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A waveguide metasurface based quasi-far-field
transverse-electric superlens
Yechuan Zhu1,2,3†, Xiaolin Chen4,5†, Weizheng Yuan1,2, Zhiqin Chu6,
Kwok-yin Wong5, Dangyuan Lei7* and Yiting Yu1,2*

The imaging capability of conventional lenses is mainly limited by the diffraction of light, and the so-called superlens has
been developed allowing the recovery of evanescent waves in the focal plane. However, the remarkable focusing behavi-
or  of  the superlens is  greatly  confined in  the near-field  regime due to the exponential  decay of  evanescent  waves.  To
tackle  this  issue,  we  design  a  waveguide  metasurface-based  superlens  with  an  extraordinary  quasi-far-field  focusing
capability  beyond the  diffraction  limit  in  the  present  work.  Specifically,  we  analyze  the  underlying  physical  mechanism
and provide  experimental  verification  of  the  proposed  superlens.  The  metasurface  superlens  is  formed by  an  array  of
gradient nanoslits perforated in a gold slab, and supports transverse-electric (TE) waveguide modes under linearly polar-
ized illumination along the long axis of the slits. Numerical results illustrate that exciting such TE waveguide modes can
modulate not only optical phase but also evanescent waves. Consequently, some high-spatial-frequency waves can con-
tribute to the focusing of the superlens, leading to the quasi-far-field super-resolution focusing of light. Under 405 nm illu-
mination and oil immersion, the fabricated superlens shows a focus spot of 98 nm (i.e. λ/4.13) at a focal distance of 1.49
μm (i.e. 3.68λ) using an oil immersion objective, breaking the diffraction limit of λ/2.38 in the quasi-far field regime. The
developed metasurface  optical  superlens  with  such  extraordinary  capabilities  promises  exciting  avenues  to  nanolitho-
graphy and ultra-small optoelectronic devices.
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Concentrating light  into  a  tiny  spot  has  gained  increas-
ingly interests in the field of high-resolution optical ima-
ging.  However,  the imaging capability of  a conventional
refractive  lens  is  generally  restricted  to  0.61λ/NA (λ be-
ing  the  wavelength  of  light, NA being  the  numerical

aperture  of  the  lens)  due  to  the  diffraction  of  light
waves1. In the last two decades, many theoretical and ex-
perimental  efforts  have  been  made  to  overcome  such
limit2. In 2000, a perfect lens formed by a slab of a negat-
ive  refractive  index  material  was  conceptually  proposed 
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to focus all Fourier components stemming from strongly
enhanced evanescent waves across the lens3.  Inspired by
the concept  of  the  perfect  lens,  a  superlens  was  de-
veloped with an ultrathin silver slab that showed an ima-
ging  resolution  of λ/6 via  the  excitation  of  surface  plas-
mons4. Moreover,  taking  the  advantage  of  surface  plas-
mons, super-resolution  focusing  of  light  was  also  real-
ized  with  various  metallic  nanostructures5,6.  However,
the  working  distance  of  these  devices  was  only  tens  of
nanometers away from itself i.e. in the near-field region,
which  greatly  limited  its  practical  applications.  In  order
to  focus  light  to  a  greater  distance,  numerous  planar
lenses have  been  proposed  based  on  various  nanostruc-
tures,  such  as  metallic  cross-shaped  apertures7,  metallic
slits8−12,  metallic  antennas13,14,  and  dielectric  pillars15−21.
By  exploiting  those  nanostructures  to  manipulate  the
phase  and  amplitude  of  the  incident  light,  the  planar
lenses can focus light beyond the near-field regime, hold-
ing great  promise  for  practical  applications.  Neverthe-
less,  none  of  these  previous  reports  experimentally
demonstrates super-resolution focusing in the far field.

Recently,  we  have  theoretically  designed  a  superlens
formed by  an  array  of  metallic  nanoslits  and  demon-
strated  quasi-far-field  super-resolution  focusing22,23.  In
the  present  work,  we  apply  coupled-mode  theory  to
deeply  understand  the  physical  mechanism  responsible
for  the  unusual  focusing  capacity  of  our  superlens  and
give an experimental demonstration in the quasi-far field
region. Figure 1(a) sketches the  structure  of  our  wave-
guide  metasurface-based  superlens,  which  comprises  of
an  array  of  nanoslits  with  varied  widths  and  constant
lengths perforated  in  a  gold  slab.  The  nanoslits  are  ar-
ranged symmetrically with respect to the plane y=0, and

the width of each slit is elaborately designed based on the
theory of  wavefront  reconstruction  and  phase  modula-
tion. Figure 1(b) illustrates the schematic focusing of the
superlens.

When  a  TE-polarized  light  beam  (with  polarization
parallel  to  the  nanoslits  along  the x direction) is  nor-
mally incident  upon  the  superlens  from  the  glass  sub-
strate,  it  can  couple  with  the  waveguide  modes  of  the
nanoslits, propagate and radiate into the working dielec-
tric  domain.  Note  that  each  nanoslit  can  be  assumed to
be  infinite  in  the x direction  when  it  is  longer  than  15
μm24. Thus, the nanoslits in the metal slab can be simpli-
fied by considering them as parallel-plate metallic wave-
guides,  and  the  dispersion  relation  for  TEm (m=0,  1,  2,
…) guided modes is given by: 

w
2

√
εdk2 − β2 =

mπ
2

+ arctan
√
β2 − εmk2√
εdk2 − β2 , (1)

{Ai,Bi}

where w is  the nanoslit  width. εm and εd are the relative
permittivities  of  the  metal  and the  dielectric  material  in
the nanoslit,  respectively. k is the free-space wavevector.
For  each  TE  mode,  the  propagation  constant β can  be
obtained  from Eq.  (1).  Considering  the  backward  and
forward reflections  between the  input  and output  inter-
faces,  the  electromagnetic  field  distribution  in  the ith
nanoslit can  be  expressed  in  terms  of  expansion  coeffi-
cients as: 

Eix (y, z) =
[
Aiejβiz + Bie−jβiz

]
fi (y) , (2)

βi fi (y)where  is the propagation constant,  and  is the ei-
genmode  of  the  waveguide.  By  applying  the  plane-wave
expansions  (including  propagating  and  evanescent
waves)  at  both sides  of  the  superlens  and also matching
the  boundary  conditions  for  the  waveguide  modes  at
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Fig. 1 | (a)  The illustration of  the superlens formed by an array of  width-varied nanoslits  perforated in  a gold film on a glass substrate.  All  the

nanoslits have the same length l. The width of each nanoslit w is variable. (b) Schematic focusing of the superlens based on the principle of op-

tical interference under the normal illumination of a TE-polarized plane wave. d is the thickness of gold film and f is the focal distance.
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fi (y) = cos
(√

k2εd − β2
i y
)

both the entrance and exit  surfaces,  we can find a set of
linear  equations  and  expansion  coefficients  that  can  be
analytically calculated25,26.  In this work, the zeroth mode
TE0 is selected for the superlens design to realize the re-
quired subwavelength focusing.  Within  the  perfect  con-
ductor  approximation (i.e.  ignoring the skin depth),  the
electric field and its  Fourier spectrum for the TE0 mode

( )  in  the  working  dielectric

domain can be expressed as following: 

Ex (ky, z) =
1
2π

ej
√

k2εd−k2y(z−d)
N∑

i=−N
EiWi (ky),

Ex (y, z) =
1
2π
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i=−N
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−∞

ej
√

k2εd−k2y(z−d)Wi (ky) ejkyydky ,

(3)
Ei = Aiejβid + Bie−jβid

d
2N+ 1
Wi (ky)

where  is  the  modal  amplitude  of
the  electric  field  in  the ith nanoslit  at  the  output  inter-
face,  is  the  thickness  of  the  gold  film, ky is  the
wavevector  in y direction,  and  is the  total  num-
ber of nanoslits in the superlens.  is the diffraction
efficiency of a single nanoslit and can be calculated by 

Wi (ky) = e−jkyai

+wi/2w
−wi/2

e−jkyyfi (y) dy , (4)

ai wiwhere  and  are the central position and width of the
ith nanoslit, respectively. It can be seen from Eq. (3) that
the total electric field in the working dielectric domain is
the  sum  of  fields  produced  by  arrayed  nanoslits  and
weighted  by  the  modal  amplitudes.  By  tailoring  the
device parameters, such as the number of nanoslits,  and
their  width  and  spacing,  we  can  design  a  targeted  field
profile.

Now let  us  design  the  superlens  to  achieve  sub-
wavelength focusing.  According  to  the  theory  of  wave-
front  reconstruction  and  the  principle  of  equal  optical
path, the focus at a desired distance f from the superlens
can  be  realized,  provided  that  the  phase  delay  of  each
nanoslit matches the required phase difference (Δφ(y) –
Δφ(0)) as a function of the distance y from the center of
the lens, given by 

Δφ(y)− Δφ(0) = 2pπ+
2πndf
λ

−
2πnd

√
f2 + y2
λ

, (5)

where Δφ(y) is the phase delay of the nanoslit located at
the position y, λ is the incident wavelength, p is an arbit-
rary integer, and nd is the refractive index of the working
dielectric for the superlens. Therefore, the phase delay of
each nanoslit is the key to the superlens design.

As  pointed  out  in  the  previous  sections,  the  phase
delay of a nanoslit can be predicted by Re(β0)d, where β0

is the propagation constant for the TE0 mode and can be
calculated  by  the  following  equation  deduced  from Eq.
(1) by setting m = 0: 

w
2

√
εdk2 − β0

2 = arctan

√
β0

2 − εmk2√
εdk2 − β0

2
. (6)

It  can  be  seen  from Eq.  (6) that  for  a  specific  film
thickness d and operating wavelength, the phase delay of
a  nanoslit  can  be  modulated  by  the  nanoslit  width  and
the working dielectric. On the other hand, by setting the
propagation constant to zero, we can find out the cut-off
slit  width  for  a  TE  mode  at  a  given  wavelength,  below
which the  mode  cannot  propagate  but  decays  exponen-
tially  with  the  distance.  In  one  word,  the  width  of  a
nanoslit should be above the cut-off width for TE0 mode
but below that for the TE1 mode to ensure the existence
of  only  TE0 mode  in  each  nanoslit.  As  a  result,  the
nanoslit width w should meet the following condition: 

2arctan
√
−εm/εd

k√εd
< w <

π+ 2arctan
√
−εm/εd

k√εd
. (7)

Based on Eqs. (5) and (7), a superlens immersed in ce-
dar  oil  with  a  desired  focal  length  of f =  1.5  μm  can  be
designed with a 200 nm thick gold film at the wavelength
of 405 nm. At this wavelength, the permittivity values of
gold and cedar oil are −1.6745+5.7286i27 and 2.2952 (nd =
1.5150),  respectively.  For  a  half  part  of  the  metasurface
superlens beginning from y = 0,  the central  positions of
the  nanoslits  are  at:  0,  0.304,  0.910,  1.376,  1.746,  2.086,
2.408, 2.718, 3.02, 3.316, 3.606, 3.894, 4.180, 4.462, 4.744,
and 5.024 μm. The widths of the first three nanoslits are
190, 130, and 250 nm, respectively, and all the others are
190 nm. All the nanoslits are 15 μm long in the x direc-
tion. Accordingly,  the  numerical  aperture  of  the  super-
lens NA is 1.45.

To  understand  the  focusing  property  of  the  designed
superlens,  full-wave  electromagnetic  field  simulations
were performed using the finite-difference time-domain
(FDTD)  method.  Perfectly  matched  layers  as  absorbing
boundary conditions were employed around the compu-
tational domain. A TE-polarized plane wave was defined
by setting the  amplitude of  the  electric  field  component
Ex to be unit. The size for all the grids was uniformly set
to be 2 nm both in the transverse y direction and in the
longitudinal z direction. The  simulated  electric  field  in-
tensity  distribution of  the  superlens  is  illustrated  in Fig.
2(a), which  verifies  the  focusing  behavior  of  the  de-
signed  superlens  by  producing  a  bright  subwavelength
spot. The simulated focal length of the superlens is 1.484
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μm, which  is  close  to  the  designed  value  (1.5  μm).  Fur-
thermore,  according  to  the  intensity  distribution  at  the
focal plane of the superlens as illustrated in Fig. 2(b), the
full-width at  half-maximum (FWHM) of the focus is  98
nm,  namely, λ/4.13,  well  beyond the  diffraction limit  of
170 nm (calculated by 0.61λ/NA, namely, λ/2.38). There-
fore, a super-resolution focus with a focal length of 3.66λ
is  realized  by  the  superlens.  Moreover,  the  simulated
transmission  efficiency  of  the  superlens  is  about  40.2%
and the maximum intensity in the focal plane of the fo-
cus is 4.03 times larger than the incident intensity. In ad-
dition,  we  also  calculated  the  electric  field  distribution
profiles both in the working dielectric domain (Fig. 2(d))
and  at  the  focal  plane  (Fig. 2(e))  using  the  analytical
solutions given by Eq. (3). It can be seen that the results
agree well with the FDTD simulation results. For simpli-
city, here the modal amplitude on the exit surface of each
nanoslit is obtained by interpolating with the FDTD sim-
ulated electric field.

To explore  the  underlying  mechanism  of  the  pro-
posed superlens  working in  the  quasi-far  field,  we did a
special  Fourier  transformation  for  the  FDTD  simulated

electromagnetic waves along the y direction. The corres-
ponding  Fourier  spectrum of  electric  field  as  a  function
of  spatial  frequency ky (the  wavevector  in y direction)
and position z are given in Fig. 2(c). The blue and green
dashed lines mark the positions of the normalized cut-off
frequency  of  conventional  lenses NA/nd (≈  0.96)  and
working  dielectric k0 (k0 =  2πnd/λ),  respectively.  From
Fig. 2(c), we can see that some considerable high-spatial-
frequency components with ky > k0,  i.e.  beyond the cut-
off  spatial  frequency  of  working  dielectric,  locate  at  the
focal spot. And more components with ky > k0NA/nd are
generated at the exit plane of the superlens (at z=0 μm).
These  results  indicate  there  are  some  high-spatial-fre-
quency waves generated and amplified by the superlens.
Therefore, the superlens not only provides the compon-
ents with ky < k0NA/nd,  but also brings the high-spatial-
frequency  components  with ky > k0NA/nd,  which  are
normally  lost  in  the  foci  of  traditional  refractive  lenses,
thus leading  to  the  super-resolution  focusing  of  the  su-
perlens beyond the  diffraction  limit.  Moreover,  the  the-
oretically  calculated  angular  spectrum of  electric  field  is
given  in Fig. 2(f),  which  agrees  very  well  with  the
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numerical results.
After having explored the underlying physics, we per-

formed the  experimental  work  to  demonstrate  the  pro-
posed superlens.  Specifically,  the  superlens  was  fabric-
ated with  the  following  processes.  First,  the  glass  sub-
strate was cleaned using acetone in an ultrasonic bath for
10  minutes.  After  cleaning,  the  substrate  was  washed
with the de-ionized water and then dried. Then, a 200 nm
thick gold film as  a  function layer  was deposited on the
glass  substrate  using  electron  beam  evaporation  (pres-
sure <4×10−4 Pa; deposition rate: 2 Å/s (1Å=10−10 m)). Fi-
nally,  the  gold  film  was  nanopatterned  by  milling
through the film using focused ion beam (FIB) (accelera-
tion voltage: 30 kV; Ga+ ion beam current:  80 pA). The
resulting structure of the superlens was imaged by scan-
ning electron microscope (SEM), as shown in Fig. 3(a).

We characterized the focusing performance of the fab-
ricated  superlens  using  a  Nikon  inverted  microscope
(Nikon  Eclipse  Ti-U)  with  oil  immersed  objective
(Nikon CFI LU Plan APO EPI 100×, NA=0.9). In our op-
tical experiment, a 405 nm laser was used as the illumin-
ation source  and  expanded  to  achieve  a  uniformly  dis-
tributed  beam.  After  expansion,  the  uniform  beam  was
polarized parallel  to the nanoslits with a linear polarizer
(Thorlabs, LPVISE100-A)  to  achieve  a  TE-polarized  in-
cidence and then irradiated upon the superlens, and the
incident  beam  could  be  considered  locally  as  a  plane
wave  since  the  illumination  spot  was  much  larger  than
the size of the superlens structure. A Nikon inverted mi-
croscope was  employed to  find the  exit  plane of  the  su-
perlens and collect the transmitted light.  Then, the light
emitted  from  the  superlens  was  recorded  using  a  high-
resolution CCD camera (Olympus, 2560×1280, the mesh
size in the image processing software is 30 nm) driven by

a piezo-electrical stage with an axial moving resolution of
10 nm (Physik Instrument, E-816). After fine tuning 400
steps, the  intensity  distribution  of  the  “focused ”  super-
lens was measured, as shown in Fig. 3(b). It is worth not-
ing that we should ensure the light source to be perpen-
dicular to the device in the experiment, since the error in
perpendicularity  has  a  great  influence  on  the  focusing
behavior of the superlens.

As  can  be  seen  from Fig. 3(b),  the  experimentally
measured  focal  length  of  the  superlens  is  1.49  μm
(3.68λ),  which  is  very  close  to  the  designed  value  of
1.5 μm. Furthermore, according to the intensity distribu-
tion  at  the  focal  plane  of  the  superlens  as  illustrated  in
Fig. 3(c), the experimentally measured FWHM of the su-
perlens  also  agrees  very  well  with  the  simulated  result.
The FWHMs are all 98 nm, namely λ/4.13, which is bey-
ond the  diffraction limit  of λ/2.38.  Therefore,  quasi-far-
field super-resolution  focusing  based  on  the  TE  super-
lens is experimentally verified. It is noted that the super-
lens  we  developed  demonstrates  great  advantages  over
the transverse-magnetic (TM) lens which can also oper-
ate in the far-field zone9. On the one hand, due to the dif-
ference  between  plasmonic  waveguide  modes  and  TE
guided modes in generating phase delay, the width of the
narrowest  nanoslit  for  our  superlens  is  130  nm  and  the
corresponding  depth-to-width  ratio  is  less  than  2.  In
contrast, the narrowest nanoslit width for the TM lens is
80  nm  with  the  depth-to-width  ratio  of  5:1.  Therefore,
our superlens  is  more  favorable  for  the  practical  nan-
ofabrication. On the other hand, the TE superlens we de-
veloped  can  realize  super-resolution  focusing  of  light  at
the  quasi-far-field  zone  by  invoking  high-spatial-fre-
quency components,  which cannot be achieved with the
TM  lens  because  the  high-spatial-frequency  surface
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waves  like  SPPs  are  localized  in  the  near-field  zone  and
decay rapidly from the surface.

In conclusion,  we  have  designed  a  quasi-far-field  su-
per-resolution focusing superlens consisting of nanoslits
milled in a gold film via the excitation of TE waveguide
modes  working  at  a  visible  wavelength  region.  Mean-
while,  the experimental measurements on the fabricated
superlens show excellent agreements with the numerical
simulations, being consistent with our theoretical predic-
tions.  More  importantly,  our  superlens  can  not  only
provide  low-spatial-frequency  components,  but  also
bring high-spatial-frequency  components  that  are  nor-
mally lost in the foci of traditional refractive lenses. The
latter is the key to overcome the diffraction limit for the
super-resolution  focusing  using  our  superlens.  Further-
more, the  proposed  method  can  be  promoted  to  con-
struct  focusing  devices  beyond  the  diffraction  limit  at
other wavelengths.  Our  first  experimental  demonstra-
tion is a crucial step in the realization of this super-resol-
ution focusing  technology  for  many  potential  applica-
tions in optoelectronics and biomedical imaging.
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