted great interest in recent years [28,29].
Free from the ohmic loss effect, dielectric metasurfaces provide
a promising alternative for complete wavefront control with
high efficiency, especially in the optical and infrared ranges
[30-39]. However, studies on controlling wavefronts using
dielectric metasurfaces are seldom reported in the terahertz re-
gime. Recently, reflection-type terahertz dielectric metasurfaces
were demonstrated [40,41]. However, they were either on a
glass substrate or on a metallic layer, which both require a
complex fabrication process. The reflection working condi-
tion also limits their application in some cases [33]. In this
paper, polarization-independent transmission-type, all-silicon
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dielectric metasurfaces are demonstrated in the terahertz
regime. We fabricate the metasurfaces by directly etching sub-
wavelength, cylindrical silicon pillars on a 2 mm thick, high-
resistance silicon substrate, which are easy to process using
semiconductor technologies. Furthermore, these metasurfaces
can easily be combined to function as a composite metasurface
device, which extends their ability to control wavefronts. The
efficiency of the proposed metasurfaces can reach about 82.5%,
which is much higher than that of single-layer plasmonic meta-
surface counterparts.

2. DESIGNS

The proposed cylinder silicon pillar on silicon substrate
(n, = 3.45) is schematically illustrated in Fig. 1(a), which is
arranged in a hexagonal lattice. Here, the lattice constant
and the pillar height are set to p = 100 pm and /# = 150 pm,
respectively. By gradually varying the pillar diameter 4, the
corresponding transmission coefficients are simulated using
CST Microwave Studio. As each pillar can be seen as an effec-
tive waveguide, the simulated transmission coefficients of the
homogeneous metasurfaces can be seen as the individual
responses of each pillar [35-39]. Owing to the symmetry of
the cylindrical pillars, the transmission responses are polariza-
tion-independent. Throughout the simulated results, eight
pillars of different diameters are selected at 1.0 THz. As 4 in-
creased, the corresponding abrupt phase shifts cover a 27 range
in increments of 7/4, and all of the transmission amplitudes
(calculated as the square root of the intensity transmittance
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Fig. 1. Schematic of the silicon pillar structure and the simulated
results of the selected eightsilicon pillars. (a) Schematic of a silicon pillar
in the uniform hexagonal lattice on a silicon substrate. The lattice con-
stant » = 100 pm, and the pillar height 4/ = 150 pm. (b) Simulated
phase shifts and transmission amplitudes of the eight selected silicon
pillars with different diameters & at 1.0 THz. The diameters corre-
sponding to the pillars in the upper row from number 1-8 are
d =20, 44.5, 53.5, 60, 66.5, 73, 79.5, and 88.5 pm, respectively.
(c) Simulated side views (x—z planes) of the magnetic energy den-
sity distributions in four silicon pillars among the eight selections
with 4 = 44.5, 60, 73, and 88.5 pm, respectively, at 1.0 THz. An
x-polarized plane wave with magnetic energy density of 1 is normally
incident on the silicon pillars from the bottom (substrate side).

D - ' Vol. 6, No. 1 / January 2018 / Photonics Research 25

from just the structured interface) remain around 0.9 with only
a small fluctuation, as shown in Fig. 1(b). Figure 1(c) illustrates
the simulated side views (x—z planes) of the magnetic energy
density distributions in four silicon pillars among the eight
selections at 1.0 THz under normal incidences [36,37].
It is seen that the wave is mainly inside the silicon pillar, which
can be seen as evidence of an effective waveguide. Using these
pillars as basic building blocks, several metasurface devices are

proposed below.

3. RESULTS AND DISCUSSION

To verify the reliability of the eight-cylinder pillars experimen-
tally, an anomalous deflector is first designed by arranging a
linear abrupt phase profile. Figure 2(a) is a scanning electron
microscope (SEM) image of part of the fabricated sample. A
fiber-based angle-resolved terahertz time-domain spectroscopy
(FAT TDS) system is utilized to characterize the sample under
x-polarized normal incidence, as schematically illustrated in
Fig. 2(b). The generated terahertz wave is first collimated by
a TPX lens L1, which then normally illuminates the deflector
from the substrate side. Next, the output terahertz wave is
focused on the receiver by a second TPX lens L2. The deflector
is fixed at the center of a rotation stage. The receiver and the
second lens are fixed on a rail mounted on the motorized
rotator so as to collect the output terahertz waves that are de-
flected to different angles. During the measurement, the stage is
gradually rotated from -90° to 90° with a 1° step. The measured
normalized far-field intensity distribution as a function of the
deflection angle 6 and the frequency is shown in Fig. 2(c).
It is clearly seen that around the designed frequency of
1.0 THz, neatly all of the output wave is deflected to the
desired angle. The corresponding normalized far-field intensity
profile at 1.0 THz is extracted in Fig. 2(d). The deflection
angle of the peak is 21.9°, which agrees well with the
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Fig.2. SEM image and experimental results of the anomalous deflec-
tor. (a) SEM image of part of the anomalous deflector. Scale bar:
200 pm, same hereinafter. (b) Schematic of FAT TDS. (c) Measured
normalized far-field intensity distribution as a function of the deflection
angle 6 and the frequency under normal incidence. (d) Corresponding
far-field intensity profile at 1.0 THz extracted from (c).
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theoretical value calculated from the generalized Snell’s law,
0 = sin'[1/(8p)] = 22°, with A being the wavelength [3].
The integrated intensity of the peak is about 91.6% of the
whole output. Though the deflector is designed at 1.0 THz,
it exhibits a broadband feature across the whole observed range
(0.5-1.5 THz), as illustrated in Fig. 2(c). The deflection angles
at the first diffraction order are in good consistency with the
theoretical calculation from the generalized Snell’s law. The in-
tensity distributions at the other diffraction orders are due to
the fact that the phase profiles at the other frequencies are no
longer in good linear profile. Similar results could also be
obtained under y-polarized normal incidence.

Next, several metasurface Bessel and vortex beam generators
are designed and experimentally characterized. Bessel beams
can be applied in high-quality imaging, precision measurement,
and optical alignment, owing to their diffraction-free and self-
healing characteristics [42—44]. Vortex beams that carry orbital
angular momentums have promising applications in high-
dimensional communication systems and optical manipulation
[45—48]. Conventionally, a Oth-order Bessel beam is realized by
using an axicon lens or by filtering through a ring slit [42,43],
and higher-order Bessel beams are generated by replenishing
additional phase modulators [49]; vortex beams are generated
by using spiral phase plates or holograms [50,51]. However,
these conventional devices are either bulky or low efficient. To
overcome such drawbacks, other methods that involve abrupt
phase change have been proposed by applying mechanisms of
Pancharatnam—Berry (PB) phase, effective waveguide effect, or
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resonance-induced phase shift through using inhomogeneous
anisotropic media and metasurfaces [3,4,14,26,33,37,41,52-55].
Among them, dielectric metasurfaces provide a promising route
to realize compact and efficient terahertz Bessel and vortex beam
generators [33,37,41,54].

To generate an mth-order Bessel beam using metasurfaces,
the abrupt phase profile should be in both a spiral and a cone
shape. The profile of the transmission coefficients is described
by exp(imep + ik,p), where ¢ and p represent the azimuthal
angle and the radius in the polar coordinate, £, = 27/(8p")
is the lattice vector, which is defined by the phase gradient
in the radial direction, p’ is the radial interval of 7 /4 phase
difference [4,54]. Here, Oth-, first-, and second-order Bessel
beam generators (B0, B1, and B2 generators, respectively) are
designed and fabricated with p" = 145 pm. An SEM image of
part of the BO generator is illustrated in Fig. 3(a). The corre-
sponding metasurfaces are characterized by using fiber-based
near-field scanning terahertz microscopy (FNSTM), as illus-
trated in Fig. 3(b). The main difference between the FNSTM
and FAT TDS characterizations is that, in FNSTM, the
receiver is replaced by a 780 nm excited photoconductive-
antenna-based terahertz near-field probe (Protemics GmbH)
with a resolution up to 20 pm. In the detecting module, a fiber
collimator, a periodically poled lithium niobate (PPLN) crystal,
lenses L2 to L4, and a prism mirror, are used to double the
1560 nm centered fiber femto-second laser to 780 nm centered
and then guide the laser to the probe. To enable a 2D scan of
the terahertz electric field in the x—y plane, the detecting

0 02 04 06 08 1

(d,

0
x (mm)

Fig. 3. SEM image of the BO generator and experimental results of the B0, B1, and B2 generators. (a) SEM image of part of the fabricated BO
generator. (b) Schematic of FNSTM. (c, f, i) Measured normalized intensity distributions of the BO, B1, and B2 generators in the x—z planes,
respectively, at 1.0 THz. (d, g, j) The corresponding measured normalized intensity distributions in the x—y planes. (e, h, k) The corresponding
measured phase distributions in the x—y planes. The intensity and phase distributions in the x—y planes of the B0, B1, and B2 generators are detected
at 5, 5, and 6 mm away from the generators, respectively. The scanning step is 0.25 mm.



D _ ONEN O

module is mounted on a 2D translation stage. The sample is
mounted on a 3D translation stage, which is used to adjust the
position of the sample center in the x/y direction and to enable
a 3D field scan with an additional z-direction adjustment.
Figures 3(c), 3(f), and 3(i) illustrate the measured normalized
intensity distributions in the x—z planes, respectively, where
non-diffracting propagation behaviors are clearly observed in
a range longer than 304. Figures 3(d), 3(g), and 3(j)
illustrate the corresponding measured normalized intensity dis-
tributions, while Figs. 3(e), 3(h), and 3(k) illustrate the corre-
sponding measured phase distributions, in the x—y planes at
5, 5, and 6 mm above the metasurfaces, respectively, showing
good Oth-, first-, and second-order Bessel distributions. The
hollow center of the higher-order Bessel beam is a result of
the self-canceling effect induced by the spiral phase distribu-
tion. Meanwhile, the hollow center is larger in Bessel beams
with a larger m.

To generate an /th-order vortex beam, the abrupt phase pro-
file should be solely in a spiral shape. The profile of the trans-
mission coefficients is described by exp(i/¢), where / represents
the topological charge that determines the orbital angular
momentum of the photon L = /A with 7 being the Planck
constant [55,56]. Here, first-, second-, and fourth-order tera-
hertz vortex beam generators (V1, V2, and V4 generators,
respectively) are designed and fabricated. The corresponding
metasurfaces are equally divided into 8, 16, and 32 sections
by their azimuthal angles. The eight selected silicon pillars are
then arranged into these sections in sequence to form 27, 47,
and 87 spiral phase loops, respectively, in which each section
consists of only one silicon pillar type. Figures 4(a), 4(d), and
4(g) illustrate the SEM images of part of the three metasurfaces,
respectively. They are all characterized by using FNSTM.
Figures 4(b), 4(e), and 4(h) show the measured phase distribu-
tions of the electric fields in the x—y planes at a distance of
10 mm from the three metasurfaces at 1.0 THz, respectively.
Three distinct orbital angular momentum states are clearly ob-
served, as indicated by the one-, two-, and four-phase periods
around the center of each respective metasurface. Figures 4(c),
4(f), and 4(i) illustrate the corresponding measured normalized
intensity distributions, respectively, which are in good dough-
nut shapes. The hollow center is larger in vortex beams with a
larger /. This is also a direct consequence of the self-canceling
effect induced by the spiral phase distribution.

To investigate the efficiency of the proposed all-silicon di-
electric metasurfaces, we carry out numerical simulations using
CST Microwave Studio. Here, the efficiency is defined as the
transmittance of just the interface with the silicon pillars, from
the silicon substrate to the air. To imitate the real case, we set
a Gaussian beam with a waist radius of 2000 pm at 1.0 THz
in the simulation, which normally illuminates the metasurfaces
from the substrate, across the silicon pillars, to the air. Then,
the corresponding far-field amplitude distribution (E},) is
obtained by setting a field monitor. The same simulation is
also carried out on bare silicon to obtain a reference far-
field amplitude distribution (£, inside the silicon). The effi-
ciency is thus calculated as 7;;/(n,0.¢), where 7,; and 7,
are the integrated results of |Ey|* and |E|*, respectively.
The efficiencies are 73.7% for the anomalous deflector,
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Fig. 4. SEM images and experimental results of the V1, V2, and V4
generators. (a, d, g) SEM images of part of the fabricated V1, V2, and
V4 generators, respectively. The different color shades represent differ-
ent phase sections schematically, as indicated by (a). (b, €, h) Measured
phase distributions of the output electric fields of the V1, V2, and V4
generators, respectively, at 1.0 THz. (c, £, i) The corresponding mea-
sured normalized intensity distributions. All of the distributions are
detected at a distance of 10 mm from the generators. The scanning
step is 0.4 mm.

82.5%, 74.7%, and 74.1% for the B0, B1, and B2 Bessel beam
generators, and 81.5%, 76.6%, and 71.5% for the V1, V2,
and V4 vortex beam generators, respectively. The correspond-
ing measured efficiencies are 68.4% for the anomalous deflec-
tor; 78.9%, 72.3%, and 65.2% for the B0, B1, and B2 Bessel
beam generators; and 75.2%, 73.4%, and 65.9% for the V1,
V2, and V4 vortex beam generators, respectively. The measured
efficiencies quite approach to the simulated results. The slight
difference can be attributed to the fabrication derivations.
In real applications, the efficiency will degrade due to an ~30%
reflection loss at the back interface of the silicon substrate. This
can be reduced by using substrates with a lower refractive index
or by fabricating an antireflection coating on the back interface.
For example, the antireflection coating can be silicon pillars,
as shown in Fig. 1(a) with p = 62 pm, » = 40 pm, and
d = 48 pm. The simulated transmittance of such a metasur-
face at 1.0 THz can reach 99.5%.

One of the big advantages of the proposed dielectric meta-
surfaces is that they can be flexibly combined. Two arbitrary
metasurfaces can be merged into one composite optical device,
which can help realize controllable wavefront manipulation
while retaining the compactness. Here, we take an experiment
to show such ability. According to the required abrupt phase
profiles of vortex and Bessel beam generators, an mth-order
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Fig. 5. Schematic of the CB1 generator and the corresponding
experimental results. (a) Schematic of the CB1 composite beam gen-
erator composed of the V1 and BO generators. The terahertz beam is
incident from the V1 generator. (b) Measured normalized intensity
distributions of the CB1 generator in the x—z plane at 1.0 THz.
(c, d) The corresponding measured normalized intensity and phase
distributions in the x—y plane, respectively. The intensity and
phase distributions in the x—y plane are detected at 5 mm away
from the generator. The scanning step is 0.25 mm.

Bessel beam can be obtained by combining an /th-order vortex
beam generator with an (72 - /)th-order Bessel beam generator.
By sticking the V1 and B0 generators back to back, a composite
first-order Bessel beam generator (CB1 generator) is obtained,
as schematically illustrated in Fig. 5(a). The back interfaces are
all identical polished-silicon surfaces, so the contact interface
will not cause a reflection loss. Figure 5(b) illustrates the mea-
sured normalized intensity distribution in the x—z plane, while
Figs. 5(c) and 5(d) illustrate the corresponding measured nor-
malized intensity and phase distributions in the x—y plane at
5 mm away from the CB1 generator, respectively. Clear features
of a first-order Bessel beam are observed, e.g., the size of the
hollow center is similar to that of the first-order Bessel beam in
Figs. 3(f) and 3(g), while smaller than that of the second-order
Bessel beam in Figs. 3(i) and 3(j); the phase period in the azi-
muthal direction is 27z. Such a property diversifies the functions
of a certain group of metasurfaces.

4. CONCLUSION

In conclusion, polarization-independent, terahertz, all-silicon
dielectric metasurfaces consisting of cylindrical silicon pillars
on a silicon substrate are presented. By varying the diameter
of the pillars, whole range abrupt phase shift can be achieved
so as to achieve nearly full control over the terahertz wavefront.
Several typical terahertz devices are designed and experimen-
tally characterized. The results all agree well with the theoretical
prediction. A maximum efficiency of 82.5% can be achieved
with our design. Furthermore, the metasurfaces can be easily
combined to form composite devices that realize extended

Research Article

functions. Such dielectric metasurfaces are compatible with
existing semiconductor technologies and are easy to fabricate,
making them promising in developing next-generation low-loss
and ultracompact terahertz functional devices.
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