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Terahertz (THz) lenses have numerous applications in imaging and communication systems. Currently, the common THz
lenses are still based on the traditional design of a circular convex lens. In this work, we present a method for the design
of a 3D-printed multilevel THz lens, taking advantage of the benefits offered by 3D printing technology, including compact
size, lightweight construction, and cost-effectiveness. The approach utilizes an inverse design methodology, employing
optimization methods to promise accurate performance. To reduce simulation time, we employ the finite-difference
time-domain method in cylindrical coordinates for near-field computation and couple it with the Rayleigh–Sommerfeld
diffraction theory to address far-field calculations. This technology holds great potential for various applications in the
field of THz imaging, sensing, and communications, offering a novel approach to the design and development of functional
devices operating in the THz frequency range.
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1. Introduction

Terahertz (THz) waves, which possess a frequency range span-
ning from 0.1 to 10 THz, will be used for information transmis-
sion in future communication technologies[1,2]. Moreover,
owing to their distinctive electromagnetic characteristics, these
materials have also been extensively employed in spectral detec-
tion and nondestructive testing[3,4]. In the last 20 years, signifi-
cant attention has been directed into the development of
functional devices operating in the THz frequency range, with
the aim of generating and manipulating THz waves[5]. Several
methods have been proven for the generation of THz pulses,
such as photoconductive antennas[6], nonlinear crystals[7], air
plasma[8], epsilon-near-zero (ENZ) materials[9], and spintronics
films[10,11]. On the other hand, the manipulation of THz waves
has been achieved by the utilization of artificial electromagnetic
structures such as metamaterials[12–14] and metasurfaces[15–18],
which have been adapted from different frequency bands.
Metalenses[19–21], metagratings[22], and coding metasurfaces[23]

have been established with the purpose of exerting precise con-
trol over THz waves by manipulation techniques.
However, the commonly adopted THz lenses in current im-

aging and communication systems are still founded on the

conventional design of a convex circular lens. Although metal
and dielectric metalenses have been extensively utilized as
high-gain transmitting antennas in the microwave and high-
performance practicable systems in the optical bands[24–27],
respectively, there are a few obvious obstacles at THz band.
In the microwave band, ohm loss in metal metasurfaces is typ-
ically negligible. However, in the THz range, it cannot be ignored
and influences performance. In the meantime, THz dielectric
metalenses are typically silicon-based and necessitate 100-μm-
thick deep silicon etching[28], a manufacturing challenge.
Furthermore, the size of THz devices is typically around
10 mm, which is only approximately 10 times the wavelength.
This means that the accuracy of performance prediction based
solely on geometric optics design is also limited.
Recently, multilevel diffractive lenses, which can be treated as

a kind of diffractive optical element (DOE), have been proven to
have the same performance as metalenses[29,30]. To achieve high
performance, however, multiple phase levels and multiple depth
levels are required, which significantly increases fabrication
complexity and presents considerable obstacles if multiple pat-
tern lithography is utilized.
Here, we propose an inverse design method to build a THz

multilevel diffractive lens via three-dimensional (3D) printing
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to overcome this complexity. 3D printing, also known as addi-
tivemanufacturing, has been extensively developed over the past
decade due to its great potential for producing more customized
devices[31–33]. It refers to the process of creating 3D objects layer
by layer from a computer-aided design (CAD) model, which is
ideal for constructing multilevel diffractive lenses. It permits the
precise fabrication of the numerous required layers, thereby
allowing for greater flexibility in processing the height of the dif-
fractive structure. By integrating vectorial electromagnetic sim-
ulation in a cylindrical coordinate system with particle swarm
optimization (PSO) or differential evolution (DE), the printed
structures can be optimized layer by layer. As shown in Fig. 1,
compared with conventional Teflon lenses, the 3D-printed lens
is lighter and smaller. In addition, the optical performance can
be accurately predicted due to rigorous electromagnetic wave
calculations.

2. Methodology

The flow of design and optimization is depicted in Fig. 2(a).
Initial model input parameters (height profile) are derived from
the theoretical calculations for the conventional Fresnel lens. For
a lens intended for focusing, the phase profile should be
arranged according to the equation,

ϕML�x, y� =
2π
λ0

�
f −

��������������������������
x2 � y2 � f 2

q �
, (1)

where λ0 is the design wavelength, x and y are the coordinates of
each pixel, and f is the focal length. As for a multilevel lens, the
height level should adhere to the equation,

hML�r� =
λ0

2π�n − 1�ϕML�r�, (2)

where r =
����������������
x2 � y2

p
, and n is the refractive index of the lens at

the wavelength λ0.
A material of polylactic acid (PLA) was used for the 3D

printed lens. Between 0.11 and 0.17 THz, PLA has a refractive

index of approximately 1.57. The 3D printer (RAISE3D N2)
has a resolution of 0.2 mm, so the height printing accuracy of
the lenses is noted to be 0.2 mm. The accuracy of the x–y plane
of the lenses was set to 1 mm. Consequently, the height profile
is computed using Eqs. (1) and (2), slicing at this level of
precision.
A finite-difference time-domain (FDTD) simulation is then

used to examine the electric near-field distribution of the lens
when THz waves pass through it. In order to reduce simulation
time, a cylindrical FDTD method[34] is introduced to simulate
the lens due to its perfect central symmetry. Then, the far-field
distribution is calculated using the Rayleigh–Sommerfeld dif-
fraction theory, with inputs from the near field.
The Rayleigh–Sommerfeld diffraction theory can be used in

an isotropic, homogeneous linear medium for light propagation
and diffraction[35,36].With near-field data calculated by cylindri-
cal FDTD, the far-field data could be solved along the direction
of light propagation. We use the angular spectrum method to

Fig. 1. Lenses used in a THz communication system. (a) Conventional THz lens
made by Teflon; (b) 3D printed THz multilevel lens.
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Fig. 2. Design, optimization, fabrication, and characterization process of 3D-
printed THz multilevel diffractive lens. (a) Optimization flow; (b) multilevel lens
profile designed using theoretical calculation; (c) 3D printer (RAISE3D N2)
was used in the fabrication. (d) The multilevel diffractive lens is fabricated
using 3D printing technology. (e) Configuration for focusing characterization
experiments. PSO, particle swarm optimization; DE, differential evolution; GD,
gradient descent.
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calculate the Rayleigh–Sommerfeld integral. The propagation of
the light can be solved like

A�α, β, z� = A�α, β; 0�G�α, β, z�, (3)

where A�α, β, z� is the fast Fourier transformation (FFT) of the
light field at a distance z along the propagation direction, and

G�α, β, z� = ej
���������������
k2−α2−β2

p
z is the optical transfer function of the

linear homogeneous isotropic medium. Using the cylindrical
FDTD and Rayleigh–Sommerfeld diffraction theory, the simu-
lation time for light propagation through a lens is reduced to a
few seconds.
If the obtained performance satisfies the desired specifications

for a multilevel lens, the design is deemed acceptable and can
proceed to the fabrication stage using the 3D printer
(RAISE3D N2) depicted in Fig. 2(c). However, if the perfor-
mance does not satisfy the desired criteria, the design is opti-
mized to achieve a satisfactory outcome. Multiple methods,
such as DE, PSO, and gradient descent (GD), are used to opti-
mize multilevel lenses. In different instances, the penalty func-
tion of optimization may assume various forms. For the case of a
simple focusing lens at 0.14 THz, the penalty function is illus-
trated as follows:

F�HML� = 1 −
E2�0, f �P

radius
r=−radius E

2�r, f � −
P

radius
r=−radius E

2�r, f �P2f
z=0

P
radius
r=−radius E

2�r, z�
,

(4)

where HML is a height array that indicates the height arrange-
ment, E2�r, z� is the electric intensity distribution in the cylin-
drical coordinate, and f is the focal length aimed for.
In order to evaluate the performance of the fabricated lenses, a

single-frequency radiation source operating at 0.14 THz (utiliz-
ing IMPATT diodes) was employed to illuminate the sample.
The radiation was collimated using an HDPE lens, and the
resulting field distribution after passing through the sample
was measured using a Schottky detector. The Schottky detector
was mounted on a 3D translation stage with a step size of
0.5 mm, as illustrated in Fig. 2(e).

3. Results

To showcase the design methodology, three different types of
THz multilevel diffractive lenses have been designed and fabri-
cated. A lens with a focal length of 100 mm and a frequency of

Fig. 3. Simulation and experiment results of THz lenses. (a), (b) Structures of the 6-level lens and 21-level lens, respectively; (c), (d) simulation results of the 6-level
lens and 21-level lens, respectively; (e), (f) experiment results of the 6-level lens and 21-level lens, respectively; (g) BER tested through the THz communication
system, comparing the performance of Teflon and two different multilevel 3D printed PLA lens; (h) picture of the THz communication system used;
(i), (j) eye contour of the THz communication system using Teflon and 21-level 3D printed PLA lens, respectively.
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0.14 THz was designed to supplant the conventional lens in a
communication system. Additionally, a 0.89 numerical aperture
(NA) chromatic multilevel lens was designed for 0.14 THz. In
addition, a multilevel achromatic lens in the WR-6.5 band
(0.11–0.17 THz) was created.

3.1. Lens applied in THz communication system

As previously mentioned, 3D-printed THz multilevel diffractive
lenses offer various advantages. Consequently, this section aims
to demonstrate their potential to replace conventional lenses in
THz communication systems. Figures 3(a) and 3(b) are the
height level arrangements of the lens designed using Eq. (2)
based on the 6-level phase and the optimized method with a
21-level phase, respectively. In Figs. 3(c) and 3(d), the simulated
electric field distribution of two lenses at the focal length plane
(x–y section) and r–z section was depicted. The optimized
version features a higher electric field. Figures 3(e) and 3(f)
depict the experimental outcomes, which correspond well to
the simulation. To comprehensively assess the performance of
the optimized lens, it is integrated into a self-built THz commu-
nication system for testing, replacing the traditional Teflon lens
commonly used in such systems. The eye diagrams depicted in
Figs. 3(i) and 3(j) demonstrate that the optimized lenses exhibit
similar performance. Additionally, the bit error ratio (BER),
illustrated in Fig. 3(g), is virtually identical and approaches zero
for both types of lenses, while that of the 6-level phase lenses
reaches above 10−5. This indicates that the optimized lenses
achieve comparable and error-free communication capabilities.

3.2. High NA lenses

In the area of imaging applications, the significance of high NA
lenses cannot be overstated, as they enable the capture of more
intricate and higher-resolution information. The objective of
this section is to provide evidence that 3D-printed THz multi-
level diffractive lenses can achieve a high NA, making themwell-
suited for integration into advanced THz imaging systems. To
this end, a high NA lens operating at a frequency of 0.14 THz
was designed and fabricated using 3D printing technology.
With a diameter of 40mm and a focal length of 10mm, the lens’s
optimization function utilized in this study aligns with the one
described in the methodology section, achieving an NA of
approximately 0.9. Figure 4(a) depicts the designed height pro-
file and the fabricated sample of the lens. The simulation results
in Fig. 4(b) display the electric field distribution at the focal
length plane (x–y section) and r–z section, affirming the lens’s
exceptional focusing performance. The experimental outcomes
of the lens can be observed in Fig. 4(c), which illustrates the elec-
tric field distribution at three different planes: z = 9, 10, and
11 mm. Conversely, when utilizing the lens, the peak energy
intensity increased to 0.016 at the z = 9mm plane and further
rose to 0.028 and 0.027 at the z = 10 and 11 mm planes, respec-
tively. Figures 4(d) and 4(e) showcase the profiles of the focal
spots, providing visual evidence that the focal length of the fab-
ricated sample aligns with the optimized design.

3.3. Achromatic lenses

In the current THz system, conventional convex lenses typically
suffer from chromatic aberration. For instance, conducting a
frequency mapping multiplexing experiment without an achro-
matic lens is challenging[37]. However, in this section, we present
theoretical evidence that 3D printed multilevel diffractive lenses
have the potential to be achromatic. The penalty function is

F�HML� =
X0.17 THz

freq=0.11 THz

�f freq − f �2, (5)

where freq is the frequency simulated, f freq is the focal length
under the specified frequency, and f is the focal length aimed
for. The achromatic lens was optimized based on the high
NA chromatic lens, with a diameter of 40 mm and a focal length
of around 10 mm, ranging from 0.11 to 0.17 THz. As the sim-
ulation results show in Figs. 5(a) and 5(b), Fig. 5(a) displays the
performance of high NA chromatic lens at 0.11 to 0.17 THz;
meanwhile, Fig. 5(b) shows the high NA achromatic lens.
The structure of the achromatic lens is illustrated in Fig. 5(c),

and the chromatic lens is the same as the lens in Fig. 4(b).
Figure 5(d) shows the focal length of the chromatic lens shifting
for different frequencies. The electric field distribution along the
z coordinate of the achromatic lens ranging from 0.11 to

Fig. 4. Simulation and experiment results of high NA THz lens. (a) Structure of
high NA THz multilevel lens; (b) power distribution of the lens on the x–y plane
and r–z plane; (c) experiment results of multilevel lens received around focal
length; (d), (e) illustration of simulation and experiment results along the
r coordinate and z coordinate, respectively.
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0.17 THz is also illustrated in Fig. 5(e), which shows a perfect
achromatic focusing performance around the focal length
of 10 mm.

4. Conclusion

The multilevel THz lens, fabricated using 3D printing technol-
ogy, offers several notable advantages over conventional lenses.
First, its thin structure allows for a compact and lightweight
design, enabling efficient integration into THz imaging systems.
Second, the fabrication process is relatively simple, using a
common 3D printer, which makes production cost-effective
and easily scalable. Additionally, the design process is quick and
easy, saving valuable time in lens development. Furthermore,
these lenses exhibit satisfactory performance, meeting the
desired requirements and effectively fulfilling their intended
functionality. Overall, the combination of these advantages
makes 3D-printed multilevel THz lenses an appealing choice
in terms of performance and cost-effectiveness. It is important
to note that the method currently applies to the WR-6.5 band
using fused deposition modeling with PLA. However, there is

potential for scaling down the technology to operate in the opti-
cal band by utilizing two-photon polymerization technology.

Acknowledgement

This work was supported by the National Key Research and
Development Program of China (No. 2022YFA1604402) and
the National Natural Science Foundation of China (NSFC)
(Nos. 62375011, 62005140, 92250307, 61831012, and 62175118).

References
1. I. F. Akyildiz, J. M. Jornet, and C. Han, “Terahertz band: next frontier for

wireless communications,” Phys. Commun. 12, 16 (2014).
2. K. Nallappan, H. Guerboukha, C. Nerguizian, and M. Skorobogatiy, “Live

streaming of uncompressed HD and 4K videos using terahertz wireless
links,” IEEE Access 6, 58030 (2018).

3. M. Kato, S. R. Tripathi, K. Murate, K. Imayama, and K. Kawase, “Non-
destructive drug inspection in covering materials using a terahertz spectral
imaging system with injection-seeded terahertz parametric generation and
detection,” Opt. Express 24, 6425 (2016).

4. A. Rahman, A. K. Rahman, and B. Rao, “Early detection of skin cancer via
terahertz spectral profiling and 3D imaging,” Biosens. Bioelectron. 82, 64
(2016).

Fig. 5. Simulation results of THz chromatic and achromatic multilevel lens. (a), (b) Simulation results ranging from 0.11 to 0.17 THz of the chromatic and achromatic
lens, respectively; (c) structure of the achromatic lens optimized; (d), (e) simulation results ranging from 0.11 to 0.17 THz on z coordinate of both chromatic and
achromatic lens, respectively.

Chinese Optics Letters Vol. 21, No. 11 | November 2023

110006-5

https://doi.org/10.1016/j.phycom.2014.01.006
https://doi.org/10.1109/ACCESS.2018.2873986
https://doi.org/10.1364/OE.24.006425
https://doi.org/10.1016/j.bios.2016.03.051


5. H. W. Tian, H. Y. Shen, X. G. Zhang, X. Li, W. X. Jiang, and T. J. Cui,
“Terahertz metasurfaces: toward multifunctional and programmable wave
manipulation,” Front. Phys. 8, 584077 (2020).

6. N.M. Burford andM.O. El-Shenawee, “Review of terahertz photoconductive
antenna technology,” Opt. Eng. 56, 010901 (2017).

7. S. J. Kim, B. J. Kang, U. Puc, W. T. Kim, M. Jazbinsek, F. Rotermund, and
O. P. Kwon, “Highly nonlinear optical organic crystals for efficient terahertz
wave generation, detection, and applications,” Adv. Opt. Mater. 9, 2101019
(2021).

8. X. Wang, J. Ye, W. Sun, P. Han, L. Hou, and Y. Zhang, “Terahertz near-field
microscopy based on an air-plasma dynamic aperture,” Light Sci. Appl. 11,
129 (2022).

9. W. Jia, M. Liu, Y. Lu, X. Feng, Q.Wang, X. Zhang, Y. Ni, F. Hu,M. Gong, and
X. Xu, “Broadband terahertz wave generation from an epsilon-near-zero
material,” Light Sci. Appl. 10, 11 (2021).

10. T. S. Seifert, U. Martens, F. Radu, M. Ribow, M. Berritta, L. Nádvorník,
R. Starke, T. Jungwirth, M.Wolf, and I. Radu, “Frequency-independent tera-
hertz anomalous hall effect inDyCo5, Co32Fe68, andGd27Fe73 thin films from
DC to 40 THz,” Adv. Mater. 33, 2007398 (2021).

11. S. Chen, H. Wang, J. Liu, M. Zhang, P. Chen, P. Li, Z. Liu, X. Han, C. Wan,
and H. Yu, “Simultaneous terahertz pulse generation and manipulation with
spintronic coding surface,” Adv. Opt. Mater., 2300899 (2023).

12. F. Gaufillet, S. Marcellin, and E. Akmansoy, “Dielectric metamaterial-based
gradient index lens in the terahertz frequency range,” IEEE J. Sel. Top.
Quantum Electron. 23, 4700605 (2016).

13. J. He, X. He, T. Dong, S. Wang, M. Fu, and Y. Zhang, “Recent progress and
applications of terahertz metamaterials,” J. Phys. D 55, 123002 (2021).

14. M. Marishwari, V. Subramanian, Z. Ouyang, and N. Yogesh, “Terahertz sub-
wavelength focusing and negative refraction assisted beam transferring based
on 3-D metamaterial flat lens configurations,” Prog. Electromagn. Res. B 99,
121 (2023).

15. X. Jiang, J. Ye, J. He, X. Wang, D. Hu, S. Feng, Q. Kan, and Y. Zhang, “An
ultrathin terahertz lens with axial long focal depth based on metasurfaces,”
Opt. Express 21, 30030 (2013).

16. Q. Yang, J. Gu, D.Wang, X. Zhang, Z. Tian, C. Ouyang, R. Singh, J. Han, and
W. Zhang, “Efficient flat metasurface lens for terahertz imaging,” Opt.
Express 22, 25931 (2014).

17. X. Zang, B. Yao, L. Chen, J. Xie, X. Guo, A. V. Balakin, A. P. Shkurinov, and
S. Zhuang, “Metasurfaces for manipulating terahertz waves,” Light Adv.
Manuf. 2, 148 (2021).

18. B. Chen, S. Yang, J. Chen, J. Wu, K. Chen, W. Li, Y. Tan, Z. Wang, H. Qiu,
and K. Fan, “Directional terahertz holography with thermally active Janus
metasurface,” Light Sci. Appl. 12, 136 (2023).

19. M. Hashemi, A. Moazami, M. Naserpour, and C. J. Zapata-Rodríguez,
“A broadband multifocal metalens in the terahertz frequency range,” Opt.
Commun. 370, 306 (2016).

20. Z. Huang, B. Hu,W. Liu, J. Liu, and Y.Wang, “Dynamical tuning of terahertz
meta-lens assisted by graphene,” J. Opt. Soc. Am. B 34, 1848 (2017).

21. Y. Gao, J. Gu, R. Jia, Z. Tian, C. Ouyang, J. Han, andW. Zhang, “Polarization
independent achromatic meta-lens designed for the terahertz domain,”
Front. Phys. 8, 606693 (2020).

22. S. Zhang, C. Li, L. Ke, B. Fang, J. Lu, X. Ma, and X. Jing, “All-dielectric
terahertz wave metagrating lens based on 3D printing low refractive index
material,” Infrared Phys. Technol. 133, 104775 (2023).

23. S. Liu, T. J. Cui, L. Zhang, Q. Xu, Q. Wang, X. Wan, J. Q. Gu, W. X. Tang,
M. Q. Qi, J. G. Han, W. L. Zhang, X. Y. Zhou, and Q. Cheng, “Convolution
operations on coding metasurface to reach flexible and continuous controls
of terahertz beams,” Adv. Sci. 3, 1600156 (2016).

24. S. M. Kamali, A. Arbabi, E. Arbabi, Y. Horie, and A. Faraon, “Decoupling
optical function and geometrical form using conformal flexible dielectric
metasurfaces,” Nat. Commun. 7, 11618 (2016).

25. M.Meem, S. Banerji, A. Majumder, F. G. Vasquez, B. Sensale-Rodriguez, and
R. Menon, “Broadband lightweight flat lenses for long-wave infrared imag-
ing,” Proc. Natl. Acad. Sci. USA 116, 21375 (2019).

26. M. Ossiander,M. L. Meretska, H. K. Hampel, S.W. D. Lim, N. Knefz, T. Jauk,
F. Capasso, and M. Schultze, “Extreme ultraviolet metalens by vacuum guid-
ing,” Science 380, 59 (2023).

27. W. T. Chen, J. Park, J. Marchioni, S. Millay, K. M. Yousef, and F. Capasso,
“Dispersion-engineered metasurfaces reaching broadband 90% relative dif-
fraction efficiency,” Nat. Commun. 14, 2544 (2023).

28. Y. Xu, J. Gu, Y. Gao, Q. Yang, W. Liu, Z. Yao, Q. Xu, J. Han, and W. Zhang,
“Broadband achromatic terahertz metalens constituted by Si–SiO2–Si hybrid
meta-atoms,” Adv. Funct. Mater. 33, 2302821 (2023).

29. L. L. Doskolovich, R. V. Skidanov, E. A. Bezus, S. V. Ganchevskaya,
D. A. Bykov, and N. L. Kazanskiy, “Design of diffractive lenses operating
at several wavelengths,” Opt. Express 28, 11705 (2020).

30. X. Xiao, Y. Zhao, X. Ye, C. Chen, X. Lu, Y. Rong, J. Deng, G. Li, S. Zhu, and
T. Li, “Large-scale achromatic flat lens by light frequency-domain coherence
optimization,” Light Sci. Appl. 11, 323 (2022).

31. S. Busch, M. Weidenbach, M. Fey, F. Schäfer, T. Probst, and M. Koch,
“Optical properties of 3D printable plastics in the THz regime and their
application for 3D printed THz optics,” J. Infrared Millim. Terahertz
Waves 35, 993 (2014).

32. A. Squires, E. Constable, and R. Lewis, “3D printed terahertz diffraction
gratings and lenses,” J. Infrared Millim. Terahertz Waves 36, 72 (2015).

33. Z. Zhang, X. Wei, C. Liu, K. Wang, J. Liu, and Z. Yang, “Rapid fabrication of
terahertz lens via three-dimensional printing technology,” Chin. Opt. Lett.
13, 022201 (2015).

34. A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D. Joannopoulos, and
S. G. Johnson, “MEEP: a flexible free-software package for electromagnetic
simulations by the FDTD method,” Comput. Phys. Commun. 181, 687
(2010).

35. F. Shen and A. Wang, “Fast-Fourier-transform based numerical integration
method for the Rayleigh-Sommerfeld diffraction formula,” Appl. Opt. 45,
1102 (2006).

36. O. K. Ersoy, Diffraction, Fourier Optics and Imaging (John Wiley, 2007).
37. J. Lv, S. Shen, L. Chen, Y. Zhu, and S. Zhuang, “Frequency selective finger-

print sensor: the terahertz unity platform for broadband chiral enantiomers
multiplexed signals and narrowband molecular AIT enhancement,”
PhotoniX 4, 28 (2023).

Vol. 21, No. 11 | November 2023 Chinese Optics Letters

110006-6

https://doi.org/10.3389/fphy.2020.584077
https://doi.org/10.1117/1.OE.56.1.010901
https://doi.org/10.1002/adom.202101019
https://doi.org/10.1038/s41377-022-00822-8
https://doi.org/10.1038/s41377-020-00452-y
https://doi.org/10.1002/adma.202007398
https://doi.org/10.1002/adom.202300899
https://doi.org/10.1109/JSTQE.2016.2633825
https://doi.org/10.1109/JSTQE.2016.2633825
https://doi.org/10.1088/1361-6463/ac3282
https://doi.org/10.2528/PIERB23012803
https://doi.org/10.1364/OE.21.030030
https://doi.org/10.1364/OE.22.025931
https://doi.org/10.1364/OE.22.025931
https://doi.org/10.37188/lam.2021.010
https://doi.org/10.37188/lam.2021.010
https://doi.org/10.1038/s41377-023-01177-4
https://doi.org/10.1016/j.optcom.2016.03.031
https://doi.org/10.1016/j.optcom.2016.03.031
https://doi.org/10.1364/JOSAB.34.001848
https://doi.org/10.3389/fphy.2020.606693
https://doi.org/10.1016/j.infrared.2023.104775
https://doi.org/10.1002/advs.201600156
https://doi.org/10.1038/ncomms11618
https://doi.org/10.1073/pnas.1908447116
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1038/s41467-023-38185-2
https://doi.org/10.1002/adfm.202302821
https://doi.org/10.1364/OE.389458
https://doi.org/10.1038/s41377-022-01024-y
https://doi.org/10.1007/s10762-014-0113-9
https://doi.org/10.1007/s10762-014-0113-9
https://doi.org/10.1007/s10762-014-0122-8
https://doi.org/10.3788/COL201513.022201
https://doi.org/10.1016/j.cpc.2009.11.008
https://doi.org/10.1364/AO.45.001102
https://doi.org/10.1186/s43074-023-00108-1

	Inverse design on terahertz multilevel diffractive lens based on 3D printing [Invited]
	1. Introduction
	2. Methodology
	3. Results
	3.1. Lens applied in THz communication system
	3.2. High NA lenses
	3.3. Achromatic lenses

	4. Conclusion
	Acknowledgement
	References


