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Abstract

Efficient  terahertz  (THz)  wave  manipulation  is  essential  for  advancing  communications,  imaging,  and  security
detection. However, conventional THz devices based on natural materials suffer from the issues of bulky size, low
efficiency,  and  narrow  bandwidth.  Although  dielectric  metasurfaces  offer  a  promising  alternative,  their  practical
applications still  face challenges in high-precision manufacturing, particularly for structures with high aspect-ratio
(AR) and deep etching depth. Herein, we experimentally construct high-quality silicon meta-devices for THz wave-
controls.  Guided  by  the  analysis  of  the  potential  structural  imperfections,  we  propose  an  optimized  fabrication
method based on the Bosch etching technology to address these challenges and create silicon meta-atoms with
high  AR  and  vertical  sidewall.  As  a  proof-of-concept,  we  design  and  fabricate  a  half-wave  plate  (HWP)  and  a
quarter-wave plate (QWP) with a maximum AR of 19.2:1 and broad working bands (0.6–0.8 THz and 0.5–0.8 THz).
Their  polarization  conversion  ratios  (PCRs)  can  reach  0.915  and  0.99  at  approximately  0.73  THz  and  0.66  THz,
respectively. Furthermore, we experimentally realize a highly efficient and broadband metalens exhibiting the high
average  focusing  efficiency  of  85.56% within  0.6–0.8  THz.  Our  fabrication  methodology  can  be  extended  to
fabricate other high-performance metasurfaces, opening new possibilities for broadband THz applications.
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 Introduction
Terahertz (THz) waves typically refer to electromagnetic

(EM)  waves  covering  a  frequency  spectrum  from  0.1  to
10  THz,  which  is  located  at  the  interface  regime  between
electronics and photonics1,2. The novel EM properties, such

as  low  photon  energy,  distinct  fingerprint  spectrum,  and
high penetrability, make THz technology highly applicable
in  next-generation  wireless  communications,  security
detection, medical diagnosis, and imaging3–6. Therefore, the
manipulation  of  THz  waves  in  the  desired  manner  has
emerged as an important  topic in scientific  researches and
practical  applications.  Among  numerous  functional
devices,  the  high-performance  and  ultra-compact  platform
capable  of  manipulating  polarization  states  of  THz  waves
are highly desired in various applications7–9. Unfortunately,
conventional  THz  wave  plates  are  usually  of  bulky  sizes,
low  efficiencies  and  operate  in  a  limited  frequency  band
due to the weak interactions between natural materials and
THz waves10,11.
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In recent years,  the rapid developments of metasurfaces
have  provided  new  opportunities  for  the  realization  of
ultra-compact, small-footprint, and multifunctional devices
working  at  different  frequency  regimes12–16.  Specifically,
metasurfaces  are  two-dimensional  (2D)  metamaterials
constructed  by  planar  microstructures  (i.e.,  meta-atoms)
with meticulously designed EM responses that are arranged
in  specific  global  sequences17–20.  They  have  attracted
considerable  attention  due  to  their  strong  capabilities  to
manipulate  EM  waves  in  subwavelength  level.  Many
fascinating  wave-manipulation  effects  have  been  realized,
such  as  anomalous  reflection/refraction17,18,21,22,  surface
wave  excitation  and  manipulations23–30,  light  beam
focusing31–35,  specific-  or  multi-  functional  holographic
imaging36–42,  complex  beam  generation43–47,  and  so  on.
While  metallic  metasurfaces  are  widely  utilized  to  tailor
the  wavefront  of  light  waves  through  various  resonance
modes, they still face significant challenge of considerable
intrinsic  ohmic  loss,  which  hinder  their  potential
applications48.  Recently,  dielectric  metasurfaces  exhibit
significantly  lower  absorption  losses  compared  to  the
metallic  counterparts,  paving  a  new  way  for  optical  field
manipulations49–52.
While  reviewing  the  advancements  of  all-dielectric

meta-devices,  we  find  that  they  usually  encounter
performance  limitation  in  practical  implementation20,53,54.
Relying on the phase accumulation effect for light controls,
the  dielectric  meta-atoms  usually  require  the  high  aspect-
ratio  (AR),  implying  that  their  practical  fabrication

necessitates  the  complicated  deep  etching  technique34,55–57.
During this process, various fabrication imperfections, such
as  vertical  etching  depth  error  and  lateral  morphology
error,  commonly  occur  and  negatively  affect  the
performance  of  the  device58.  Therefore,  it  is  crucial  to
develop  an  optimized  deep-reactive-ion-etch  (DRIE)
technology  for  creating  high-efficiency  dielectric  meta-
devices  in  THz  and  other  frequency  regimes,  which  may
significantly  enhance  their  practical  applications.  In
addition,  dielectric  meta-devices  are  often  made  by  high-
index  dielectric  materials,  which  may  also  experience
significant  reflection  loss  due  to  impedance  mismatch
issue55,59,60.
In this work, we theoretically design and experimentally

demonstrate  transmissive  dielectric  metasurfaces  for
achieving  high-efficiency  and  broadband  THz  wave
manipulations, as schematically shown in Fig. 1a. Based on
the Bosch etching technology [see Fig. 1c], we successfully
construct  the  high-resistance  lossless  silicon  pillar  meta-
atoms  with  high  AR  (about  19.2:1),  yielding  high
transmission  efficiency  and  full  range  of  phase
modulations.  As  a  proof-of-concept,  we  create  two  THz
meta-polarizers,  including  a  half-wave  plate  (HWP)  for
achieving  linear-linear  polarization  conversion  and  a
quarter-wave  plate  (QWP)  for  achieving  linear-circular
polarization  conversion.  We  numerically  demonstrate  that
the  vertical  etching  depth  and  lateral  morphology
significantly  affect  the  performance  of  the  meta-devices.
Therefore,  we  propose  an  optimized  fabrication
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Fig. 1 Realization of dielectric meta-devices for achieving high efficiency wave manipulations. a Schematic of the high-efficiency wave-controls
by the proposed dielectric meta-devices. b Schematic of the adopted high aspect-ratio (AR) dielectric meta-atom satisfying the mirror system along
two principal axes u and v. c Schematic of the deep-reactive-ion-etch technique to fabricate the high AR meta-atom depicted in b.
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methodology to develop high-quality silicon meta-devices.
Experimental  measurements  indicate  that  the  fabricated
meta-HWP  and  meta-QWP  possess  high  polarization
conversion  ratios  (PCRs)  of  0.6  within  0.6–0.8  THz
(relative  bandwidth:  28.57%)  and  0.5–0.8  THz  (relative
bandwidth:  46.15%).  The  highest  PCRs  measured  can
reach  0.915  and  0.99  at  approximately  0.73  THz  and
0.66 THz, respectively. All experimental results are highly
consistent  with  the  full-wave  simulations,  confirming  the
effectiveness  of  the  proposed  fabrication  methodology.
Finally,  we  construct  a  Pancharatnam-Berry  (PB)  typed
metalens  with  a  high  numerical  aperture  (NA)  of  0.8  at
0.7  THz  based  on  the  proposed  high-performance  HWP
meta-atoms,  and  experimentally  verify  that  the  average
focusing  efficiency  can  be  well  maintained  at  about
85.56% in the range of 0.6–0.8 THz.

 Results

 Generic principle of designing meta-atoms

T(0) =
(
tuu 0
0 tvv

)
R(0) =

(
ruu 0
0 rvv

)
tuu

tvv ruu rvv

|tuu| = |tvv| = 1 |ruu| = |rvv| = 0
θ

T(θ) = S−1 (θ)T(0)S (θ)

S (θ) =
(

cosθ sinθ
−sinθ cosθ

)

We  first  introduce  the  theoretical  design  of  the  desired
THz meta-devices as shown in Fig. 1. All proposed devices
are  constructed  by  the  silicon  meta-atom  satisfying  the
mirror system as shown in Fig. 1b, whose transmission and
reflection  properties  can  be  described  by  diagonal  Jones

matrices   and  .  Here,  ,

  and  ,    denote  the  co-polarized  transmission  and
reflection  coefficients  of  the  proposed  meta-atoms  under
the excitation of the EM waves linearly polarized along the
two principal axes (i.e., u and v),  respectively.  To achieve
high-efficiency light manipulation, the desired meta-atoms
designed  in  the  transmission  configuration  should  be
highly  transparent  (i.e.,  ,  ).
While the meta-atoms are rotated by an angle of   (defined
as  the  angle  between  the  u  axis  of  the  meta-atom’s  local
coordinate  system  and  the  x  axis  of  the  laboratory
coordinate system) as shown in Fig. 1b, the Jones matrix of
the meta-device can be expressed as  ,

where    is  the  transformation

matrix  connecting  the  local  coordinate  system  and  the
laboratory coordinate system.
Utilizing  the  Jones  matrix  analysis,  we  can  derive  the

theoretical  criterion  to  design  the  high-performance  meta-
HWP satisfying  the  mirror  symmetry  (see  more  details  in
S1 of the Supplemental Material):

|tuu| = |tvv| = 1
∆ϕ = arg(tuu)− arg(tvv) = π
θ =

π
4

(1)

π

θ = π/4

Equation (1) indicates that the desired meta-HWP should
be totally transparent along two principal axes and possess
the phase difference of    for  two cross  linear  polarization
(LP) cases. All meta-atoms of the meta-device should have
the identical orientation angle of  . For the design of
meta-QWP, the following conditions can be simply derived
as (see more details in S1 of the Supplemental Material):

|tuu| = |tvv| = 1

∆ϕ = arg(tuu)− arg(tvv) =
π
2

θ =
π
4

(2)

Equation (2) implies that  the desired meta-QWP should
be totally transparent along two principal axes and possess
the  phase  difference  of  π/2  for  two  cross  LP  cases.  The
orientation angle of all the meta-atoms on the meta-device
should be π/4. In addition, while the phase difference ∆ϕ is
equal  to −π/2,  the meta-device can realize another kind of
LP-CP conversion.

 Design of the high-performance silicon meta-atom

∆ϕ

∆ϕ

We  now  adopt  the  proposed  strategy  to  construct  the
meta-atoms  for  creating  the  high-performance
transmission-type  meta-devices  working  in  the  THz
regime.  As  shown in Fig. 2a,  the  proposed  building  block
consists  of  an  amorphous  silicon  rectangular  pillar  with  a
high AR as the top layer, a continuous silicon spacer in the
middle,  and  a  square  silicon  microstructure  as  the  bottom
layer.  Here,  the  high  rectangular  silicon  pillar  can  offer  a
large  phase  difference  ( )  by  means  of  the  accumulated
anisotropic transmission phases for the input THz waves of
different  LPs.  Meanwhile,  while  amorphous  silicon  is
almost  lossless  in  the  THz  regime,  such  pillar  structures
possess  the  limited  effective  mode  index,  thus  giving  rise
to  the  high  transparency  property.  To  address  the  large
impedance mismatch issue between the  silicon spacer  and
the  air,  the  square-shape  silicon  microstructure  is
introduced  as  the  anti-reflection  layer.  Since  the  effective
index  (or  impedance)  of  the  anti-reflection  layer  locates
between  the  values  of  the  air  and  bulky  silicon,  the
reflection loss can thus be significantly suppressed. In our
design,  both  the  width  and  thickness  of  the  anti-reflection
layer  have  been  carefully  optimized  to  ensure  the  high
transparency  performance  across  the  working  band  of  the
meta-device.  In  short,  by  fully  optimizing  the  structural
parameters,  we  can  obtain  the  transmissive  meta-atoms
with high transmission efficiency and the arbitrary tailored

.
To  clarify  the  working  mechanism  of  the  meta-atoms,

we  start  to  explore  the  optical  responses  of  the  simplified
structures,  i.e.,  the  free-standing  rectangular  silicon
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( ) pillars. For the normal incident beams carrying
different  LPs  (   and  ),  we  investigate  how  the
transmission  characteristics  of  such  periodic  meta-atoms
vary against the lateral sizes (  and  ). Here, the period ( )
and the height ( ) of the high AR silicon pillars are fixed
as  125  and  480  ,  respectively.  Full-wave  simulation
results  demonstrate  that  the  high  AR  meta-atoms  can
provide  sufficient  phase  difference    while  maintaining
high  transmittances  (See  more  details  in  S2  of  the
Supplemental  Material).  This  clearly  confirms  that  the
proposed framework offers a broad design space capable of
meeting  the  requirements  of  diverse  polarization  controls.
Additionally,  compared  to  the  low  AR  counterparts,  the
high  AR  dielectric  meta-atoms  demonstrate  larger  phase
retardation  accumulated  along  the  propagation  direction,
enabling  more  deeply  subwavelength  lateral  dimension.
This  characteristic  offers  substantial  advantages  for
creating the various functional meta-devices.
After  understanding  the  role  played  by  the  high  AR

silicon pillars, we next introduce the complete design of the
dielectric  meta-atoms  utilized  in  practical  applications.  In
the fabrication process, the high AR silicon pillar needs to
lay  on  a  flat  silicon  spacer  as  the  supporting  layer.
However, since the refraction index of silicon is quite high,
an  additional  silicon  microstructure  is  designed  at  the
bottom  of  the  silicon  spacer.  This  microstructure  helps
reduce  the  reflection  loss  of  the  whole  meta-atom  and  is

h3 = 62 μm
w2 = 56 μm

∆ϕ

therefore  called  as  the  anti-reflection  layer.  Through
numerical optimization, we have determined the following
parameters for the desired anti-reflection layer: 
and    (See  more  details  in  S3  of  the
Supplemental  Material).  It  should  be  noted  that,  since  the
microstructure  of  the  anti-reflection  layer  is  isotropic,  it
does not contribute to the transmission phase difference 
accumulated inside the whole device.

Tuu

Tvv ∆ϕ

l w

μm
μm

l = 100 μm w = 30 μm l = 81 μm
w = 56 µm)

After  obtaining  all  basic  parameters  of  the  three  layers,
we  calculate  the  co-polarization  transmittance  (   and

)  and  transmission  phase  difference  ( )  of  such  high
AR silicon meta-atoms as functions of two key modulation
parameters (i.e.,   and  ), as shown in Fig. 2b−d. All these
results  are  obtained  through  finite-difference-time-domain
(FDTD)  simulations  using  Eastwave  software.  In  our
simulation  setup,  periodic  boundary  conditions  are
implemented  around  a  single  unit  structure  to  effectively
model  an  infinite  periodic  metasurface.  One  port  is
positioned  200   below the  anti-reflection  layer  to  emit
the source wave, and another port is placed 200   above
the silicon pillar to collect the transmission signal. Both the
amplitude  and  phase  of  the  transmission  and  reflection
mode  can  be  obtained  through  these  two  ports.  Based  on
the  phase  diagram  of  design  parameters,  we  can  easily
determine the optimal parameters for the high-performance
HWP  ( ,  )  and  QWP  ( ,

  denoted  as  red  and  blue  stars  in  Fig. 2b,
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Fig. 2 Design of the proposed silicon meta-atom. a Schematic of silicon meta-atom consisting of high AR pillar (top), thin silicon spacer (middle)
and an anti-reflection layer (bottom). b−d Simulated transmission phase difference ( ) and transmission efficiency (  and

) of the silicon meta-atom arranged in periodic arrays with different   and   at the frequency of 0.7 THz.
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respectively.  We can see that the meta-atoms can serve as
the ideal high-efficiency elements to tailor the polarization
of input THz waves. Finally, to quantitatively evaluate the
performance of the created HWP and QWP, we can define
their PCRs as:

PCRHWP =
1
4
|tuu− tvv|2

PCRQWP =

∣∣∣∣∣∣e−i· π4 ·(tuu ·cos( π
4 )+i·tvv ·sin( π

4 ))
√

2

∣∣∣∣∣∣
2 (3)

Full-wave  simulation  results  show  that  the  inclusion  of
the  anti-reflection  layer  not  only  broadens  the  working
bandwidth  but  also  significantly  enhances  the  polarization
conversion  efficiency  compared  to  the  case  without  the
anti-reflection  layer  (See  more  details  in  S4  of  the
Supplemental Material).

 Impact of structural imperfection commonly existing
in practical manufacturing on device performance
We now analyze the main manufacturing errors that will

result  in  the  performance  deterioration,  which  is  an
important  guidance  for  the  next  practical  fabrication
process.  While  Micro-Electro-Mechanical  Systems

(MEMS)  technique  has  become  matured  enough  to
fabricate  microstructures  with  large  feature  size  and
shallow etching depth, it still encounters great challenge in
producing  high  AR  dielectric  meta-devices.  And  the  high
AR  meta-device  with  excellent  fabrication  quality  is
extremely  important  for  realizing  high-performance  wave
manipulations. Therefore, we employ FDTD simulations to
systematically  evaluate  the  impact  of  various  structural
imperfections (specifically vertical etching depth error and
lateral  morphology  error)  on  the  performance  of  meta-
device.

h1+h2 = 538 µm
h1

Regarding vertical  depth errors,  we note that during the
deep  silicon  etching  process,  several  factors,  such  as
pattern duty cycles and equipment conditions, can result in
a  final  etch  depth  deviating  from  the  initially  designed
value. To justify the influence of such issue, we adopt full
wave  simulations  to  investigate  a  series  of  HWPs  and
QWPs  based  on  the  proposed  silicon  meta-atoms,  which
have  the  same  lateral  dimensions  and  different  etching
depths. Fig. 3a,  b  show the  calculated  PCR spectra  of  the
HWPs  and  QWPs  with  the  same  total  thickness
( )  and  different  etching  depth  values
(different  ),  which  exhibits  quite  sensitive  behavior  to
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Fig. 3 Impact  of  structural  imperfections on optical  performance of  the meta-device. a, b Calculated PCR spectra of  the HWP and QWP of the
original design parameters (red curve) and two different vertical etching depth errors ( ).  In a and b,  the black, blue, and red (original design)
cures correspond to   values of 450 µm, 480 µm, and 510 µm in a and 450 µm, 480 µm, and 504 µm in b. c, d Calculated PCR spectra of the
HWP and  QWP of  the  original  design  parameters  (red  curve)  and  two  different  lateral  morphology  errors  (  and  ).  In c  and d,   is  fixed  at
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such error. Combined with the analysis of the transmission
properties  of  meta-atoms,  we  find  that  the  degradation
primarily  results  from  the  reduced  transmittance  due  to
etching  depth  error,  thereby  affecting  the  PCR  of  meta-
devices (See more details in S5 and S6 of the Supplemental
Material).

∆ϕ

Subsequently, we analyze how lateral morphology errors
affect  the  performance  of  HWP  and  QWP.  In  our
experiments,  thick  photoresists  are  often  used  as  masking
layers  in  the  deep  etching  process  of  high  AR  dielectric
structures  to  endure  extended  etching.  However,  thick
photoresists  typically  contain  a  higher  moisture  content,
which must be removed through baking before the etching
process  to  prevent  “resist  popping”  effect.  This  prebake
operation  will  reduce  the  size  of  the  etched  pattern,
ultimately  leading  to  lateral  morphology  errors.  Notably,
such  errors  usually  cause  the  etched  patterns  become
smaller than the target design. To evaluate the influence of
this issue, we employ FDTD simulations to obtain the PCR
of the meta-devices (including HWPs and QWPs) with the
same  etching  depth  and  different  lateral  dimensions
(assuming  a  uniform  reduction  in  length  and  width),  as
shown  in  Fig. 3c,  d.  The  results  show  that  reducing  the
lateral size significantly narrows the working bandwidth of
the  HWP.  While  the  bandwidth  of  the  QWP  remains
relatively stable, its spectral response exhibits a blue shift.
This  performance  degradation  is  primarily  due  to  the
significant change in the phase difference   caused by the
lateral  size  reduction,  ultimately  leading  to  a  decrease  in

the  device’s  PCR  (See  more  details  in  S5  and  S6  of  the
Supplemental Material).

 Experimental fabrication of the silicon meta-devices
Based on our analysis of potential manufacturing errors,

we  develop  an  optimized  fabrication  technique  to  well
address these fabrication challenges and successfully create
the  high  AR  silicon  meta-devices  with  high  working
efficiency  across  a  wide  frequency  band.  All  etching
operations  involve  multiple  etching  and  passivation  steps
during  the  Bosch  process,  which  is  a  widely  adopted  dry
etching  technique.  As  illustrated  in  Fig. 4a,  during  the
passivation step, a polymer layer is deposited to protect the
sidewalls of the created microstructures. Next, the polymer
at  the bottom of the microstructures is  rapidly removed to
enable the following etching step, while the polymer on the
sidewall  remains  for  protecting  lateral  structures.  By
precisely  controlling  the  balance  between  passivation  and
etching process, it is possible to construct the desired high
AR  patterns,  as  shown  in  Fig. 4b.  During  the  passivation
step, a protective polymer layer is deposited on the silicon
surface  and  sidewalls  through  introducing  C4F8  at  a  flow
rate  of  150  sccm  for  2  seconds.  This  is  followed  by  an
auxiliary etching process (Etch 1), which is carried out by
introducing SF6 at the flow rate of 200 sccm and applying a
low-frequency  (LF)  power  of  300  W  for  1  second.  The
final  step is  longitudinal  etching (Etch 2),  maintaining the
SF6  flow  rate  at  200  sccm  and  applying  a  LF  Power  of
60  W for  2  seconds.  More  detailed  description  of  the  key
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Fig. 4 Deep silicon etching via the Bosch process. a High AR anisotropic silicon etching is achieved by the repetitive alternation of etching and
passivation steps. b The balance between etching and passivation is the key foundation to create high AR microstructures with steep sidewall while
avoiding defects such as lateral etching or “black silicon”. c Flowchart of the fabrication process for our dielectric metasurfaces.
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fabrication  parameters  is  summarized  in  Supplemental
Table S1.
After  that,  we  transfer  the  square  shaped  silicon

microstructures  (anti-reflection  layer)  and  the  backside
alignment  marks onto a  pre-cleaned 600 µm silicon wafer
using ultraviolet lithography firstly. The patterned wafer is
then etched using an HSE M200 etcher. Subsequently, the
high  AR  pattern  is  aligned  and  transferred  via  backside
alignment  lithography.  The  wafer  undergoes  a  second
etching  process  to  form  the  high  AR  silicon  pillar
structures.  After  this  process,  we  thoroughly  clean  the
sample  to  remove  any  residual  photoresist  for  subsequent
testing.  It  is  worth  emphasizing  that  our  optimized
preparation  process  can  reduce  errors  during  preparation
and also benefit our design engineering applications.

μm μm

Photoresists are employed as the mask layer throughout
all  etch  processes  due  to  their  high  pattern  resolution,
substantial  thickness  tolerance,  and  ease  of  removal.  It
should  be  noted  that  in  order  to  ensure  the  fabrication
accuracy  of  the  pattern,  different  mask  layers  need  to  be
employed for various morphologies. For the anti-reflection
layer,  which  requires  relatively  shallow  etching,  a  thin
layer of AZ5214 photoresist was proved to be sufficient for
pattern  transfer.  While  the  large-feature  shallow  silicon
structures  are  fabricated,  each  etching  cycle  removes
approximately  1.03    of  silicon.  Thus,  the  62    deep
anti-reflection  layer  is  successfully  etched  using  about  60
cycles.  The  fabrication  of  high  AR  pillar  meta-atoms

requires  a  significantly  larger  etch  depth.  During  the
etching  process,  because  the  photoresist  mask  becomes
progressively thinner, a thick resist (e.g., AZ4620) needs to
be  utilized  as  the  mask  layer.  Before  the  deep  etching
process,  the  sample  needs  to  be  baked  for  pattern
solidification.  However,  this  will  introduce  a  reduction  in
pattern  dimension  during  fabrication,  namely,  a  pattern
shrinkage effect, which should not be overlooked and will
affect  the  performance  of  the  metasurfaces  as  analyzed  in
prior FDTD simulations (see Fig. 3c, d). This effect mainly
originates from the evaporation of water in the photoresist
during  the  baking  process.  To  compensate  for  this  effect,
we  intentionally  increase  the  pattern  length  and  width  of
the  pattern  during  the  design  stage  of  mask  according  to
our  experience.  This  strategy  effectively  mitigates  the
fabrication-induced  lateral  deviations,  allowing  for  the
precise achievement of the target structural dimensions, as
demonstrated in Fig. 5b, e. As a result, the repeatability and
yield  of  the  optimized  fabrication  have  been  significantly
improved,  effectively  meeting  the  demands  for  highly
robust device preparation.
Additionally, the etching depth is precisely controlled by

etch  rate  and  cycle  count,  which  is  critical  for  fabricating
high-quality  silicon  meta-atoms (Fig. 3a, b).  The  etch  rate
for different  pattern duty cycles is  determined through the
real-time monitoring of the etch depth, as shown in Fig. 5a,
d.  This  approach  enables  precise  control  over  etching
depth,  thereby minimizing errors  induced by vertical  non-
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uniformity.  Throughout  the  etching  process,  the  balance
between  etching  and  passivation  cycles  is  carefully
maintained, resulting in excellent sidewall verticality of the
fabricated structures, as demonstrated in Fig. 5c, f.

 Characterization  of  the  fabricated  HWP  and  QWP
based on high AR silicon meta-atoms
To  demonstrate  the  proposed  design  strategy  and

fabrication  methodology,  we  characterize  the  polarization
conversion performance of  the fabricated meta-wave-plate
samples based on a THz time-domain spectroscopy (TDS)
system.  Fig. 6a−c  present  the  simulated  and  measured
transmittance,  transmission  phase  difference  between  two
cross-polarization cases, and the corresponding PCR of the
constructed  HWP.  The  reference  signal  is  obtained  by
replacing  the  meta-device  by  the  open  air  and  performing
the  similar  measurement.  The  experimental  results,
showing  excellent  agreement  with  full-wave  simulations,
demonstrate  that  the  HWP  sample  shows  nearly  unity
transmittance,  the  phase  difference  of  about  π,  and  high
PCR  (PCR  >  0.6)  over  a  broad  frequency  range  (0.6–
0.8  THz,  corresponding  to  a  relative  bandwidth  of
28.57%).  In  addition,  Fig. 6d−f  show  the  simulated  and
measured  transmission  properties  of  the  fabricated  QWP,
confirming  the  high  polarization  conversion  performance
(PCR  >  0.6)  across  the  target  frequency  band  of  0.5–
0.8 THz (relative bandwidth:  46.15%).  Overall,  the strong
consistency  between  experimental  and  simulated  results
validates the effectiveness and reliability of our fabrication
strategy  in  realizing  high-performance  THz  meta-devices

based on high AR silicon structures.

 Experimental  demonstration  of  the  high-efficiency
and broadband metalens
The  proposed  design  and  fabrication  methodology  can

also  be  applied  to  develop  various  high-efficiency
functional  meta-devices.  For  instance,  we  have  designed
and  fabricated  the  flat  metalens  utilizing  geometric  phase
mechanism, as illustrated in Fig. 7a. Based on the designed
high-performance HWP as building blocks, we encode the
following phase distribution inside the  designed PB meta-
device  for  the  RCP  light  illumination  case  via  simply
tailoring  the  orientations  of  the  meta-atoms  at  each  local
position:

φ (x,y) = −k
( √

x2+ y2+F2−F
)

(4)

k

F F = 5 mm

where   is the wave vector of the light in free space, (x, y)
denotes the position of  the meta-atom on the metasurface,
and    is  the  focal  length  (   at  the  central
frequency of 0.7 THz).
The fabricated metalens sample with a total size of 10 ×

10  mm2  is  shown  in  Fig. 7b,  c.  Using  a  THz  focal  plane
imaging  system  (see  experimental  setup  in  S7  of  the
Supplemental  Material),  we  have  measured  the  different
components  of  the  transmitted  electric  field  distributions
under  the  RCP  illumination  in  the  frequency  range  of
0.6–0.8  THz.  Based  on  these  data,  we  can  retrieve  the
electric fields in the xoz plane carrying either LCP or RCP
components,  as  presented  in  Fig. 7d,  e.  Clearly,  the
incident  RCP  beam  is  efficiently  converted  into  LCP  one
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focused  in  the  pre-designed  focal  plane.  Owing  to  the
intrinsic  dispersion  nature  of  geometric  phase,  the  focal
spot  gradually  shifts  away  from  the  metalens  as  the
frequency increases,  corresponding to  an  increase  in  focal
length and a decrease in NA, as shown in Fig. 7f, g.
Fig. 7h  depicts  the  measured  focusing  efficiency  of  the

fabricated  metalens,  which  exceeds  85.56%  across  the
entire operating bandwidth of 0.6–0.8 THz and reaches the
highest  value  of  87%  at  0.7  THz.  Here,  the  focusing
efficiency  is  defined  as  the  ratio  between  the  integrated
power  carried  by  the  focal  beam  carrying  the  cross-
polarization  and  that  of  transmitted  THz  beam.  For
comparison,  full-wave  simulation  results  show  good
agreement  with  experimental  measurements  (See  detailed
information in S8 of the Supplemental Material).

 Discussion and Conclusion
In  summary,  we  have  developed  an  optimized  deep

etching  technique  to  construct  high  AR  (about  19.2:1)
dielectric THz meta-device with a high working efficiency
across  a  wide  THz  frequency  band.  By  systematically
analyzing  the  influence  of  potential  fabrication  errors,  we

develop an optimized technique to effectively address these
critical  challenges,  enabling the stable fabrication of high-
quality  silicon  meta-device.  As  proof  of  concept,  we
successfully  design  and  fabricate  two  dielectric  meta-
devices,  i.e.,  an  effective  HWP  and  QWP.  Both
experimental  measurements  and  full-wave  simulations
validate the high-efficiency polarization conversion effects
across  a  broad  target  frequency  band.  The  proposed  THz
meta-wave-plates  exhibit  superior  comprehensive
performances  in  terms  of  AR,  absolute  PCR and  working
bandwidth  over  the  previous  literatures57,61–65  (see
Supplemental  Table  S2).  Furthermore,  by  integrating  the
designed  HWP  with  the  concept  of  geometric  phase,  we
have  realized  a  high-efficiency  and  broadband  THz
metalens  with  an  average  focusing  efficiency  exceeding
85.56% in the frequency range of 0.6–0.8 THz. Compared
to  our  previous  work57,  the  fabrication  technique  has  been
significantly optimized, achieving enhanced reproducibility
and quality in the production of high AR meta-devices. The
meta-devices  reported  in  this  work  exhibit  substantially
improved  performance  and  the  more  diverse
functionalities.  This  work  not  only  demonstrates  a  viable
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Fig. 7 Experimental  characterization of the metalens. a Schematic illustration of the metalens. b, c Top-view and side-view SEM images of the
fabricated sample. d, e Measured electric field intensity projected to LCP d and RCP e components in the xoz plane (y = 0 mm) of the metalens
under  RCP  THz  wave  illumination  with  different  frequencies.  f−h  Measured  and  simulated  focal  length  f,  NA  g,  and  focusing  efficiency
h of the metalens as a function of frequency.
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strategy for the design and fabrication of high-performance
THz  meta-devices  but  also  provides  methodological
insights  into  overcoming  fabrication  bottlenecks  in  deep
etching  technique.  The  proposed  framework  can  be
extended to a wide variety of THz meta-devices, paving the
way  for  future  applications  in  high-efficiency  polarization
control,  THz  imaging  and  sensing,  wireless
communications, and so on.
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