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Cascaded metasurfaces enabling adaptive
aberration corrections for focus scanning
Xiaotong Li1,2†, Xiaodong Cai1†, Chang Liu1†, Yeseul Kim2,
Trevon Badloe3, Huanhuan Liu4, Junsuk Rho2,5,6,7 and Shiyi Xiao1*

Scanning  focused  light  with  corrected  aberrations  holds  great  importance  in  high-precision  optical  systems.  However,
conventional optical systems, relying on additional dynamical correctors to eliminate scanning aberrations, inevitably re-
sult in undesired bulkiness and complexity. In this paper, we propose achieving adaptive aberration corrections coordi-
nated with focus scanning by rotating only two cascaded transmissive metasurfaces. Each metasurface is carefully de-
signed by searching for  optimal  phase-profile  parameters of  three coherently  worked phase functions,  allowing flexible
control of both the longitudinal and lateral focal position to scan on any custom-designed curved surfaces. As proof-of-
concept, we engineer and fabricate two all-silicon terahertz meta-devices capable of scanning the focal spot with adap-
tively  corrected aberrations.  Experimental  results  demonstrate  that  the first  one dynamically  scans the focal  spot  on a
planar surface, achieving an average scanning aberration of 1.18% within the scanning range of ±30°. Meanwhile,  the
second  meta-device  scans  two  focal  points  on  a  planar  surface  and  a  conical  surface  with  2.5%  and  4.6%  scanning
aberrations,  respectively.  Our  work  pioneers  a  breakthrough  pathway  enabling  the  development  of  high-precision  yet
compact optical devices across various practical domains.
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Introduction
Dynamic  light  focus  control  has  attracted  considerable
attention for  both scientific  curiosity  and important  ap-
plications in many fields,  such as  bioimaging,  laser  pro-
cessing, and optical tweezers. One critical challenge aris-

es from scanning aberrations, i.e., the deviation of the fo-
cal position from the target surface, resulting in a signifi-
cant decrease in focus quality (both intensity and shape)
during  light  focus  scanning,  thereby  constraining  the
dynamical  precision  of  the  optical  scanning  system1,2.
Conventional  techniques,  which  depend  on  additional 
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optical  components  and  external  control  algorithms  to
correct such scanning aberrations, are thereby inevitably
bulky  and  inefficient,  run  counter  to  the  trend  of  inte-
grated and miniaturized systems.

In  recent  years,  metasurfaces,  constructed  by  planar
microstructures  (i.e.,  meta-atoms)  with  precisely  engi-
neered optical responses, have provided new opportuni-
ties  for  controlling  focal  spot  with  ultra-compact  and
highly efficient devices3−13.  Specifically, tunable metasur-
faces  have  successfully  demonstrated  the  dynamic  tun-
ing  of  electromagnetic  (EM)  responses  at  each  position
by integrating active elements  (such as  PIN diodes,  var-
actors,  graphene,  and  semiconductors)  into  individual
meta-atoms14−28.  Armed  with  these  capabilities,  re-
searchers have explored pathways to achieve aberration-
free  control  of  focus  by  dynamically  generating  local
phase  distributions  tailored  to  desired  target
wavefronts29. Despite numbers of promising designs pro-
posed  for  the  microwave  regime,  practical  high-perfor-
mance meta-devices  capable  of  eliminating scan aberra-
tions in higher frequency bands (e.g., terahertz, infrared,
and visible regimes) have yet to be reported. This limita-
tion ultimately arises from the lack of highly efficient and
suitable  active  materials  for  high-frequency  tunable
meta-devices, limiting their capability to flexibly and effi-
ciently manipulate optical wavefronts.

More recently, cascaded metasurfaces have emerged as
an alternative  approach for  dynamically  controlling  EM
waves and based on this method scientists have demon-
strated  many  fascinating  manipulation  effects30−39.  For
example,  an  advanced  LiDAR  technology  is  reported  to
achieve large field of view and high framerate by cascad-
ing  ultrafast  low  field  of  view  deflectors  and  large  area
metasurfaces35, and a dual metasurface system is proposed
to  realize  the  precisely  dynamically  control  of  the  Airy
beam by encoding a cubic phase profile and two off-axis
Fresnel lens phase profiles across the two metasurfaces39.
In  contrast  to  tunable  meta-devices  using  local-phase-
tuning  mechanisms,  cascaded  metasurfaces  globally
change  their  phase  profiles  by  simply  rotating  different
layers  of  metasurfaces,  significantly  simplifying  the  in-
herent complexity of conventional local control methods.
Consequently,  this  approach  provides  a  more  stream-
lined,  efficient,  and  economical  solution  for  controlling
EM  wave.  However,  cascaded  metasurfaces  encounter
substantial  challenges  in  eliminating  scanning  aberra-
tions  or  achieving  other  high-precision  optical  manipu-
lations.  This is  primarily due to the inherent limitations

of their global phase-tuning mechanism, making precise
local  modifications  exceptionally  difficult  to  cater  to
high-precision dynamic EM wave generations.

1.18%
±30°

2.5% 4.6%

In  this  work,  we  propose  employing  two  cascaded
transparent  metasurfaces  to  achieve  adaptive  aberration
corrections coordinated with focus scanning. Such adap-
tive  aberration  correction  is  realized  by  simply  rotating
two cascaded metasurfaces with carefully designed phase
distributions,  without  the  necessity  for  any  additional
optical  elements  or  external  control  algorithms.  We de-
velop  a  generic  parameter-solving  method  to  optimize
phase-profile parameters for moving a focal spot on any
custom-designed  curved  surface,  resulting  in  enhanced
focus quality (both intensity and shape) during scanning.
To  validate  our  concept,  we  engineer  and  fabricate  two
meta-devices operating at the terahertz frequency range.
Experimental results demonstrate that the first meta-de-
vice dynamically scans the focal spot on a planar surface,
achieving an average scanning aberration of  with-
in  the  scanning  range  of ,  which  is  a  5.56-fold  im-
provement  compared  with  a  hyperbolic  scanning  lens.
Meanwhile,  the  second  meta-device  is  demonstrated  to
scan  two  focal  points  on  a  planar  surface  and  a  conical
surface,  exhibiting  and  average  scanning
aberrations respectively. Our approach is generic enough
to extend to the development of other high-precision op-
tical  devices  for  versatile  purposes.  For  instance,  this
technology  can  enable  laser  etching  complex  structures
on  three-dimensional  curved  surfaces  or  trapping  and
manipulating  particles  along  customizable  three-dimen-
sional trajectories. 

Principle and design

Φi (ri) αi

i = 1,2 i

(ûi, v̂i, ẑ)
(x̂, ŷ, ẑ) i

ri = (ui, vi, z)T

r = (x, y, z)T

ri = Si (αi) · r Si (αi) = cosαi sinαi 0
−sinαi cosαi 0

0 0 1



As  shown  in Fig. 1(a),  the  proposed  meta-device  is
formed  by  two  layers  of  mechanically  rotated  transpar-
ent  metasurfaces,  where  each  layer  exhibits  a  pre-de-
signed phase distribution  and a rotation angle 
( ).  We assume that  the ’th  layer,  consisting  of  a
series  of  different  meta-atoms,  exhibits  identical  princi-
pal axes , which become different from the labo-
ratory axes  as the ’th layer is rotating. The posi-
tions  in  the  local  and laboratory  coordinate  systems are
respectively  represented  as  and

,  while  these  two  different  coordinate  sys-
tems  can  be  connected  as  with 

 being  the  rotation  matrix.  By
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Φtot (α1, α2, r) =
∑

i
Φi (ri)

{α1, α2}

independently  rotating  the  two-layer  metasurfaces,  the
total  phase  profile  of  the  whole  cascaded  metasurfaces
can  be  re-constructed  as ,

which  enables  us  to  dynamically  control  the  outgoing
waves through changing two rotation angles .

rc (t) = (xc (t) ,
yc (t) , zc (t))T

Φtarget (r, t)

Suppose the time-dependent focus position during the
scanning  process  is  denoted  as 

,  with  the  subscript “c” representing  the
central  position  of  the  focal  spot.  The  corresponding
phase  profile,  denoted  as ,  for  generating  the
target focal spot can be expressed as 

Φtarget (r, t) = −k0 [|r− rc(t )| − |rc (t)|] , (1)

k0 = 2π/λ λ

{α1, α2}
Φtot (α1, α2, r) = Φtarget (r, t)

where  is the vacuum wave vector, and  is the
working wavelength.  If  it  is  possible  to  find appropriate
rotation  angles  at  any  given  moment  to  satisfy

, the focal spot can be precise-
ly  controlled  to  scan  on  any  pre-designed  surface,  thus
optimizing  focal  quality  (both  intensity  and  shape)  to
minimize scanning aberrations.

Φ1 Φ2

Φtot (α1, α2, r)

Consequently,  the  design  problem  transforms  into
searching for appropriate  and  to generate the de-
sired  phase  distribution .  However,  it  is

Φi (ri)

highly nontrivial to achieve this target due to the signifi-
cant degrees of freedom associated with the phase distri-
butions  for each layer. Typically, brute-force opti-
mization is required for such design, which is computa-
tionally  resource-intensive  and  almost  impossible  to
accomplish.

Φi (ri)To  render  the  design  of  more  feasible,  we  de-
velop  a  top-down  design  approach  by  decomposing  the
phase  profile  of  each  layer  into  a  linear  combination  of
three approximated phase functions, as expressed by: 

Φi (ri) = Φlens
i (ri) + Φgrad

i (ri) + Φmoiré
i (ri) , (2)

Φlens
i (ri) = −k0(

√
u2
i + v2i + F2

0 − F0)/2
F0

Φgrad
i (ri) = ξivi
ξi = (−1)i−1ξ0 = (−1)i−10.5k0

Φmoiré
i (ri) = (−1)i−1

χ0 (u
2
i + v2i )mod

(
arg (ui + jvi) + φi + π

)
(−π, π] χ0 φi j

where  is  a  hy-
perbolic lensing phase function with  representing the
focal  length,  is  a  linear  gradient  phase
function  with  denoting
the  linear  phase  gradient,  and 

 is  a  moiré  ph-
ase function, where the "mod" function confines the an-
gle  value  to , , ,  and  are  the  radial  phase
gradient,  initial  spiral  phase  and  the  imaginary  unit,
respectively.

These  three  phase  functions  are  approximations

 

Aberration-uncorrected scanning

Aberration-corrected scanning

Focusing

O

z

rc (t)

C

θc

y
φc

x

α1

α2

Scanning

Focusing Scanning Zooming
100 μm

a b

c

Fig. 1 | Schematic of the cascaded metasurfaces enabling adaptive aberration corrections for focus scanning. (a) Overview of cascaded

metasurfaces, consisting of two layers of mechanically rotated transparent metasurfaces (with rotation angle α1 and α2, respectively), is capable

of dynamically scanning the focal spot on the custom-designed aberration-corrected scanning surface (purple surface) compared to the aberra-

tion-uncorrected scanning surface (blue surface). Here, rc represents the position of focal spot, and θc and φc represent the polar angle and az-

imuth  angle  of  focal  spot.  Insets  illustrate  the  intuitive  physical  picture  of  the  typical  origin  of  scanning  aberrations,  using  hyperbolic  scanning

lenses an example (blue panel),  and how to adaptively  correct  these scanning aberrations with  the coherent  interplay between three different

phase  functions  (purple  panel).  (b)  Photograph  of  fabricated  meta-device  with  two-layer  all-silicon  metasurfaces  fixed  in  a  motorized  rotation

stage. (c) Scanning electron microscope (SEM) image of the fabricated metasurface samples.
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Φi (ri)

M = {F0, χ0,φ1,φ2} M

derived from the expansion of  the ideal  phase profile  in
Eq. (1) under the paraxial approximations (see S1 of the
Supplemental  information).  With  these  approximated
phase functions, there is no longer a necessity for brute-
force  optimizations  of  phase  distributions  for
each local position. Instead, we simply utilize the phase-
profile  parameters  (where  de-
notes  a  phase-profile  parameter  space)  to  search for  the
optimal design, making the design process more feasible
and convenient.

Φlens
i Φgrad

i

Φmoiré
i

Φlens
i

Φlens
i

F0

Φgrad
i

ξ tot = ∇
[∑

i
Φgrad

i (ri)
]
=∑

i
[ξi (−sinαix̂+ cosαiŷ)]

{α1, α2}

Before  delving  into  the  detailed  parameters  searching
process,  we  present  an  intuitive  physical  picture  of  how
these  three  decomposed  phase  functions  ( , ,
and ) collaboratively control the focal spot in a flex-
ible  manner.  Illustrated  in  inset  to Fig. 1(a),  these  three
phase functions correspond to distinct wave-control op-
erations:  wave  focusing,  beam  scanning,  and  focus
zooming.  The  lensing  phase  function, ,  converges
EM wave passing through the cascaded device (compris-
ing only  terms) into a single focal spot, with the fo-
cal length determined by the phase-profile parameter .
Simultaneously,  a  double-layer  metasurfaces  employing
the  linear  gradient  phase  function, ,  imparts  a  tan-

gential  phase  gradient 

 to  the  incident  beam,  en-
abling  dynamic  beam  sweeping  controlled  by  the  rota-
tion angles .

Φlens
i

Φgrad
i

{α1, α2}
F0

Δzc = F0(1− cos (Δα))
Δα = (α2 − α1)/2

(xc, yc)
zc = F0cos (Δα)

By  employing  only  these  two  phase  functions  (
and ), a cascaded meta-device already demonstrates
the capability to scan a focal spot controlled by the rota-
tion  angles  [blue  panel  in Fig. 1(a)].  However,
due to the constant focal length ( ) in the lensing phase
function,  the  focal  spot  scanning  process  inevitably  in-
duces  a  longitudinal  displacement  of  the  focal  position

 (see  S2  of  the  Supplemental  in-
formation), where , while scanning the
lateral  position ,  resulting  in  a  curved  scanning
surface  as depicted in Fig. 1(a) (see S7 of
the  Supplemental  information).  Such a  curved scanning
surface  not  only  represents  scanning  aberrations  that
need to be corrected but is also equivalent to the off-axis
scanning aberrations commonly observed in convention-
al  scanning  systems,  such  as  hyperbolic  scanning  lenses
(see S7 of the Supplementary information) or other opti-
cal systems. Conventionally, correcting scanning aberra-
tions  by  eliminating the  displacement  between the  focal
point and the target scanning surface requires additional

optical components and external control algorithms1,2.

Φmoiré
i

Φmoiré
i

Fmoiré = k0/4χ0 (Δφ+ Δα) Δφ = (φ2 − φ1)/2

Φmoiré
i Φlens

i Φgrad
i

Φlens
i Φgrad

i

{α1, α2}

To  simplify  such  complex  scanning  systems,  we  pro-
pose integrating the moiré phase function, , into the
scanning system. As illustrated in the purple panel in Fig.
1(a), the double-layer cascaded  is capable of gener-
ating quadratic phase profiles with a tunable focal length

, where  (see
S3 of the Supplementary information). This suggests that
the  rotation  of  the  cascaded  moiré  phase  functions  en-
ables  longitudinal  position  control  of  the  focal  spot.  By
incorporating  into  the  original  and 
phase  profiles,  it  becomes  possible  to  use  the  cascaded
moiré phase to compensate for the longitudinal displace-
ment  induced  by  the  and  terms,  leads  to  the
achievement  of  adaptive  aberration-corrected  planar
scanning.  Furthermore,  with  a  more  carefully  designed

dependence  of  the  cascaded  moiré  phase  func-
tions,  it  enables flexible control  of  both the longitudinal
and  lateral  position  simultaneously,  which  indicates  a
more  sophisticated  dynamic  focal  spot  manipulation
flexibility as illustrated in Fig. 1(a).

Φmoiré
i

Φmoiré
i

Φlens
i Φgrad

i Φmoiré
i

{F0, χ0,φ1,φ2}

Notably,  the integration of  does not necessitate
extra layers of cascaded metasurfaces. Instead,  can
be imparted into the existing two layers of metasurfaces.
This approach allows the three decomposed phase func-
tions ( ,  and ) to collaboratively work to-
gether, enabling flexible focal spot scanning in a manner
predetermined  by  the  implanted  phase-profile  parame-
ters .  Unfortunately,  the  process  of  deter-
mining these phase-profile  parameters  for specific  scan-
ning surfaces involves transcendental equations, render-
ing rigorous analytical solutions unattainable.

In  the  following sections,  we develop a  versatile  opti-
mization  algorithm  designed  to  determine  optimal
phase-profile  parameters  applicable  to  various  scanning
surfaces.  Based  on  this  design  strategy,  we  proceed  to
demonstrate two meta-devices, both capable of scanning
focal spots across pre-designed scanning surfaces [see the
photograph  of  fabricated  meta-device  in Fig. 1(b) and
1(c)]. 

Result and discussion
 

Meta-device for adaptively corrected planar scanning
Our  first  design  target  is  to  develop  an  adaptively  cor-
rected planar scanner (scanning the focal spot on a trans-
verse  planar  surface),  with  the  aim  of  maximizing  the
focus quality on the planar surface. This planar scanning
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surface is expressed as 

zc(α1, α2) ≈ h , (3)

(xc, yc)
{α1, α2} h

h = 4 mm φ1 = −φ2 = φ0

M = {F0, χ0,φ1,φ2}
M′ = {F0, χ0,φ0}

where the lateral focal position  can be dynamical-
ly  controlled  by  the  rotation  angles ,  and  is  a
pre-determined  constant  representing  the  longitudinal
focal position of the scanning surface as depicted in Fig.
2(a). For simplicity and without loss of generality, we set
parameters as  and  to demon-
strate  the  functionalities  of  our  meta-device.  Conse-
quently,  the  original  parameter  space

 can be simplified into a reduced pa-
rameter space .

Φtot (α1, α2, r) = Φtarget

(r, rc)
{F0, χ0,φ0} rc

{α1, α2}

As  the  initial  step,  we  solve 
 to  establish  the  relationship  between  the  phase-

profile  parameters  and focal  spot  for  dif-
ferent  rotation  angles .  However,  there  is  ambi-
guity in solving this phase-matching equation, as the to-

Φtot (α1, α2, r)tal phase distribution of metalens ( ) typical-
ly comprises two discontinuous phase regions (Region I
and  Region  II)  as  depicted  in Fig. 2(b).  These  two  re-
gions correspond to two different focusing phases, com-
monly observed in a moiré lens. This phenomenon aris-
es  from  the  fact  that  a  clockwise  rotation  within  the
moiré phase profile  is  indistinguishable from a counter-
clockwise  rotation,  leading  to  an  ambiguity  into  the
phase distributions of the moiré lens30,31. Here, we desig-
nate Region I  as  the operational  area,  while  Region II  is
considered  as  residual  one.  This  strategy  inevitably  im-
pacts the operational  efficiency of our meta-device,  as it
reduces  the  working region (Region I)  during scanning,
posing  a  trade-off  for  correcting  aberrations  using  our
approach.

rc ∼ {F0, χ0,φ0}
Based  on  the  selected  operational  area,  we  derive  the

 relationship, expressed as
 

 

zc (α1, α2 )

C

1.0

0 1

0.5η

η

−Max Max
zc

0 1
η

0
90

45

0

9045
Δαmax (°)

0

−45

φ 0
 (°

)

z c
 (m

m
)

−90

Ⅱ Ⅰ

Ⅱ Ⅰ

Ⅱ Ⅰ

2π

0
−90

0 0

45

90

90
h

z

y

x

α1

α2

φ0 (°)

Δα
 (°

)

40

5

4

3

20χ 0
 (k

)

00
10 0

15

30

15F0 (λ)

Δα
 (°

)

−2 3
−log (δ)

50

30

1510
F0 (λ)

5

10

χ 0
 (k

)

−10

z c
 (m

m
)5

4

3

z c
 (m

m
)5

4

3
0 15

Δα (°)
30

a

b

d

c

e

Phase

η̄ η̄

δ̄

Fig. 2 | Searching algorithm for optimal phase-profile parameters. (a) Schematic of meta-device for adaptively corrected planar scanning. (b)

The theoretical working efficiency η varies with φ0 and Δα, where the total phase profiles Φtot (α1, α2, r) for different rotation angle {α1, α2} are de-

picted as the right panel. (c) The average working efficiency  varies with Δαmax and φ0, where the dashed grey line represents the optimized 

with varying Δαmax, and the star symbol is the selected parameters (φ0 = 15°) to balance the scanning range (Δαmax = 30°) and efficiency. (d)

The longitudinal focal position zc varies with F0, χ0 and Δα for fixed φ0, where zc~Δα dependence for different values of F0 and χ0 are depicted in

the right panel. (e) The average scanning aberration  varies with F0 and χ0 with the star symbol denoting the optimal chosen (F0 = 8.4λ, χ0 =

16.3k0, φ0 = 15°).
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
xc (Δα, αav) = sin (Δα) cos (αav)Rc

(
F0, χ0,φ0,Δα

)
yc (Δα, αav) = sin (Δα) sin (αav)Rc

(
F0, χ0,φ0,Δα

)
zc (Δα) = cos (Δα)Rc

(
F0, χ0,φ0,Δα

) ,

(4)
Rc

(
F0, χ0,φ0,Δα

)
= k0F0/[k0 − 4χ0F0

(
Δα+ φ0

)
]

Δα = (α2 − α1)/2
αav = (α1 + α2)/2

where 
represents  the  distance  between  the  focal  spot  and  the
center of the meta-device,  denotes the
average  rotation angle  difference,  and 
denotes the average rotation angle, respectively.

Δα
αav αav

Δα

Δα ∼ zc

{F0, χ0,φ0} zc (Δα) ≈ h

Δα zc

Examining Eq.  (4),  we observe  that  the  scanning sur-
face exhibits rotational symmetry, with the polar and az-
imuthal  angles  of  the scanning focus represented by 
and ,  respectively.  This  implies  that  changing  en-
ables  the  focal  point  to  move  along  rotational  direction
on  the  scanning  surface,  while  changing  only  drive
the  focal  point  to  move  radially  on  this  surface.  On  the
other  hand,  only  dependence  of  the  focal  spot
needs  to  be  considered  while  determining  the  shape  of
scanning  surface,  also  due  to  the  presence  of  rotational
symmetry.  Thus,  achieving  planar  scanning  of  the  focal
point  transforms  into  the  quest  for  suitable  parameters

 ensuring  consistently.  Unfortu-
nately,  this  problem  cannot  be  rigorously  solved  due  to
the complicated dependence between  and .

zc ∼ Δα
zc Δα = 0

To  address  this  issue,  we  numerically  investigate  the
 dependence  by  employing  a  Taylor  series  ex-

pansion to express  near , expressed as 

zc (Δα) ≈ f0 + f1Δα+ f2(Δα)2, (5)

f0 = zc (0) f1 = ∂zc/∂(Δα)|Δα=0

f2 = (1/2)∂2zc/∂(Δα)2
∣∣
Δα=0

f1 = f2 = 0

where ,  and
 represent the coefficients for

zeroth-order,  first-order  and  second-order  derivative
terms,  respectively.  According to Eq.  (5),  achieving pre-
cise  planar  scanning  requires  all  coefficients  of  high-or-
der  derivative  terms  to  be  simultaneously  zero,  i.e.,

.  However,  this  condition  almost  impossible
to  satisfy  in  general  cases,  making  it  challenging  to
achieve perfect planar scanning.

zc ∼ Δα

z̄c
h

f0 + (1/2)f1Δαmax + (1/3)f2(Δαmax)
2
= h Δαmax

Δα ∈ [0°,Δαmax]

We alternatively seek the optimal solution to approxi-
mate the desired  dependence by considering the
overall  effects  of  all  the  higher-order  terms  in Eq.  (5).
Initially, we set the average longitudinal focal position 
equal  to  the  pre-defined  target  value ,  expressed  as

,  where  is
the  maximum  scanning  polar  angle  in  our  design
( ).  This  equation  serves  as  a  constraint
in  the  process  of  seeking  the  optimal  solution,  refining

M′

±Δαmax

the  search  range  within  the  parameter  space .  Addi-
tionally,  we  define  the  scanning  range  of  our  proposed
meta-device as the range of scanning angles of the polar
angle,  denoted as ,  due to  the  rotational  symme-
try of the scanning surface.

η

To  further  determine  the  optimal  phase-profile  pa-
rameters, two figures of merit (FOMs) must be taken in-
to considerations. As depicted in Fig. 2(b), we define the
theoretical working efficiency  as
 

η = 1−
∣∣Δα− φ0

∣∣
π

, (6)

η
Δα = φ0

Δα ̸= φ0

η

η̄ =
w Δαmax

0
ηdΔα/Δαmax

to  describe  the  proportion  of  operational  area  during
scanning. Figure 2(b) illustrates  that  reaches  its  maxi-
mum  value  only  at ,  indicating  that  the  opera-
tional area coincides with the entire metasurface, and the
theoretical  efficiency  of  the  meta-device  reaches  1  only
under  this  condition.  When ,  the  operational
area unavoidably decreases, means that  cannot consis-
tently  maintain  its  maximum value  within  the  scanning
range. Hence, we design the average value of the theoret-

ical  working  efficiency  to  be

maximized.
η̄

Δαmax φ0 η̄
Δαmax = 2φ0

φ0 = (1/2)Δαmax Δαmax

Δαmax

Δαmax η̄
η∣∣Δα− φ0

∣∣

Δαmax = 30°
φ0 = 15°

Figure 2(c) illustrates  how  varies  with  changing
 and ,  exhibiting  the  optimal  located  at

, indicating the existence of an optimized so-
lution  for any  such that the aver-
age  working  efficiency  reaches  its  maximum  value.  Al-
though an optimal solution is found for different ,
it is crucial to note that as  increases, the optimal 
inevitably  decreases  (due  to  decreases  with  increasing

).  This  provides  a  quantitative  illustration  of
the  previously  discussed  trade-off  between  scanning
range  and efficiency  in  our  proposed aberration correc-
tion  approach.  In  this  design,  we  choose 
and  [see star symbol in Fig. 2(c)] to strike a bal-
ance  between  the  scanning  range  and  the  working  effi-
ciency of the meta-device.

φ0

{F0, χ0}
Δα ∼ zc F0

χ0 {F0, χ0}

zc h
{F0, χ0}

Having  determined ,  we  proceed  to  search  for  the
other  two  parameters . Figure 2(d) illustrates
how  the  dependence  varies  as  a  function  of 
and ,  demonstrating  that  a  proper  choice  of 
capable of  minimizing the deviation (i.e.  scanning aber-
ration)  between  and  throughout  the  scanning  pro-
cess.  To  quantitatively  determine  parameters,
we define the average scanning aberration as:
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δ̄ =
(

1
Δαmax

)√w Δαmax

0

(
zc(Δα)

z̄c
− 1

)2

d(Δα) . (7)

δ̄ F0 χ0
δ̄

F0 = 8.4λ χ0 = 16.3k0

zc h

Figure 2(e) plots the phase diagram of  as  and 
change, revealing that  reaches its minimum value only
at  and . This solution corresponds
to  the  middle  inset  in Fig. 2(d),  where  the  longitudinal
focal coordinate  closely aligns with the target value 
with  two  intersections,  resulting  in  significantly  smaller
deviations compared to other cases.

{F0, χ0,φ0}
{F0, χ0,φ0}

Φi

Through these processes, all required optimal parame-
ters  are  obtained  for  planar  aberration  cor-
rection. By further inserting optimal  into Eq.
(2), the phase profiles  of each layer metasurface are fi-
nally calculated as depicted in the insets of Fig. 3(a).

h

Δα
Δαmax

6.2
5.82% 0.94% 12

Δαmax 15%
1.25%

We engineer, fabricate, and characterize this meta-de-
vice in the terahertz regime. Before presenting the simu-
lated  and  measured  results,  we  employ  the  standard
Green’s function approach to illustrate the adaptive aber-
ration  correction  capability  (see  S7  of  the  Supplemen-
tary  information).  As  shown in Fig. 3(b),  theoretical  re-
sults  indicate  that  the  adaptively  corrected  planar  scan-
ner maintains the longitudinal position of the focus near
the  target  value  throughout  the  scanning  process.  In
comparison,  the  scanning  aberration  of  a  hyperbolic
scanning lens continues to significantly increase with the
increment  of  and  reaches  its  maximum  value  at

. Quantitative analysis results demonstrate our pro-
posed  adaptively  corrected  planar  scanner  reduces  the
average  scanning  aberration  (ξ)  by  a  factor  (reduc-
ing  from  to ),  particularly  achieving  a -
fold  improvement  of  scanning  aberration  at  the  maxi-
mum  scanning  angle  (reducing  from  to

), compared with a hyperbolic scanning lens.
Since  the  inevitable  ohmic  loss  of  metals  at  high  fre-

quencies11,40,  we employ all-silicon metasurfaces to build
our meta-device, operating at a frequency of 0.6 THz, to
achieve desired phase profiles while maintain high trans-
mittance.  Our  design consists  of  a  single-layer  metasur-
face  with  square-shaped  top  silicon  posts  and  uniform-
sized bottom silicon posts deposited on opposite sides of
a  continuous  silicon  spacer  [see Fig. 1(c) and  S4  of  the
Supplementary  information].  The  top  silicon  posts  vary
in size to generate the desired phase profile,  as  depicted
in  the  inset  of Fig. 3(a).  Meanwhile,  the  bottom  posts,
maintaining  a  uniform  size,  function  as  an  anti-reflec-
tion  layer  to  ensure  high  transmissive  efficiency  (see  S4
of the Supplementary information). Utilizing these fabri-

7 mm
0.66

22 mm

300 μm 0.6λ

cated samples,  we stack two layers  of  metasurface  along
the z-direction, affixed on a motorized rotation stage (see
S6  of  the  Supplementary  information),  as  schematically
shown in Fig. 3(a). The diameter of normal incident tera-
hertz wave is  and the numerical aperture (NA) of
meta-device  is .  The  diameter  of  metasurface  is

 to match the motorized rotation stage. The spac-
ing  distance  between  the  cascaded  metasurfaces  is

 (approximately )  considering  the  practical
realization in experiments and the interlayer coupling of
the  cascaded  metasurfaces41 (see  S5  of  the  Supplemen-
tary information).

E || x̂

y = 0 mm z = 4 mm
Δα

0.6

z = 4 mm
Δα = 0°

Δα

z = 4 mm

Δα = 0°, 10°, 20°, 30° 0.45/0.42 mm 0.51/0.46 mm
0.56/0.52 mm 0.93/0.60 mm

Δα = 0°, 10°, 20°, 30° 23.2%/30.2% 25.1%/33.1%
24.5%/30.8% 23.7%/31.0%

Using a normally incident linear polarized (LP) beam
( ), we illuminate the meta-device and employ a tera-
hertz  near-field  scanning system to  measure  the  electric
field  distributions  on  both  the  vertical  plane  (with

) and horizontal plane (with ) while
increasing .  In Fig. 3(c) and 3(d),  the  measured  and
simulated  electric  intensity  distributions  are  depicted  at
the  operational  frequency  of  THz.  Clearly,  the  inci-
dent  waves  have  been  well-focused  to  the  pre-deter-
mined  center  point  of  plane  after  passing
through meta-device  at .  As  the  rotation  angles

 increase, the focal position [illustrated by dotted lines
in Fig. 3(c)]  dynamically  moves  along  the x-direction,
maintaining an almost uniform transverse plane around

. Furthermore, we evaluate the FWHM in Fig.
3(c) and 3(d) to  characterize  the  device's  performance.
The  experimental/simulated  FWHM  values  for

 are , ,
, ,  respectively,  closely  ap-

proaching the diffraction limit. We also define the focus-
ing efficiency as  the ratio of  the focal  intensity captured
at the focal spot to the amount of incident EM wave en-
tering  the  meta-device.  The  focusing  efficiencies  at

 are , ,
,  and ,  respectively,  in experi-

mental and simulated results. To demonstrate the polar-
ization insensitivity of the proposed strategy we also col-
lect  the  experimental  intensity  distribution  above  the
meta-device  with y-polarized  incidence  (see  S9  of  the
Supplemental information).

1.18% ±30°
1.5%

All  experimental  results  are  in  good  agreement  with
theoretical predictions, validating the effectiveness of our
proposed meta-device in controlling focal spots. The de-
vice exhibits an average scanning aberration of approxi-
mately  within  the  scanning  range  of ,  with  a
scanning  aberration  of  at  the  maximum  scanning
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Fig. 3 | The experimental setup and terahertz characteristics of the meta-device for adaptively corrected planar scanning. (a) Schemat-

ics of the experimental setup, with the theoretical phase profiles and the top view SEM of each layer in the right. (b) Theoretical (dashed), simu-

lated (solid) and experimental (dotted) results of longitudinal focal position for adaptively corrected planar scanner (blue) compared with hyperbol-

ic scanning lenses (black). Experimental (c) and simulated (d) intensity distributions on xz-plane (top) and xy-plane (middle) corresponding to dif-

ferent Δα, and the intensity profiles along the diameter (bottom) at the focal plane with the full width at half maximum (FWHM) marked. Here, the

grey dashed lines in (c) and (d) represent the position of the maximum intensity of focal spot.
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18%

angle. Compared to hyperbolic scanning lenses, the per-
formance of our proposed meta-device has increased by
an average factor of 5.56 within the scanning range, and
by a factor of 10.33 at the maximum scanning angle. To
further illustrate the improvement of the quality of focal
spots,  we  present  the  focus  intensity  and  shape  with
varying scanning angles,  revealing an  enhancement
of  focus  intensity  and  a  notable  improvement  in  the
shape  of  the  focal  spots  (see  S7  of  the  Supplemental  in-
formation). Certainly, such meta-device can also control
the  focal  spot  to  move  along a  continuous  curve  on the
customized scanning surface,  such as  an S-shaped scan-
ning  trajectory  (see  S8  of  the  Supplementary informa-
tion).  Additionally,  through the selection of  appropriate
parameters,  our  proposed  design  strategy  can  further
control  focal  intensity  during  the  scanning  process  (see
S11 of the Supplementary information), which holds sig-
nificant  promise  for  improving the  large-area  uniformi-
ty  in  applications  such as  laser  cladding and laser  hard-

ening. We also note that slight discrepancies between the
simulated and measured results may arise due to fabrica-
tion tolerances  and couplings  between the  two layers  of
metasurfaces. 

Meta-device for adaptively corrected dual-focus
scanning
Our scheme is generic enough that it can also be extend-
ed to achieve more complicated focus scanning. As an il-
lustration,  we  develop  an  adaptively  corrected  dual-fo-
cus  scanner  with  the  first  focal  spot  scanning  within  a
planar surface [the same scanning surface shown in Fig.
2(a)],  and the second focal  spot scanning within a coni-
cal  surface,  both  schematically  depicted  in Fig. 4(a).  We
employ these two scanning surfaces as illustrations,  em-
phasizing  that  the  concept  can  be  readily  extended  to
more  sophisticated  curved  surfaces,  which  has  potential
applications in optical tweezers and laser processing7,13.

The  parametric  equations  governing  these  two
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Fig. 4 | Terahertz characteristics of the adaptively corrected dual-focus scanner. (a) Design strategy of the meta-device for scanning two fo-

cal  spots  in  different  scanning  surfaces,  with  the  theoretical  phase  profiles  and  the  top  view  SEM  of  each  layer  in  the  right.  (b)  Theoretical

(dashed), simulated (solid) and experimental (dotted) results of the position for focal spot A (blue) and B (pink) of the adaptively corrected dual-

focus scanner. The blue plane and pink plane are two vertical planes at the azimuthal angle 0° and 30°. (c–f) Experimental intensity distributions

on two vertical planes (top) for two focal spots at the azimuthal angle 0° (dashed blue) and 30° (dashed pink) corresponding to different Δα, with

two horizontal planes (bottom left) at focal plane for focal spot A (solid blue) and B (solid pink). The intensity profiles along the diameter (bottom

right) at the focal plane with the FWHM marked.
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scanning surfaces are expressed as follows:  {
zA (Δα, αav) = hA

zB (Δα, αav) + lBrB (Δα, αav) = hB
, (8)

rB (Δα, αav) =
√

x2B (Δα, αav) + y2B (Δα, αav) hA = 4 mm
lB = 0.58 hB = 4.65 mm

MA =
{
ξ0,A, F0,A, χ0,A,φi,A

}
MB =

{
ξ0,B,

F0,B, χ0,B,φi,B

}

where the subscript “A” and “B” labels the two focal spots,
, ,

 and  represent  predetermined
constants  defining  the  geometric  parameters  for  these
scanning  surfaces.  As  discussed  earlier,  achieving  the
scanning of these two focal spots along the different sur-
faces  (as  described in Eq.  (8))  requires  determining two
sets  of  optimal  design  parameters  in  parameters  spaces

 and 

.  Realizing  such  a  meta-device  poses  two

primary challenges: (i) generating two independent focal
points  within  a  single  device  and  (ii)  enabling  indepen-
dent scanning surfaces for these two focal spots.

i = 1

We  start  with  presenting  how  to  independently  de-
sign  two  focal  spots  in  our  proposed  meta-device.  To
achieve this, we employ a “multiplexing” strategy as illus-
trated  in Fig. 4(a).  In  this  meta-device,  the  phase  distri-
bution  of  the  first  layer  ( )  is  partitioned  into  two
segments:  Subsection A [represented as the planar scan-
ning  in Fig. 4(a)]  and  Subsection B [represented  as  the
conical  scanning  in Fig. 4(a)],  utilizing  a  checkerboard
pattern  distribution.  By  further  cascading  this  checker-
board phase distribution with a  second layer  [as  depict-
ed  in Fig. 4(a)],  we  are  able  to  control  two  focal  spots
along  their  own  trajectories  on  different  scanning  sur-
face. Consequently, this strategy empowers the two inde-
pendently  designed  focal  spots  to  scan  along  their  own
surfaces.

M'A = {F0, χ0,Δφ0,A} M'B = {F0, χ0,Δφ0,B}

Following this,  we proceed to design the phase distri-
bution of each layer to achieve the desired scanning sur-
faces  for  the  two  focal  spots.  Based  on  last  section,  our
parameter searching method holds theoretical applicabil-
ity  to  any  scanning  surface.  Employing  a  similar  ap-
proach,  we  employ  two  reduced  parameter  spaces,  i.e.,

 and , for two
respective focal spots (see S12 of the Supplemental Mate-
rial).  Based on the reduced parameter  spaces,  we obtain
the position of the two focal spots respectively as a func-
tion of the rotation angle of metasurface:

For the focus A,   xA (Δα, αav) = sin (Δα) cos (αav)R (Δα)
yA (Δα, αav) = sin (Δα) sin (αav)R (Δα)
zA (Δα) = cos (Δα)R (Δα)

, (9)

For the focus B,  xB (Δα, αav)= sin (Δα− γ) cos (αav + γ)R (Δα− γ)
yB (Δα, αav)= sin (Δα−γ) sin (αav + γ)R (Δα− γ)
zB (Δα) = cos (Δα− γ)R (Δα− γ)

,

(10)
Δα αav R (Δα)

γ = 30°

1.5%
3.8%

where ,  and  are  defined  in Eq.  (4) and
 determines the initial  polar  and azimuth angles

of the focus B. Subsequently, we employ similar FOMs as
described  by Eq.  (6) and Eq.  (7) to  determine  the  opti-
mal design parameters (see S12 of the Supplemental Ma-
terial). Similar to the previous design, we utilize the stan-
dard Green’s  function approach to  verify  the  aberration
correction  capability  of  adaptively  corrected  dual-focus
scanner (see S12 of the Supplemental Material). Compu-
tational  results  demonstrate  that  throughout  the  entire
scanning  process,  the  average  scanning  aberrations  of
our  proposed  dual-focus  scanner  are  around  and

, confirming the effectiveness of the design.

α1 α2

0° 30°

z = 4 mm
z = cos (Δα− 30°)R (Δα− 30°)

Δα

0°
z = 4 mm

30°

z = 4 mm

2.5% 4.6%

Finally, we followed the design and fabrication proce-
dures described in the first design to produce samples, as
depicted  in Fig. 4(a).  With  these  fabricated  samples,  we
conducted experimental  measurements on the two focal
spots as increasing two rotating angles  and . The re-
sults of the position for focal spot A (blue) and B (pink)
of the adaptively corrected dual-focus scanner are shown
in Fig. 4(b).  The measured electric field distributions on
two  vertical  planes  for  two  focal  spots,  with  azimuthal
angle  [dashed  blue  plane  in Fig. 4(c−f)]  and 
[dashed  pink  plane  in Fig. 4(c−f)],  and  two  horizontal
planes,  with  [solid  blue  plane  in Fig. 4(c−f)]
and  [solid pink plane in
Fig. 4(c−f)],  respectively.  As  the  rotation  angle  in-
crease,  the  measured  focal  positions  precisely  matched
the theoretical predictions. Focal spot A, positioned at an
azimuthal angle of ,  dynamically scans within a single
horizontal  plane at .  Meanwhile,  focal  spot B,
at  an  azimuthal  angle  of ,  undergoes  simultaneous
dynamic scanning with increased horizontal and vertical
coordinates.  Such  focal  scanning  behavior  is  clearly  ob-
servable  in  the  measure  field  intensity  on  the  targeted

 plane  and  the  experimental  FWHM  for  the
two focal spots while rotating two layers of metasurfaces,
as  illustrated  in Fig. 4(c−f).  As  a  comparison,  we  also
present  simulated  results  for  two  focal  spots  of  our
meta-device  (see  S12  of  the  Supplemental  information).
Experimental  results  indicate  that  the  average  scanning
aberrations of our proposed dual-focus scanner for focal
spots A and B are  around  and  during  the
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Δα = 0°, 10°, 20°, 30°
12.5%/11.8% 12.6%/13.2% 13.4%/12.7%
12.2%/13.1%

entire  scanning  process.  The  focusing  efficiencies  at
 for  focal  spots A and B were

, ,  and
,  respectively.  A  good  agreement  is  noted

between the experimental and theoretical predictions. 

Conclusions
We  propose  and  realize  an  innovative  approach  to
achieve  adaptive  aberration  corrections  in  coordination
with the scanning of focal spot by cascaded metasurfaces.
Our  meta-devices  are  capable  of  correcting  aberrations
on  any  custom-designed  curved  surfaces,  without  any
additional  optical  components  and  external  interven-
tions.  By  introducing  three  approximated  phase  func-
tions, we simplified the design process into a determinis-
tic  phase-profile  parameter  searching  algorithm.  Based
on  such  a  design  strategy,  we  successfully  engineered,
fabricated,  and  characterized  two  adaptively  corrected
meta-devices in the terahertz regime. The first  meta-de-
vice is capable of dynamically scanning the focal spot on
a planar surface with adaptively corrected scanning aber-
rations,  while  the  second  one  scans  two  focal  spots  on
two  curved  surfaces.  In  comparison  to  scanning  lenses
with hyperbolic or quadratic phase distributions, our de-
sign offers significant advantages in terms of flexibility in
both surface shapes and the number of focal  points (see
S7  of  the  Supplemental  information).  Moreover,  this
method can be applied to other operating bands (such as
near-infrared,  and  visible)  by  resizing  the  constituent
building blocks  (see  S10 of  the Supplementary informa-
tion). However, maintaining precise alignment and min-
imizing  spacing  distance  between  the  two  metasurfaces
at  visible  frequency may pose a  significant experimental
challenge. On other hand, our proposed meta-device can
also be implemented in microwave regime, where the di-
electric metasurface would be replaced with the multilay-
er  metallic  metasurfaces.  Frequencies  lower  than  mi-
crowave  (such  as  the  meter-wave  band)  would  require
metasurfaces that are excessively thick to fabricate effec-
tively.  Our  research  opens  the  gateway  toward  dynamic
meta-devices  capable  of  adaptive  fine-tuning  to  meet
high-precision  demands,  with  potential  applications  in
laser processing, lithography, and optical tweezers.
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