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lateral resolution[1–3] and in presbyopia 
treatment.[4,5] The reported approaches 
to realizing lenses with an extended focal 
depth, i.e., forward logarithmic axicons 
(FLAs), axilenses (AXLs), and light sword 
optical elements (LSOEs), are mainly based 
on radial modulation (RM) and angular 
modulation (AM).[6] However, the phase 
profiles for both RM- and AM-based lenses 
should continuously vary from 0 to 2π, 
indicating that the curvature surface of 
the designed element must smoothly vary 
to yield the desired phase, resulting in 
extreme difficulty in fabrication. Optical 
metasurfaces,[7–35] the 2D counterparts of 
metamaterials, have opened up new ave-
nues in manipulating the phase, amplitude, 
and polarization of light at subwavelength 
resolution. Benefiting from the unprec-
edented ability to manipulate the electro-
magnetic wavefront and ease of fabrication, 

a plethora of metalenses, such as dual-polarity plasmonic met-
alenses,[36] multifoci lenses,[37] multifunctional metalenses,[38] 
broadband achromatic metalenses,[39–41] and metalens arrays,[42] 
with novel functions that are challenging to achieve by using 
traditional lenses have been proposed and realized. In addition 
to the traditional metalens with a limited focal depth, the light 
sword metasurface lens[43] with an extended focal depth has 
been demonstrated. Although this approach tackles the technical 
challenge of fabrication of LSOEs, two intractable issues have 
to be urgently settled: (i) Metalenses have shown simultaneous 
extended focal depth and polarization-insensitive functionality. 
(ii) Imaging with high tolerance in the longitudinal direction 
has not yet been demonstrated. Although polarization-inde-
pendent metalenses (with a limited focal range) have been dem-
onstrated,[44–46] they are limited to high structural complexity or 
lose a degree of freedom in the design space. Here, we propose 
an approach to realize a polarization-insensitive metalens with 
an extended focal depth using anisotropic dielectric micropillars 
(geometric metasurfaces). Unlike polarization-dependent LSOEs 
with AM,[43] a polarization-insensitive terahertz (THz) AXL with 
RM is demonstrated in this paper. Under the illumination of 
arbitrarily polarized THz waves, this metalens shows a focal 
depth of ≈23λ along the propagation direction. Longitudinal 
high-tolerance imaging is experimentally demonstrated based on 
such a THz AXL. The polarization-insensitive metalens with a 
long focal depth may be of interest for a variety of practical appli-
cations, such as imaging, lithography, and detection.

Lenses with an extended focal depth have crucial applications in high-
precision optical alignment systems and optical disk readout systems. 
However, further development of lenses with an extended focal depth under 
radial and angular modulation is limited because of fabrication difficulties. 
Metasurfaces, 2D metamaterials, have shown unprecedented capabilities in 
the manipulation of the intensity, phase, and polarization of electromagnetic 
waves. Here, based on geometric metasurfaces, an approach for realizing 
a terahertz metalens is proposed and experimentally demonstrated with 
simultaneous extended focal depth and polarization insensitivity. Under the 
illumination of arbitrarily polarized light, this metalens shows a focal depth of 
≈23 λ along the propagation direction, resulting in an ultralong longitudinal 
working distance. As a proof-of-concept, longitudinal high-tolerance imaging 
based on the metalens is demonstrated. The unique approach for designing 
polarization-insensitive metalenses with an extended focal depth may find 
applications in imaging, lithography, and information processing.
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1. Introduction

Traditional lenses are at a significant disadvantage in 3D scene 
imaging and 3D object imaging. Recently, lenses with an 
extended focal depth have attracted considerable attention owing 
to their practical applications in imaging with high axial and 
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2. Design and Methods

Figure  1 shows a schematic of a polarization-insensitive 
dielectric metalens (AXL) with an extended focal depth. 
When illuminated by arbitrarily polarized light beams, one 
focal spot with an extended focal depth is always observed 
after the metalens. Unlike with the traditional polarization-
dependent metalens, incident light with an arbitrary polari-
zation is consistently focused to a focal point, leading to a 
polarization-insensitive metalens. The key to realizing such 
a polarization-insensitive metalens is that a single metas-
urface can simultaneously focus both left-hand circularly 
polarized (LCP) and right-hand circularly polarized (RCP) 
light beams. An arbitrarily polarized light beam can be con-
sidered as a superposition of both LCP and RCP components 
with different amplitudes and a phase difference. Therefore, 
an arbitrarily polarized light beam can be focused to a focal 
point.

The phase profile of the AXL is defined by the following 
relation[47–49]
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where r is the radial coordinate, and k = 2π/λ is the free-space 
wave vector. λ is the wavelength of the incident light. f and Δf 
represent the focal length and the focal range of the metalens, 
respectively. R is the radius of the AXL. Equation  (1) shows 
the radially symmetric phase modulation. Each infinitesimal 
ring section, i.e., 2πrdr, contributes to the focal length/region 
of f  +  Δf · r2/R2. According to Equation  (1), the focal spot is 
stretched from f to f + Δf. If Δf = 0, then this equation reduces 
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For a geometric metasurface, the phase profile of Equa-

tion  (1) can be realized for helicity-dependent light incidence, 
i.e., focusing LCP light and defocusing the opposite helicity. 

Under the illumination of LCP light, the transmitted focal light 
field can be written as a Jones vector
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where η(λ) is the conversion efficiency.
To break the helicity-dependent limitation, an additional 
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 is introduced to 

focus the light with opposite helicity. An arbitrarily polarized 
light beam can be decomposed into a superposition of LCP and 
RCP components with different amplitudes and a phase differ-
ence. The Jones vector is as follows
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where A and B are the scale  coefficients of amplitude, with 
|A|2 +  |B|2 = 1. α is the phase difference between the LCP and 
RCP components, and it can be merged into coefficient B 
(since αis not related to the geometric phases ϕ(r)and ϕ(r)′), 

with the formula E A
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the illumination of an arbitrarily polarized light beam, the cor-
responding Jones vector of the transmitted light field can be 
described as
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Both the LCP and RCP components are associated with the 
two parameters exp (iϕ(r)) and exp (−iϕ(r)), and the total phase 
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Figure 1.  Schematic of the polarization-insensitive metalens with an extended focal depth. Under the illumination of arbitrarily polarized THz waves, 
a focal spot with the main electric field distributed from f to f + Δf is observed. Each infinitesimal ring section of 2πrdr contributes to the focal length/
region of f + Δf · r2/R2.
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profile for the metalens with an extended focal depth (see the 
schematic of Figure 1) can be described as

ϕ ϕ{ }[ ] [ ]Φ = + −( ) arg exp ( ) exp ( )r i r i r
	

(5)

Here, ϕ(r)is one phase profile for focusing LCP incident THz 
waves, and − ϕ(r)is the other phase profile for focusing RCP inci-
dent THz waves (vice versa). When LCP (RCP) THz waves pass 
through a micropillar, the transmitted electric field of converted 

(RCP (LCP)) THz waves can be described as ⋅ ±






α±exp 12A
i

. A  

represents the complex transmission coefficient, and α is the 
counterclockwise rotation angle of the pillar with respect to the 
x-axis. For 0 , 90α ≠ ° °, the converted THz waves (both LCP and 
RCP THz waves) will experience different phase profiles (±2α), 
leading to a polarization-sensitive phase profile (or polarization-
dependent metalens). When α  = 0° or α  = 90°, the values of 
exp2α and exp−2α become equal, meaning that both LCP and 
RCP incident THz waves will experience the same phase pro-
file. An arbitrarily polarized THz beam can be decomposed 
into a superposition of LCP and RCP components, and thus, 
the arbitrarily polarized THz beam will experience the same 
phase profile for α = 0° or α = 90°, resulting in a polarization-
insensitive metalens. In addition, Equation  (5) consists of the 

phase profile of a convex lens and a concave lens (resulting in a 
diverging beam). Under the illumination of LCP (or RCP) THz 
waves, no more than half (50%) of the transmitted waves will 
be converted to RCP (or LCP) light (for focusing). Therefore, 
the theoretical limit of the focusing efficiency for the designed 
metalens cannot exceed 50%.

To realize a polarization-insensitive metalens with an 
extended focal depth, a dielectric metasurface consisting 
of anisotropic silicon micropillars is designed, as shown in 
Figure  2a. The design parameters of each micropillar are 
L = 85 µm, W = 40 µm, and H = 500 µm. The unit cell period 
is p = 110 µm along both the x- and y-axes. The design of the 
silicon pillars is shown in Ref. [50], and the polarization con-
version efficiency of the unit cell is given in Section S1 in the  
Supporting Information. The standard photolithography 
technology and DRIE (Bosch) process are applied to fabricate 
the metalens. Figure  2b shows optical images of the sample 
used to generate a polarization-insensitive focal point with 
an extended focal depth. We experimentally demonstrate the 
characteristics of the metalens and longitudinal high-tolerance 
imaging using near-field scanning terahertz microscopy 
(NSTM), as shown in Figure 2c. The THz tip is utilized to cor-
rect the field distribution. The detailed measurement method 
is given in the Experimental Section.

Adv. Optical Mater. 2019, 1901342

Figure 2.  Design and fabrication of the metasurface and schematic of the experimental setup. a) Illustration of the metasurface with micropillars 
deposited on a silicon substrate. b) Optical image of the fabricated metalens for generating a focal spot with an extended focal depth. The scale bar is 
200 µm. c) Schematic of the experimental setup.
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3. Results and Discussions

Figure  3 shows numerical simulations and experimental 
demonstrations of the polarization-insensitive metalens with 
an extended focal depth. Here, the THz metalens consists of 
100 × 100 micropillars with different rotation orientations to 
yield the desired phase (see the phase profile in Equation (5)).  
The focusing parameters are designed as: f  = 10 mm and 
Δf  = 10 mm, which means that a focal spot with the main 
power is focused in the region between 10 and 20  mm from 
the sample. The working frequency is selected as 0.69 THz. 
The finite difference time domain method is utilized to calcu-
late the field distribution of the designed metalens under the 
illumination of arbitrarily polarized THz waves. Figure  3a1 
illustrates the electric field distribution after LCP THz waves 
pass through such a metalens at normal incidence. A focal 
spot with the main field distribution ranging from 10 to 
20 mm is clearly observed, which agrees well with the designed 

focal length. The center (maximum  value) of the focal spot is 
located at z = 13.9 mm (see the white line in the left column 
of Figure 3). In Figure 3b1–e1, we show the cases of illumina-
tion under LECP (left-hand elliptically polarized), LP (linearly-
polarized), RECP (right-hand elliptically polarized), and RCP 
THz waves. All of the calculated electric field distributions 
demonstrate that one focal spot with an extended focal depth 
is always observed after the metalens under the illumination 
of arbitrarily polarized THz waves. Figure  3a2–e2 shows the 
corresponding experimental results. All of the foci are mainly 
distributed from 10 to 19.6  mm, showing good consistency 
with the theoretical design. The center of the focal spots in the 
experiment is located at z = 15.5 mm (see the white line in the 
right column of Figure 3), which deviates from the calculations, 
with a relative displacement of 1.6 mm. The field distributions 
for both the calculated and experimental results match each 
other well except for a slight discrepancy, i.e., different center 
positions and focal depths, which may be caused by fabrication 
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Figure 3.  Electric field distributions for the metalens with an extended focal depth. a1–e1) Simulated electric field distributions for the transmitted THz 
waves in the x–z plane under the illumination of THz waves with the polarization switched from LCP to RCP. a2–e2) Corresponding experimental results.
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errors and the measurement accuracy. The focusing efficiency 
(under the illumination of arbitrarily polarized THz waves) in 
the simulation is approximately 35%, while it is 23.8%, 25.4%, 
26.1%, 24.9%, and 25.1% (in the experiments) for the LCP, 
LECP, LP, RECP, and RCP THz waves. The electric field dis-
tributions of the focal spot in the y–z plane are investigated 
and supplied in Section S2 in the Supporting Information. The 
measurement method for the focusing efficiency is given in 
Section S3 in the Supporting Information.

To analyze the polarization-insensitive characteristic of the 
metalens, the field/intensity distribution at the center of each 
focal spot is shown in Figure  4. The calculated electric field 
distributions in the x–y plane (at z  = 13.9  mm) are shown in 
Figure  4a1–e1. For the illumination of THz waves with the 
polarization switching from LCP to RCP, the field distribu-
tions (z = 13.9 mm) of the focal spots are nearly identical. The 
experimental measurements for the metalens at z = 15.5 mm 
are shown in Figure  4a2–e2, where the corresponding field  
distributions are also nearly the same. The normalized inten-
sity along y = 0 is illustrated in Figure 4a3–e3. The normalized 
intensities at z  = 13.9  mm (red lines for simulations) (or 
z = 15.5 mm (blue lines for measurements)) exhibit almost no 
change under polarization switching, demonstrating polariza-
tion insensitivity. The field/intensity distributions at z = 12 mm 
and z = 18.5 mm are experimentally demonstrated in Section S4  
in the Supporting Information.

To further characterize the metalens with a mathematical 
transformation (Δf  = 10 mm), high-tolerance imaging in the 
longitudinal direction is demonstrated based on the designed 
AXL. As a comparison, the metalens without a mathematical 
transformation (Δf  = 10 mm) is fabricated, and the meas-
ured field distribution under the illumination of LP THz 
waves is shown in Figure 5a. The focal spot is mainly distrib-
uted from 8.3 to 12.4 mm (with a focal depth of 4.1 mm). An 
arrow-shaped sample consisting of metal slits is designed for 
imaging, as shown in Figure 5c,d. The numerical simulations 
of the transmission characteristics for the metal slits are sup-
plied in Section S3 in the Supporting Information. Under the 
illumination of y-polarized THz waves, an arrow is revealed, 
whereas nothing can be observed for the x-polarized THz wave  
(see Figure S4c,d and Section S5 in the Supporting Information).  
In the experiment, the arrow-shaped sample is located at three 
different positions (see the white dotted lines in Figure  5a,b) 
of the focal spot for imaging. The distance between two neigh-
boring white dotted lines (see Figure  5a,b) is d  = 4  mm. For 
imaging, the positions of the metalens and THz tip are fixed, 
and the arrow-shaped sample is scanned in the x–y plane to 
reveal the desired imaging. Figure  5e1–e3 shows the imaging 
results obtained using the traditional lens (see Figure 5a) when 
the arrow-shaped sample is placed at z  = 6  mm, z  = 10  mm, 
and z = 14 mm. The arrow is observed at z = 10 mm, while it 
cannot be revealed at z = 6 mm, and z = 14 mm. However, for 
the AXL, the arrow is observed at z = 11 mm, z = 15 mm, and 
z = 19 mm, as shown in Figure 5f1–f3, demonstrating high-toler-
ance imaging in the longitudinal direction. In other words, the 
focal depth of the metalens with Δf = 10 mm is indeed longer 
than that in the case of Δf = 0. The imaging based on the AXL 
under the illumination of LCP, LECP, RECP, and RCP THz 
waves is shown in Section S6 in the Supporting Information. 

A comparison between the metalens with an extended focal 
depth and the traditional metalens with the same effective focal 
length is given in Section S7 in the Supporting Information.

The approach to designing polarization-insensitive geo-
metric metasurfaces using anisotropic metal/dielectric pillars 
is highly desirable and can enable the realization of efficient 
functional (polarization-insensitive) metalenses with additional 
degrees of freedom, i.e., by rotating the pillars to generate the 
Pancharatnam–Berry phase, to control the wavefront of electro-
magnetic waves. Although the traditional symmetric cylindrical 
or square-shaped pillars overcome the challenge of polarization 
sensitivity, they lose a degree of freedom in the design space due 
to the symmetry of the structures, resulting in the metasurfaces 
suffering from geometric complexity. In this work, we demon-
strated a unique approach to realizing a polarization-insensitive 
metalens (using anisotropic dielectric micropillars) with a focal 
depth of ≈23λ along the propagation direction under the illumi-
nation of arbitrarily polarized THz waves, leading to a polariza-
tion-insensitive metalens with an extended focal depth. Such a 
focal spot (with an extended focal depth) enables applications in 
longitudinal high-tolerance imaging in the THz region, which 
has not yet been demonstrated. The polarization-insensitive 
metalens with an extended focal depth has unusual functions, 
i.e., an ultralong focusing region and imaging with high toler-
ance in the longitudinal direction, which are unique and very 
difficult to achieve with conventional lenses.

4. Conclusion

In summary, we have proposed an approach to designing a 
polarization-insensitive metalens with an extended focal depth 
using anisotropic dielectric micropillars. A focal spot with an 
ultralong focusing distance ranging from 10 to 19.6  mm is 
experimentally demonstrated under the illumination of arbi-
trarily polarized THz waves. Benefiting from the metalens with 
an extended focal depth, THz high-tolerance imaging in the 
longitudinal direction is realized. Our unique approach to focal 
depth manipulation and high-tolerance long-range imaging 
may find a variety of applications in imaging, lithography and 
information processing.

5. Experimental Section
Sample Fabrication: Standard photolithography, the DRIE (Bosch) 

process and magnetron sputtering coating were utilized to fabricate 
the metalens and arrow-shaped imaging sample. For the metalens, an 
AZP4620 image reversal photoresist layer with a thickness of 7–8  µm 
was spin-coated onto a high resistivity silicon wafer. The micropillars 
were patterned by standard photolithography. Then, the metalens was 
fabricated based on DRIE etching for a proper time. For the arrow-
shaped imaging sample, the arrow pattern coated on a PI (polyimide) 
film (substrate) was also formed based on traditional photolithography. 
In addition to DRIE etching, magnetron sputtering coating and 
ultrasonic stripping were also used to fabricate gold arrays (arrow-
shaped sample) in the metal coating.

Experimental Setup: The NSTM system shown in Figure  2c was 
built to characterize the performance of the metalens and imaging. A 
femtosecond laser pulse with a central wavelength of 780 nm was split 
into two parts: one of the beams was focused onto the THz antenna 
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Figure 4.  Electric field distributions for the metalens with an extended focal depth. a1–e1) Simulated y- and x-polarized electric field distributions for the 
transmitted THz waves in the x–y plane under the illumination of THz waves with the polarization switched from LCP to RCP. a2–e2) Corresponding 
experimental results. a3–e3) Normalized intensity at y = 0 with red lines for simulations and blue lines for measurements.
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to generate the THz radiation, while the other beam was coupled into 
a single-mode fiber (with a length of 10 cm) and guided onto the THz 
tip to induce photon-generated carriers for detection. The THz waves 
impinged on the metalens/imaging sample, and the THz tip mounted 
on a 3D translation stage was located behind the sample to record 
the electric field. The electric field distributions of the focal spot and 
imaging were revealed by scanning/shifting the THz tip or imaging 
sample, respectively. In the experiment, the electric field was detected 
at a 100 µm step in both the x-direction and y-direction and at a 200 µm 
step along the z-direction.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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