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1. Introduction

Terahertz (THz) waves have attrac-
tive properties such as wide bandwidth, 
non-ionizing, fingerprinting of various 
materials, making them appealing for 
various applications, including ultra-
high-speed wireless communications,[1–3] 
non-destructive detection,[4] security 
screening,[5] and medical imagining.[6,7] 
However, the low output power of the 
solid-state sources and the high atmos-
pheric attenuation of THz waves result 
in the need for high-efficiency THz 
devices that can collimate beams and 
minimize power radiating in unwanted 
directions.[8–10] In conventional THz sys-
tems, bulky and heavy dielectric lenses 
and reflectors are the two most common 
devices to collimate waves from the THz 
source in transmitters or focusing incident 
waves to the detector in receivers.[11–14] In 
recent years, planar metasurface-based 
devices have been developed to replace 
conventional bulky devices with low pro-
file and lightweight advantages.[15–26]

Metasurfaces are 2D metamaterials 
with sub-wavelength thickness.[15–18] The phase, amplitude, 
and polarization properties of electromagnetic waves can be 
flexibly controlled by the metasurfaces. Various metasurface-
based THz devices have been reported in recent years, such 
as THz absorbers,[19,20] beam splitters,[21] polarizers,[22,23] holo-
grams,[24,25] and mirrors.[26] Although extensive research efforts 
have been made to design and fabricate flat-profile metas-
urface-based devices, implementations of high-performance 
compact THz metasystems are still hindered by two major 
factors. First, the whole volume of the THz system is mainly 
determined by the propagation space between the THz source/
detector and the metasurface components. Although flat-pro-
file metasurfaces can significantly reduce the large thickness 
of traditional passive geometric lenses and reflectors, they 
cannot reduce the propagation distance to the source/receiver. 
The free-space propagation volume results in bulky THz sys-
tems, hindering their practical applications, especially with 
tight space constraints in consumer electronics. Second, due to 
THz sources’ much lower output power than those of optical 
and microwave ranges, high-efficiency beam control is critically 
important for THz metasurfaces.[8–10] Most metasurfaces in the 
THz band are implemented using metallic resonators.[20–26] 
The high intrinsic ohmic loss of metallic resonators reduces 
the radiation efficiency of the metasurface-based devices. In 
the optical domain, dielectric metasurfaces based on low-loss 
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and high-refractive-index dielectric materials have been recently 
developed to replace plasmonic metasurfaces to remove con-
ductor loss.[27–37] Various optical dielectric metasurface devices 
have been demonstrated, such as metalenses,[27,28] beam split-
ters,[29–31] polarization converters,[32–34] and vortex beam gen-
erators.[35–37] However, limited progress has been achieved in 
dielectric metasurfaces in the THz band due to the challenging 
fabrication processes. Conventional integrated circuits lithog-
raphy and reactive ion etching (RIE) technologies are typically 
applied to process thin films a few micrometers thick. They 
cannot be used to fabricate flat dielectric metasurface with 
large thickness over tens of micrometers.[38–41] Moreover, micro-
wave metasurface fabrication techniques, such as printed cir-
cuit board (PCB), computer numerical control (CNC), and 3D 
printing[42] cannot meet the fabrication accuracy requirement at 
the THz spectrum.

The folded metasurface refers to an optical architecture 
where light is confined and controlled between the two reflec-
tive surfaces.[43] Folded architecture has been employed for 
volume miniaturization in optical[43–46] and microwave[47–49] 
systems, but it is relatively unexplored in the THz spectrum. 
The optical folded metasurfaces structures[43,44] are designed 
for spectrometer and hyperspectral imager applications, respec-
tively. The folded structures in the microwave band[47–49] are 
mainly based on metallic resonators, suffering from the signifi-
cant conductor and dielectric loss at the THz spectrum. More-
over, previously reported folded structure designs are based 
on commercial PCB or CNC fabrication techniques, which 
cannot meet the high fabrication accuracy requirement at THz 
frequencies.

The large propagation space from the THz source to the 
metasurface component and the inherent insertion loss of 
metasurfaces are the two main factors that impede the practical 
application of metasurface-based THz devices. The motivation 
of this work is to develop a compact and high-efficiency THz 
dielectric folded metasurface as a high-gain light collimator, 
which has potential applications for future 6G wireless com-
munications. In this work, the folded architecture is adopted 
to reduce the large propagation space between the THz source/
detector and metasurface component. The high-resistivity sil-
icon (Si)-based dielectric metasurface is leveraged to achieve 
high efficiency. This work is the first dielectric resonator folded 
metasurface at the THz spectrum to the best of our knowl-
edge. The THz source/detector is embedded into the bottom 
reflective metasurface to miniaturize the system volume, and 
the THz waves interact with the two metasurfaces to generate 
highly collimated beams. To eliminate the conductor loss in 
conventional implementation,[43–49] both metasurfaces use the 
high-resistivity single-crystal Si as dielectric material, which 
is critical to achieving high radiation efficiency. The bottom 
metasurface uses anisotropic dielectric resonators in the high-
refractive-index material to realize simultaneous phase and 
polarization control of the THz waves. The upper Si grating 
metasurface works as a Bragg reflector for one linear polariza-
tion and is transparent for the orthogonal polarization. The fab-
rication technology for implementing these thick and dual-layer 
Si metasurfaces in the THz band was also investigated. The 
high-gain performance of the folded dielectric metasurfaces is 
experimentally demonstrated.

2. Experiment Section

2.1. Desired Phase Profile of Bottom Metasurface

Metasurface #2 was designed to generate a collimated reflected 
beam in the normal incident direction. Figure 1d shows that 
since Metasurface #1 works as a mirror for the u-polarized 
wave, a virtual THz source was formed at the symmetric posi-
tion. The incident wave for Metasurface #2 can be viewed as 
generated from Metasurface #1. Based on the geometric optics, 
the required compensation phase-shift for each dielectric reso-
nator element of the bottom metasurface can be calculated by:

x y k x y z D Di i i i i( , ) [ ( ) ]0
2 2 2φ = + + − −  (1)

where k0 is the free-space propagation number, (xi, yi, zi) are 
the Cartesian coordinates of the ith dielectric resonator element, 
and D is two times the distance between the two metasur-
faces. The central element on Metasurface #2 was selected as 
the phase reference point in Equation (1). The diameter of the 
metasurface is 9 mm, and the distance between the two metas-
urfaces is D/2 = 2 mm. The calculated desired phase profile of 
the bottom metasurface is given in the inset of Figure 1e.

2.2. Metasurface Fabrication

The 75 µm thick Si wafer was rinsed with acetone, isopropanol, 
and deionized water for 20  min each to clean the surface of 
the Si wafer. After N2 drying, the Si wafer was dehydrated at 
120 °C for 5 min. Subsequently, the Si wafer was treated with 
an O2 plasma in an RIE system with 20 sccm O2, 20 mTorr, and 
100 W rf power to form a hydrophilic Si surface, followed by 
coating a 1.3 µm thick SPR 6112B photoresist. The photoresist 
was first prebaked at 95 °C for 5  min and then patterned by 
optical lithography with ultraviolet exposure for 6 s and devel-
oped for 20 s. After development, the SPR6112B circular pattern 
with 500 µm diameter was generated on the Si wafer and hard-
baked at 95 °C for 10 min. The residual layer of the SPR6112B 
circular pattern was removed by 20/2 sccm O2/SF6, 20 mTorr, 
and 100 W rf power in the RIE system. The SPR6112B circular 
pattern was then used as a mask to etch through the 75  µm 
thick Si wafer using the DRIE system with the Bosch process 
that switches between Si dry etching and polymer passivation 
cycles to achieve high selectivity and high aspect ratio, aniso-
tropic Si etching. The etch rate and selectivity were 0.65  µm/
cycle and 108 for the DRIE Bosch process with an etch cycle of 
120/13 sccm SF6/O2, 600 W coil power, 14 W platen power, and 
30 mTorr for 8 s and a polymer passivation cycle of 85 sccm 
C4F8, 600 W coil power, and 16 mTorr for 5 s.

After the circular hole with 500  µm diameter and 75  µm 
thickness was generated on Si wafer, the SPR6112B resist was 
coated on Si wafer again and prebaked at 95 °C for 5  min. 
The photoresist was then aligned and patterned by optical 
lithography. After development and hard bake, the SPR6112B 
metasurface pattern was generated on a Si wafer with a cen-
tral circular hole. The SPR 6112B residual layer was removed 
by an O2/SF6 plasma in an RIE system, and the SPR 6112B 
photo resist was used as an etch mask to etch the 60 µm thick 
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Si metasurface using the DRIE system with the Bosch process. 
After removing the SPR 6112B photoresist was removed by a 
microwave plasma ashing system with 200 sccm O2, 120 mTorr, 
and 300 W rf power for 20 min.

2.3. THz Measurement

The return loss was measured by a vector network analyzer 
(VNA) (Agilent N8245A) with a frequency extender module 
(VDI WR-1.0 extender). The VNA and the extender module 
both contain a source and a receiver used to generate a known 
stimulus signal and determine the changes to this stimulus 
caused by the device-under-test (DUT, i.e., the designed folded 
metasurface), respectively. Before the return loss measure-
ment, the VNA and extender module were calibrated using the 
Short-Open-Load-Through (SOLT) calibration kits provided by 
the equipment vendor to remove systematic errors from instru-
ment hardware. A mirror of the same size was not necessary 
to be used during the return loss measurement. The measured 
results of the |S11| can be directly obtained from the VNA.

The diagram and photograph of the measurement setup 
for radiation pattern and gain measurement are illustrated in 
Figure 2a,b, respectively. A signal generator (Agilent E8267D) 
generates a continuous microwave signal. The signal gen-
erator was connected to the extension module (VDI SGX 447), 
in which multiplier chains were deployed to up-convert the 
frequency to around 1 THz. A diagonal horn (VDI WM-250) 
was used at the transmitter side to radiate the THz wave into 
free space. The folded metasurface works as a focusing device 
for the receiver side, which was directly attached to a standard 
open-ended waveguide (WR-1.0) of the receiver. The mixer in 
the extension module (VDI SAX 482) and the spectrum ana-
lyzer (Agilent E8257D) down-converts the received THz signal 
to the microwave band. Absorbers were placed around the 
transmitter and receiver to eliminate reflections. Radiation pat-
tern measurement of the folded metasurface was carried out by 
rotating the receiver mounted on a rotary stage with an angular 
step of 1°.

The gain of the folded metasurface was measured using 
the gain-comparison method, which uses a known gain of the 
standard antenna (VDI MW-250 horn in this measurement) to 

Adv. Optical Mater. 2022, 10, 2101663

Figure 1. Schematics of the conventional and folded metasurface collimators. a) Schematic illustration of a typical diffractive reflector-based THz 
collimator. b) Schematic illustration of the metasurface-based THz collimator. c) Schematics of the THz collimator by direct reduction of the distance 
between the source and the metasurface. d) Schematic of the developed folded metasurface metasystem, which uses two metasurfaces to confine 
THz waves and miniaturize system volume. e) Structure of the Si-based THz folded metasurface. Inset shows the desired phase profile of the bottom 
metasurface.
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determine the gain.[50] In the first step, the folded metasurface 
was deployed as the receiving antenna, and the received power 
PF was recorded. In the second step, the folded metasurface 
was replaced by the standard gain horn (VDI MW-250), and the 
received power PH was recorded. The input power of the trans-
mitter and the distance between the transmitter and receiver 
were identical for these two measurements. The gain of the 
folded metasurface can be determined by:

G dB G dB P dBm P dBm( ) ( ) ( ) ( )F H F H= + −  (2)

where GF(dB) and GH(dB) are the gains (in dB) of the folded 
metasurface and the standard gain horn, respectively. In the radi-
ation pattern and gain measurement processes, the folded meta-
surface was located in the far-field/Fraunhofer region of the horn 
antenna WM-250. For wireless communication applications, the 
metasurface was not necessarily large enough to receive the total 
power from the horn antenna. For example, in the satellite com-
munication scenario, the size of the ground receiving reflector 
antenna was impossible to be large enough to receive the total 
power from the satellite due to their long-distance.

3. Results

3.1. Folded Metasurface

Figure 1a shows the schematic of a conventional THz collimator 
system, which consists of a bulky reflector and a THz source 

(for example, CMOS IC chip). Flat and lightweight metasurfaces 
can be designed to replace the bulky reflector component, as 
shown in Figure 1b. Although the flat metasurface can reduce 
the thickness of the conventional reflector, it cannot reduce 
the propagation distance between the THz source and metas-
urface. One straightforward approach to reduce the volume of 
a THz system is the direct reduction of the distance between 
the THz source and the metasurface by half, as shown in 
Figure 1c. The metasurface can be designed accordingly to com-
pensate for the phase delay from the new THz source position 
to the metasurface for generating a collimated beam. However, 
direct reduction of the distance will reduce the beam radius 
on the metasurface plane. As shown in Figure  1c, the effec-
tive aperture of the metasurface is reduced, thereby reducing 
the directivity of the reflected beam. Figure 1d shows the devel-
oped scheme of the compact folded optics architecture. In this 
design, two metasurfaces are utilized, and the THz source is 
embedded into Metasurface #2. The light with a given linear 
polarization emanating from the source is reflected by Meta-
surface #1 that reflects only a given linear polarization. Upon 
reflection from Metasurface #1, the light illuminates Metasur-
face #2, which acts simultaneously as a polarization converter 
and imparts the necessary phase shift to achieve a collimated 
beam. The light reflected from Metasurface #2 can pass through 
Metasurface #1 and radiate into free space. In this folded meta-
surface architecture, Metasurface #1 works as a mirror for the 
incident light first. Therefore, a virtual THz source is formed at 
the position of the real source in Figure 1a,b. The physical dis-
tance between the source and metasurface is reduced from D to 
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D/2. As such, the total volume of the folded metasurface system 
is half of those in Figure  1a,b. The developed folded metasur-
face architecture shown in Figure  1d can maintain the effec-
tive aperture of the metasurface, while reducing the volume 
of the THz system. The volume reduction of the folded meta-
surface is achieved by utilizing the multiple reflections of the 
light between the two metasurfaces to increase the optical paths 
before radiating into free space. The designed folded metasur-
face can focus the divergent beam from the THz source into 
a collimated beam, showing promising potential in high-speed 
THz wireless communications applications.

Figure 1e shows the configuration of the Si-based folded meta-
system. The device consists of two metasurfaces, and both are 
made of single-crystal Si with a high relative permittivity (εr = 11.7) 
and high resistivity (R = 1000 Ω cm). The THz source is marked 
as a virtual point source located at the geometric center of the 
bottom metasurface, as shown in Figure 1e. The folded metasur-
face is designed in the transmit mode to collimate the wave from 
the THz source. Only the normal incident direction is consid-
ered in this work because the folded metasurface was designed 
to generate a collimated beam in the normal incident direction 
to minimize power radiation in unwanted directions as a trans-
mitter. This high-directivity property is a benefit for practical THz 
wireless communications. By the principle of reciprocity, when 
the folded metasurface is deployed as a receiver, it can receive the 
maximal power for normal incident signals from the transmitter 
while significantly lower power for off-normal incident interfer-
ence signals. To simplify the device characterization, a second 
coordinate system (u, v, z) is defined by clockwise rotating the 
principal coordinate system (x, y, z) along the z-axis by 45°.

Most currently available THz sources, such as IC chips and 
photoconductive antennas, have linear polarization. Therefore 
the polarization of the THz source is assumed to be linearly 
polarized and placed along the u-direction in this work. Since 
the upper dielectric metasurface works as a mirror only, it does 
not change the light’s polarization. Therefore, the polarization 
of incident light for the bottom reflective metasurface does not 
change, and it is also along the u-direction. The bottom reflec-
tive metasurface can simultaneously manipulate the phase 
and polarization properties of the THz waves. The phase front 
manipulation transforms the spherical wave from the upper 
metasurface into a collimated beam towards the desired normal 
radiation direction. The detail of the required phase distribution 
calculation is given in the Experiment Section, and the result 
is shown in the inset of Figure 1e for the design with a diam-
eter of 9 mm, and the distance between the two metasurfaces is 
2 mm. The phase discontinuity is implemented by tuning the 
resonant frequency of each dielectric resonator. For the polari-
zation manipulation, the bottom metasurface transforms the 
u-polarization of the incident THz waves into the orthogonal 
v-polarization. This is implemented by adopting an anisotropic 
dielectric resonator to achieve different resonant frequencies 
along the x- and y-directions, as detailed in the Bottom Meta-
surface section. Subsequently, the v-polarized collimated waves 
from the bottom metasurface again illuminate and then pass 
through the upper metasurface and radiate into free space. The 
THz source can be directly integrated into the folded metasur-
face structure in this folded optics architecture, resulting in a 
compact and mechanically robust device.

3.2. Top Metasurface

As introduced in the above Folded Metasurface section, the 
top metasurface should be reflective and transparent for 
u- and v-polarization incidences, respectively. So far, most 
linear polarizers are based on metallic grating patterned on 
a substrate,[47–49,51–53] resulting in inherent conduction loss. 
Figure 3a shows the configuration of the employed top meta-
surface, which consists of two identical Si grating layers with 
a separation of s. The metasurface is assumed infinite in the 
u-direction and infinitely periodic along the v-direction. The lat-
tice period of the Si grating Λ is 100  µm, which is subwave-
length at the operating frequency of 1 THz. The thickness of 
each Si grating layer is d, and the Si filling fraction is set as r. 
To fast optimize the grating metasurface, an equivalent model 
is developed based on the effective medium theory.

Each single Si grating layer behaves as an anisotropic 
homogeneous slab considering the subwavelength period of 
the grating. The equivalent dielectric constants along u- and 
v-directions can be written as:[54,55]

r r(1 )
u

r

r

ε ε
ε

=
− +  (3)

r1 1v rε ε( )= + −  (4)

For each u- and v-polarization, the metasurface can be mod-
eled as a multilayer dielectric slab, as shown in Figure 3b. Since 
the equivalent dielectric constants for u- and v-direction are dif-
ferent, it is possible to realize a Bragg reflector and antireflec-
tion coating for u- and v-polarization incidences, respectively, 
by properly choosing the number of the Si layers and the geo-
metric dimensions.

The reflection of the metasurface for u- and v-polarization 
incidences can be calculated by:[56]
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where M is the number of the slabs including the air layers, 
and ρ is the intrinsic reflection coefficient on the slab interface:
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+
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The transmission coefficients of the metasurface for the u- 
and v-polarization incidences can be easily obtained by com-
bining Equations (3–6), and the results for the dual-layer Si 
grating metasurface are shown in Figure 3c. It can be observed 
that the transmission coefficient depends on the geometric 
dimensions of the grating metasurface: r, s, and d. For this dual-
layer Si grating structure, it is not difficult to achieve a high 
reflection for the u-polarization incidence and a low reflection 
for the v-polarization incidence. The optimized parameters of 
the grating metasurface are (r, s, d) = (0.5, 40  µm, 20  µm), as 
marked as a white star in Figure 3c. The developed equivalent 
model can be easily used to calculate and optimize the reflec-
tion responses for other numbers of Si grating. It turns out 
that a single Si grating cannot work as a good linear polarizer 
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due to the lack of multi-reflection among layers, as shown in 
Note S1, Supporting Information. On the other hand, although 
increasing the number of Si layers can achieve a better linear 
polarization performance, the fabrication complexity increases 
as well. Wire grid polarizers can also be designed as the top 
metasurface with a higher extinction ratio. However, a dielectric 
metagrating is utilized in this work to eliminate the metallic loss 
and increase the radiation efficiency of the whole THz system.

3.3. Bottom Metasurface

The bottom metasurface has two functionalities: 1) phase front 
control to generate collimated reflected beam and 2) rotation of 
the E-field polarization by 90o (i.e., from u-polarized incident 
field from the THz source into the reflected v-polarized reflected 
field) so that the reflected field can pass through the upper meta-
surface and radiate into free space. To realize the second func-
tionality, the u-polarized incident wave E i



 can be expressed as:

E e E e Ei
x yˆ ˆ0 0



= +  (7)

As shown in Figure 4b, the incident wave can be decom-
posed into two orthogonal components e Exˆ 0  and e Eyˆ 0, where 
x-  and y-axes are the directions rotated from u- and v-axes by 
45°, respectively. The reflective wave Er



 can be expressed as:

E e E e Er
x x y yˆ ˆ0 0



= Γ + Γ  (8)

where Γx and Γy are the reflection coefficients under the x- 
and y-polarized incidences, respectively. The polarization rota-
tion from u- to v-direction can be achieved as long as Γx = −Γy, 
that is, the same reflection amplitude and π reflection phase 
difference between the x- and y-polarized illuminations, are 
achieved.

The bottom metasurface consists of an array of rectangular Si-
based dielectric resonators on a gold ground-backed Si support, 
as shown in Figure  4a. Dielectric resonator-based metasurfaces 
have been reported,[38] but the metasurface in this work is a folded 
optical architecture, which can significantly reduce the volume of 
the system. Moreover, the functionality of our dielectric resonator 
element is twofold: phase and polarization manipulations. A rec-
tangular dielectric resonator is employed in this design since it 

Adv. Optical Mater. 2022, 10, 2101663

Figure 3. Design and simulated response of the upper dielectric metasurface. a) The upper metasurface consists of two high-resistivity Si grating layers: 
the lattice period along v-direction Λ = 100 µm, thickness of single Si grating layer d = 20 µm, separation between the two grating layers s = 40 µm, and 
the filling fraction of the grating is r = 0.5. b) Equivalent model of the upper dielectric metasurface for fast analysis and optimization purpose. Each 
dielectric grating is modeled as an anisotropic homogeneous slab. The multi-reflection among the air and the anisotropic slabs results in the metas-
urface acting as a Bragg reflector and antireflection coating for the u- and v-polarization incidences, respectively. c) Analytical transmission amplitude 
as a function of the grating geometric dimensions. The optimized result is marked as a white star with the parameters (r, s, d) = (0.5, 40 µm, 20 µm). 
d) Simulated transmission spectra of the upper metasurface upon the u- and v-polarization incidences. A lateral displacement between the two grating 
layer Δ is introduced in the inset to investigate its effects. e) Simulated electric field distribution in the vz-plane for u- and v-polarization incidences.



www.advancedsciencenews.com www.advopticalmat.de

2101663 (7 of 12) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

offers more design flexibility compared to the cylindrical dielec-
tric resonator. The length, width, and height of the anisotropic 
rectangular dielectric resonator are dx, dy, and h, respectively. 
Note that the height of all-dielectric resonators is the same (h = 
60  µm) such that the bottom metasurface can be fabricated by 
photolithography. The lattice size of the dielectric resonator 
is p  = 100  µm. The dielectric resonator surrounded by periodic 
boundary conditions along the x- and y-directions is modeled and 
simulated in COMSOL Multiphysics. Figure 4c shows the simu-
lated electric field distributions in the yz- and xz-planes under the 
normal x-polarized plane wave incidence. The fundamental TE111 
mode of the rectangular dielectric resonator is excited.

The internal reflection at the dielectric-air interfaces of the 
rectangular dielectric resonator can be approximated as perfect 
magnetic conditions. Hence, the operating principle of the die-
lectric resonators is similar to that of cavity resonators.[57] The 
resonant frequency of the rectangular dielectric resonator can 
be varied by tuning the width and length of the dielectric block 

to realize different reflection phase shifts. Due to the existence 
of the TE111 resonant mode (See Note S3, Supporting Infor-
mation), the effective medium theory cannot be utilized for 
reflection phase calculation in this design. Figure 4d gives the 
simulated reflection amplitude and phase responses as a func-
tion of the width and length of the dielectric resonator under 
the normal x-polarized plane wave illumination Γx  = f(dx,dy). 
A 2π phase control can be achieved by varying the dimensions 
of the Si resonator. A low dissipation loss of less than 0.25 dB 
can be achieved for all the dielectric resonators, demonstrating 
its high-efficiency performance. Due to the anisotropic struc-
ture of the rectangular dielectric resonator, the resonant fre-
quencies are different for the x-polarized and y-polarized inci-
dences. The reflection responses of the rectangular Si resonator 
under the normal y-polarized incidence can be easily obtained 
from Figure 4d by swapping the position of dx and dy, that is, 
Γy  = f(dy,dx). Simulated results show that the reflection phase 
is not significantly affected by the incident angle (See Note S2, 

Adv. Optical Mater. 2022, 10, 2101663

Figure 4. Design and simulated responses of the bottom dielectric resonator metasurface. a) High-resistivity Si-based dielectric resonator structure. 
All the dielectric resonators have the same thickness h = 60 µm, and are placed above a ground supporting slab with thickness t = 15 µm. Lattice size 
of the element is p = 100 µm. The length dx and width dy are different from pixel to pixel to implement phase discontinuity. b) Operating principle of 
the polarization conversion. The reflection polarization is v-polarization when a π phase difference is formed between the x- and y-polarization com-
ponents. c) Simulated electric field distribution of the TE111 mode of the resonance at 1 THz in the yz- and xz-planes under the x-polarized incidence. 
d) Simulated reflection coefficient f(dx,dy) as a function of length dx and width dy of the dielectric resonator under the x-polarized incidence at 1 THz.
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Supporting Information, for the detailed simulation results). 
Moreover, since only the edge elements are illuminated at large 
oblique incident angles, the bottom metasurface was designed 
based on the reflection response under normal incidence for 
simplification.

The high reflection amplitude in Figure  4d indicates that 
the waves are nearly completely reflected back, and therefore 
|Γx| = |Γy| is satisfied. Suppose that the desired compensation 
phase of the ith element for the x-polarization illumination is 
ϕi, which can be calculated by (1) shown in the Experiment Sec-
tion. The desired compensation phase for the y-polarization 
illumination should be ϕi + π to assure u- to v-polarization rota-
tion. As shown in Figure 4d, the realized reflection phase of the 
element depends on the geometric parameters dx and dy, that 
is, arg[f(dx, dy)] and arg[f(dy, dx)] for the x-and y-polarization illu-
minations, respectively. To realize the phase compensation and 
π phase difference under the x- and y-polarized illuminations, 
the phase errors between the desired phase shift and the real-
ized one for each dielectric resonator should be minimized:

err d d f d d f d di x y i x y i y x( , ) arg[ ( , )] arg[ ( , )]φ φ π= − + + −  (9)

The first and second terms on the right-hand side of Equa-
tion (9) are the phase error for the x- and y-polarized wave inci-
dences, respectively. The geometric dimensions of each rectan-
gular dielectric resonator can be determined by minimizing the 
phase errors on each rectangular Si resonator:

err d d

s t d d d d d d
i x y

x x x y y y

min ( , )
. . ,_ min _ max _ min _ max≤ ≤ ≤ ≤  (10)

where (dx_min, dx_max) = (10  µm, 90  µm) and (dy_min, dy_max) = 
(10  µm, 90  µm) are the range of the width and length of the 
dielectric resonator.

3.4. Fabrication of Folded Metasurfaces

High-resistivity double side polished Si wafers with 100  µm 
thickness were used to fabricate the bottom reflective metasur-
face. The 100 µm thick Si wafer was first thinned to 75 µm thick 
using Si dry etching technology in a deep RIE (DRIE) system. 
Next, SPR 6112B photoresist with 500 µm diameter circular pat-
tern was generated on the Si wafer and then used as a mask to 
etch the patterns in the Si wafer. Detailed fabrication technolo-
gies of lithography and Si dry etching are given in the Experi-
ment Section. After etching through the 75 µm thick Si wafer, 
2/200  nm chromium/gold films were deposited on the back-
side of the Si wafer by thermal evaporation.

Then, the SPR6112B photoresist was spin-coated on the front 
side of the Si wafer again, and the SPR6112B metasurface pat-
tern was generated on the Si wafer with a central circular hole. 
After etching the 60 µm thick Si metasurface using the DRIE 
system with the Bosch process, the SPR 6112B photoresist was 
removed and the bottom reflective metasurface was fabricated, 
as shown in Figure 5a–f. Figure  5g shows the optical micro-
graph of a fabricated THz reflective metasurface. Figure  5h–j 
show the micrographs of a 60 µm thick Si rectangular dielec-
tric resonator with a 15 µm thick Si membrane as a supporting 
layer. The surface of the Si reflective metasurface was smooth, 
with a slight surface roughness of less than 2 nm. The etched 
profile of the Si reflective metasurface was about 89°, nearly 
vertical due to the high aspect ratio and anisotropic Si etching 
capabilities of the DRIE Bosch process.

The top metasurface consisted of two layers of 30 µm thick Si 
gratings with a 40 µm thick cavity in between. To form this dual-
layer Si grating metasurface, two Si wafers with 30 µm thick grat-
ings and 20 µm thick cavity were fabricated and stacked together 
with precise alignment. Undoped double side polished Si wafer 
with 50 µm thickness was first cleaned and rendered hydrophilic 
with an O2 plasma in the RIE system, followed by SPR6112B 

Adv. Optical Mater. 2022, 10, 2101663

Figure 5. a–f) Fabrication technology for THz reflective metasurface. g–j) Micrographs of the bottom metasurface.
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photoresist coating in the backside of the Si wafer and cavity 
patterning by optical lithography. After development, hard bake, 
and residual layer removal, the SPR6112B cavity pattern was used 
as an etch mask to etch 20 µm thick Si cavity by DRIE with the 
Bosch process. After removing the photoresist, a 20 µm thick Si 
cavity was generated, and photoresist was coated on the front 
side of the Si wafer. After prebake, the photoresist was patterned 
by optical lithography with alignment. Followed by development, 
hard bake, and residual layer removal, the photoresist with the 
grating pattern was then used as an etch mask to etch 30  µm 
thick Si gratings by DRIE with the Bosch process. The Si linear 
polarizers with 30 µm thick grating and 20 µm thick cavity were 
fabricated after removing the photoresist using a plasma ashing 
system, as shown in Figure 6a–g. Two identical Si linear polar-
izers were stacked together to form the top metasurface with a 
combined 40 µm thick cavity in between, as shown in Figure 6h. 
Figure 6i shows the optical micrograph of a fabricated Si grating 
metasurface. Figure  6j–l shows the micrographs of the 30  µm 
thick Si grating metasurface with a 20 µm thick Si cavity.

To measure the performance of the THz folded metasur-
faces, the bottom reflective metasurface was put on the top of 
a WR-1.0 waveguide with the central hole of the reflective meta-
surface aligned at 45° with respect to the port of the WR-1.0 
waveguide. A 3D printed polymer holder with 2 mm thickness 
was placed above the bottom metasurface. The upper grating 
metasurface with the dual-layer of 30  µm thick Si gratings 
and 40  µm thick cavity in between was stacked on top of the 
polymer holder to form the THz folded metasurfaces. The 
alignment of all the components was carried out using a long 
working distance microscope, and all the layers were bonded by 
an ultrathin SU-8 photoresist layer at 90 °C for 1 min.

3.5. Experimental and Characterization Results

The folded metasurface can be directly used as an antenna in 
THz wireless communications to transmit/receive THz waves. 

An antenna’s most important parameter characteristics for 
wireless communication applications are |S11| (reflection coef-
ficient), radiation pattern, and gain (See Note S4, Supporting 
Information, for the relationship among these parameters).[50] 
As a result, these figures of merit are adopted here to measure 
the performance of the folded metasurface operating as an 
antenna in practical THz wireless communication links. The 
full-wave simulation was carried out to estimate the perfor-
mance of the designed folded metasurface using a commercial 
software package, CST Studio Suite. Two Si-based metasurfaces 
are modeled, and a standard WR-1.0 waveguide with wave port 
excitation is used in CST Studio Suite to feed the folded meta-
surface. Open boundaries are used for all boundaries. Further-
more, a custom-built continuous wave measurement setup was 
used to experimentally characterize the folded metasurface. In 
the measurement, a standard WR-1.0 open-ended waveguide is 
directly attached to the bottom metasurface to feed the folded 
metasurface.

1) The reflection coefficient |S11|, also known as return loss, rep-
resents how much power is reflected from the folded metas-
urface back to the THz source when the whole THz system 
operates as a transmitter. Because Metasurface #1 works as a 
mirror first, the incident u-polarized waves will be reflected, 
and some of the power can be traveled back to the THz source. 
The parameter |S11| was measured by a vector network analyz-
er (VNA) with a frequency extender (See Experiment Section 
for the detailed measurement process). The simulated and 
measured results |S11| are given in Figure 7a. The measured 
|S11| are smaller than −10 dB in the operating frequency band 
from 0.9 to 1.1 THz. This means that less than 10% of the pow-
er is reflected back to the source. The remaining 90% of the 
power is accepted/delivered to the folded metasurface. The ac-
cepted power is either radiated into free space or absorbed as 
losses within the folded metasurface. Since dielectric folded 
metasurfaces are adopted here, most of the power delivered to 
the folded metasurface is radiated into free space.

Adv. Optical Mater. 2022, 10, 2101663

Figure 6. a–h) Fabrication technology of dual-layer Si grating metasurface. i–l) Micrographs of the Si grating metasurface.
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2) Radiation patterns are graphical representations of the radi-
ated power distribution into free space as a function of direc-
tion. Therefore, the radiation pattern can be used to describe 
the off-normal scattering from the folded metasurface. De-
tails of the measurement setup are given in the Experiment 
Section. In the pattern measurement, the folded metasurface 
operates as a receiver. It can focus the incident THz beam to 
the geometric center of the bottom metasurface and received 
by the detector. According to the wave reciprocity, the folded 
metasurface can also work as a transmitter by collimating the 
divergent wave from the THz source to a highly collimated 
beam. Figure 7c,d show the simulated and measured far-field 
E-plane (vertical plane) and H-plane (horizontal plane) radia-
tion patterns at 1.05 THz. The simulated and measured radia-
tion patterns at 1, 1.02, and 1.08 THz are given in Note S5, 
Supporting Information. A high-directivity pencil-like beam 
can be observed from Figure 7c,d. The measured half-power 
beamwidth, defined as the angle between the two directions 
in which the radiation intensity is half of the maximum value 
of the beam,[50] of the folded metasurface is 2.3° and 2.1° in E- 
and H-planes, respectively. The maximum measured level of 
the sidelobe, defined as a radiation lobe in any direction other 
than the intended lobe, are −15.9 dB and −11.8 dB for the E- 
and H- planes, respectively. Higher gain and lower sidelobe 
levels can be observed at the higher frequency of 1.08 THz, as 
shown in Figure S5, Supporting Information.

3) The gain describes how much power is transmitted in the 
direction of peak radiation (broadside direction in this 

design) U(θ0,φ0) to that of an isotropic source U0(θ0,φ0), that 

is, 
U

U
G

( , )

( , )
0 0

0 0 0

θ ϕ
θ ϕ

= .[50] The measured and simulated gains of 

the folded metasurface are presented in Figure 7b. The meas-
ured gain is obtained by the gain-comparison method, that is, 
comparing the measured power received by the folded meta-
surface to that of a standard gain-known horn in the same 
situation (see Experiment Section for the detailed measure-
ment). To investigate the effects of the distance between the 
two metasurface D/2 on the gain performance, folded metas-
urfaces with different values of D/2 are simulated using CST 
Studio Suite, and the results are given in Figure 7b. Through 
the simulation, it is found that the gain of the folded meta-
surface is sensitive to the distance between the two metas-
urfaces. The gains at the lower frequency band drop as the 
values of D/2 are larger than the intended value of 2 mm. 
Good agreement between the simulated and measured re-
sults can be observed as the distance of the two metasurfaces 
is 2.2 mm. The measured gain drop below 1 THz is primarily 
caused by the inaccurate thickness of the 3D printed polymer 
holder for assembling the two metasurfaces. The measured 
peak gain is 33.4 dBi at 1.08 THz, meaning that 2187 (i.e., 
1033.4/10) times of the energy relative to an isotropic source can 
be radiated in the broadside direction. The measured 3-dB 
gain bandwidth is about 7% from 1.024 to 1.1 THz.

Table 1 shows the radiation performance comparison of 
the proposed folded metasurfaces and previously reported 

Figure 7. Experimental demonstration of the folded metasurface. a) Measured and simulated reflection coefficients as a function of frequency when 
an open-ended waveguide is used as the source to feed the folded metasurface. b) Measured and simulated gain of the folded metasurfaces with 
different distances between the two metasurfaces. c,d) Measured and simulated normalized far-field radiation patterns in E-plane (vertical plane) and 
H-plane (horizontal plane) at 1.05 THz.
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THz collimators. The folded metasurface has the most com-
pact structure (i.e., the smallest thickness-to-diameter ratio) 
and the highest radiation efficiency. The gain of the folded 
metasurface can be further improved by increasing its aper-
ture size.

4. Conclusions

In summary, we have demonstrated a compact and high-effi-
ciency THz folded metasystem. The folded device consists of 
two metasurfaces, which are made up of high-resistivity Si 
material. The folded architecture can miniaturize the THz 
system, and the THz source/detector can be directly inte-
grated as a single unit. The bottom metasurface uses the 
dielectric resonator to eliminate the ohmic loss. The upper 
metasurface utilizes the Bragg reflection to replace conven-
tional metallic linear polarizers. The folded metasurface was 
fabricated by the photolithography and DRIE of Si wafers. 
Measurement results reveal that a high gain over 30 dBi can 
be achieved at 1 THz. The proposed compact, high-efficiency, 
and high-gain device can have various potential applica-
tions, especially for future 6G terabit-per-second wireless 
communications.
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