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ABSTRACT Terahertz (THz) wave imaging has potential features for medicine, such as cancer detection.
Nevertheless, traditional lenses are heavy, bulky, low spatial resolution, and difficult to integrate. Recently,
metasurface has emerged as a compelling approach for achieving lightweight, ultrathin, and easy integration.
Although many THz metasurface lenses have been proposed for the wave-focusing applications, there are
a few THz metalenses that are polarization insensitive and have a high spatial resolution for THz imaging.
In this paper, an ultra-thin, planar, polarization-independent, and high numerical aperture metalens has been
proposed using double split-ring resonator (DSRR) structures for high-resolution THz wave focusing. The
combination method of the propagation phase (adjusting the diameter of the outer ring of the DSRR) and
the geometric phase (changing the slit of the DSRR) is applied to build the unit cell library including eight
DSRRs, which can cover the full phase from O to 27 and is independent with the polarization of the incident
wave. By arranging the DSRRs into the concentric rings on a thin substrate, an ultrathin, polarization-
insensitive, and high numerical aperture metalens is designed with a thickness of 0.55A, a focal length of
660 um (41), radius of 4.678 mm (28.35 1), and numerical aperture of 0.99 that can work at 1.82 THz
(wavelength (1) of 165 um). The designed metalens with a near-unity numerical aperture achieves a high
spatial resolution of 89 pum (0.541), which can produce high-quality images. It means that the proposed
metalens can resolve the microscale features separated by a sub-wavelength distance (< 90 um). Therefore,
the suggested metalens can serve as an objective lens for the miniaturized microscopy, opening a new avenue
for microscopic THz imaging and showing potential usage in tiny THz imaging systems for cancer detection
applications.

INDEX TERMS High numerical aperture, high spatial resolution, metasurface lens, metalens, terahertz.

I. INTRODUCTION
Terahertz (THz) radiation has attracted increasing inter-
est in various fields such as communication [1], material
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characterization [2], biological sensing [3], and imaging
systems [4], [5], [6], [7] due to its unique characteristics
such as nonionizing, noninvasive, phase-sensitive to polar
substances, spectral fingerprinting, coherent detection, high
resolution, and high penetration capabilities [8]. In the last
decade, the terahertz imaging system has been developed for
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medical applications such as cancer detection [9], [10]. How-
ever, the spatial resolution of these systems is a millimeter
scale that is vastly larger than the wavelength (). Operating
at higher frequencies (shorter wavelength) may enhance the
resolution. For example, Joseph et al. proposed a terahertz
transmission imaging system, including a focusing lens and
a short focal length off-axis parabolic mirror for detection of
the area of nonmelanoma skin cancer tissue at a frequency of
1.63 THz. The system only provides a terahertz transmission
image of nonmelanoma skin cancers with a spatial resolution
of 0.49 mm (2.61A) [11]. Another type of terahertz imag-
ing system using the reflection mode through the off-axis
parabolic mirror for breast cancer detection at 1.89 THz was
presented by Peter et al. However, the system exhibited a mil-
limeter scale spatial resolution image of 1.8 mm (6.53A) [12].
Bowman et al. reported another terahertz reflection imaging
system for breast tumor tissue detection with 1.75 THz. The
terahertz reflection images of tumor tissue were acquired
with a spatial resolution of 200 um (1.174) [13]. The spatial
resolutions of these systems are still larger than one wave-
length, which indicates low spatial resolution. This limits the
ability to precisely detect the cancer margin [14]. Therefore,
enhancing spatial resolution under a sub-wavelength scale is
highly desirable in medical applications.

A variety of techniques have been reported to enhance
the spatial resolution to the sub-wavelength scale [15], [16],
[17], [18]. For example, an aperture-less terahertz scan-
ning near-field optical microscopy has been demonstrated to
achieve high spatial resolution (A/3000) [19]. This method
used a nano-sharp metal tip instead of resolving aperture
and the scattering of the incident wave is measured. How-
ever, this method invariably suffers from significant signal
attenuation because of confined to a nano metal tip and its
scattering. In addition, this technique requires a long scan-
ning time, strong emitters, and highly sensitive detectors.
Another technique using lens-less holography is shown to
obtain the sub-wavelength scale for terahertz imaging resolu-
tion [20]. However, to precisely resolve the inverse ill-posed
problems of holography, this technique needs complicated
computations [21].

Recently, enlarging the lens aperture is a promising method
for achieving sub-wavelength scale resolution for terahertz
imaging. However, enhancing the numerical aperture (NA) of
the spherical lens (conventional refractive lens) is ineffective
because the spherical aberration phenomenon is significantly
increased. To overcome the limitation of the spherical lens,
the aspherical refractive lens is proposed [17], [18]. Increas-
ing the NA (0.86) of the aspherical refractive lens could
be obtained the sub-wavelength scale resolution (0.95A with
A =300 pm) [18]. Nevertheless, to manufacture the aspher-
ical refractive lens, more complex fabrication techniques are
required than a conventional spherical refractive lens. In addi-
tion, conventional refractive lenses reshape the wavefront of
light based on gradual phase accumulation along a curved
optical route [22]. To cover the full phase, thicknesses of
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spherical/aspherical refractive lenses are recommended to
be substantially larger than the incident wavelength, which
leads to the bulkiness of the lens. Therefore, it is a challenge
to fabricate a conventional refractive lens with a high NA
and short focal length, particularly for applications, such as
portable and wearable devices. To overcome these limitations
of conventional lenses, diffractive types of terahertz lenses
have been proposed [23], [24], [25], but thicknesses of lenses
were still above 2 millimeters [25].

In recent years, a metasurface has been recommended as a
potential approach for modulating the phase, amplitude, and
polarization of light at the sub-wavelength scale [26], [27],
[28], [29], [30]. Unlike conventional lenses, the metasurface
can break dependence on the propagation effect by introduc-
ing phase discontinuities using highly integrated micro-nano
structured surfaces [31], [32], [33]. Consequently, the meta-
surface enables to achieve the required phase shifts covering
the full range from 0 to 2w over a wavelength propagation
distance, which makes it one of the appropriate options for
miniaturization and integration of photonic systems [33],
[34]. Thanks to these advantages, the metasurface has been
applied to various applications including holograms [35],
[36], [37], cloak [38], [39], and biosensing [40], [41] as well
as metalenses [42], [43], [44], [45]. The metalens is the signif-
icant application of the metasurface due to its outperforming
optical properties [46], [47]. Compared with the traditional
terahertz lens, the terahertz metalens can satisfy the grow-
ing demand for high-integration, low-cost miniature optical
systems, without spherical aberration because of its flat struc-
ture [48]. To date, transmissive terahertz metalens based on
dielectric material have attracted much interest of researchers
due to achieving high focusing efficiency [49], [50], [51],
[52]. However, the thickness of these devices was still over
the working wavelength because of using the block meta-
atom structure. Meanwhile, plasmonic metalenses based on
plasmonic metasurface have low focusing efficiency due to
ohm loss of metallic layer, but they showed more compact
shapes and wider dynamic ranges compared with the all-
dielectric metalenses [53], [54], [55], [56], [57]. Although
much effort has been put into the designing metalens, these
above terahertz metalenses feature low NA (less than 0.7),
resulting in poor spatial resolution that is still larger than the
operating wavelength. In addition, some metalenses are only
acceptable for linearly polarized (LP) incident waves [49],
[531, [54], [55], [56], [57], whilst others are only used with
circularly polarized (CP) incoming wave [50], [51], [58].
As aresult, the aforementioned metalenses are sensitive to the
polarized incident wave, which restricts their practical appli-
cations. Therefore, developing a lens with ultrathin structure,
polarization insensitivity, and especially high spatial resolu-
tion is essential for miniaturizing the THz imaging system
and precise detection of cancer margin.

To overcome the shortcomings of the traditional lens and
the existing metalens, in this paper, a planar terahertz met-
alens using an array of double-split-ring resonators (DSRRs)
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with high numerical aperture is proposed for a terahertz imag-
ing system in cancer detection applications. Eight different
DSRRs were designed as elements of an array to manipulate
the phase with a similar amplitude. Using the eight DSRRs,
a concentric-circle-shaped array was designed on a polyimide
substrate to form the proposed metalens. The advantages of
this metalens are pointed out as follows:

o Simple design of planar, lightweight, and polarization-
insensitive metalens based on the DSSRs structure. It is
suitable for the miniaturized system and can easily inte-
grate into the current image sensor.

o The proposed metalens has a near-unity numerical aper-
ture of 0.99 that operates at a frequency of 1.82 THz.

o The designed metalens achieves a high spatial resolution
(0.541), which is very close to the theoretical diffraction
limit, that can produce high-quality images. It provides
an excellent choice for the THz imaging system for
precise cancer margin detection applications.

This paper is organized as follows: Section II concentrates
on the proposed metalens design and how to simulate the
designed metalens that operates efficiently at THz frequency.
Section III shows the performances of the suggested metal-
ens and compares them to the existing state-of-the-art THz
metalens. Finally, this work is concluded in Section I'V.

Il. DESIGN AND METHODS

The fundamental aspects of polarization manipulation of
metasurface result from the cross-coupling of electric and
magnetic field resonances in the presence of an incoming
wave with a certain polarization state. To obtain polarization-
independent wavefront control, the meta-atom with diagonal
symmetric structure of the metasurface needs to be tai-
lored to the cross-coupling effects. In the previous reports,
the many diagonal symmetric structures such as V-shape,
C-shape, U-shapes, L-shape have been demonstrated to
achieve the independent polarization of incident [59], [60].
In this paper, a DSRR with diagonal symmetric structure is
proposed to obtain the polarization independence of the trans-
mitted terahertz wave, as described in Fig. 1. Electromagnetic
wave impinging on the DSRR produces cross-polarized scat-
tering waves. In addition, a phase abruption between the
metasurface and the incident wave is formed as well. Gener-
ally, there are three phase modulation principles to perform
full phase control of metasurfaces, including propagation
phase, geometric phase, and combination of these two above
techniques [61]. For the propagation phase method, the phase
response is covered from O to 27 by adjusting the structural
parameters of the unit cell with a fixed angular direction.
On the other hand, the geometric phase technique can cover
the full phase control by changing the orientation angle (0)
of the identical unit cell. According to ref. [48], [62], the
full phase modulation from O to 27 is controlled by rotating
the 6 of the unit cell from O to 7. Therefore, only one unit
cell is required when designing a metasurface based on the
geometric phase. However, this method is only suitable for
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FIGURE 1. The schematic views and parameter of the DSRR on the
surface of the polyimide substrate.

circularly polarized incident waves. It is clear that the two
above phase modulation methods only work for LP or CP,
respectively. It makes the limitation in the design of general
polarization independent metalens. To overcome this limi-
tation, combining the propagation and geometric phase is
one viable technique [59], [61]. In the combination method,
the phase response is defined as two parts: the first is the
angle independent phase, which is only present through the
propagation phase, and the second is the angle dependent
phase based on the geometric phase.

Therefore, the combination method of the propagation
phase and the geometric phase is applied to design the meta-
surface that can cover full phase from O to 27 in this study.
For the first term, using the propagation phase technique, the
phase response is covered from 0 to v by studying the change
in the ring radius (R) of the proposed structure. The surface
current travels a longer path of the resonator with a larger
ring radius, which causes the lower corresponding frequency
at the abrupt phase () point. In addition, after the phase
(7r) point, the phase spectra for the various resonators remain
parallel to one another, as shown in Fig. S1(b). Hence, a phase
(0 - ) can be achieved at the fixed operation frequency
point through changing the outer radius. For the second
part, using the geometric phase method, the remained phase
(r - 2m) is obtained at the fixed operation frequency point
by rotating the orientation angle () of 90°. To evaluate our
design, CST Microwave StudioTM (3DS Company, U.S.A)
was employed. In this case, the unit cell boundary conditions
in the x and y axis directions, and the open boundary con-
ditions in the z axis direction are utilized for the designed
unit cell structure. The S-parameters of the designed unit cell
structure can be achieved by the Floquet-port excitation to
compute the transmission efficiency.

In this work, we design the metalens operating at the
frequency of 1.82 THz for the cancer detection application.
Specifically, a unit of the DSRR was designed with 0.2 um
thick aluminum on a 90 um thick polyimide substrate (t) with
an 80 pm lattice period (p), as shown in Fig. 1. The aluminum
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TABLE 1. The design parameters of the proposed 8 DSRR units and their
phase shift abilities.

DSRR unit Outer radius Direction angle of Pha§§ ?hlﬁ
cell name (R, unit: pm) the slit (0) abilities
i (rad)

DSRR unit 1 37 45° 0
DSRR unit 2 33.5 45° /4
DSRR unit 3 27.5 45° /2
DSRR unit 4 22 45° 3n/4
DSRR unit 5 37 135° T
DSRR unit 6 33.5 135° Sn/4
DSRR unit 7 27.5 135° 3n/2
DSRR unit 8 22 135° Tn/4

was modeled as a lossy metal with a conductivity of 3.56 x
107 S/m. The polyimide was modeled as a loss-less dielectric
with a dielectric constant of 3.5. The width of the ring and the
central angle of the slit in the DSRR unit were fixed as 5 um
(w) and 21° (®), respectively. The ring radius and slit direc-
tion of the DSRR unit varied to modulate wavefront. Table 1
describes the specific design parameters and their phase shift
analyzed numerically at the frequency of 1.82 THz (165 pwm).
At the slit direction of 45° (0), the ring radii (R) were
designed with 37, 33.5, 27.5, and 22 um to achieve 0, /4,
m/2, and 37/4 phase shift abilities, respectively. To achieve
m, Sw/4, 3m/2, and 77/4 phase shift abilities, the slit direc-
tion was changed as 135° (6) and the ring radii (R) were
composed as 37, 33.5, 27.5, and 22 um correspondingly. The
transmittance amplitudes range from 0.18 to 0.22 with a mean
value of 0.2, as described in Fig. S1(a) (see in Section I of
Supplementary file). Their phase shift abilities covered well
from O to 2w with /4 span, as shown in Fig. S1(b) (see
in Section I of Supplementary file). Therefore, these phase
modulation properties of the proposed eight DSRR units meet
the demands of phase coverage over the whole 27 range and
identical amplitudes to design a planar metalens, which are
similar to those of the V-shaped [53] and the C-shaped [57].

Using the proposed eight units, a DSRR array was designed
to implement a focusing lens at 1.82 THz (165 pm). In order
to focus a wave having the wavelength A into the focal length
f, the required phase shift ¥r(x) at a distance of x from the
center of the metalens is as follows [63]:

¥ (%) ZZT” (\/1'2+x2—f) )

To attain metalens focusing at 1.82 THz (corresponding
to wavelength 165 pum), the focal length (f) is selected as
660 pum. The phase shifts of our eight resonant units are
preset so that we can calculate the distance (x) from the
lens center using Eq. (1). In this simulation, this proposed
metalens is analyzed by time-domain solvers. In addition,
the open boundary conditions were used in the x-, y-, and
z-axis directions of the proposed metalens. A plane wave
with XLP propagating along the positive z- axis direction was
applied as excitation. Good agreement between CST software
simulations and experimental results of terahertz metalens
was recently reported [63], [64]. Therefore, the simulation
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FIGURE 2. (a) The blue solid curve shows the required phase change at
the surface and the distance to the center of the lens, and the colorful
square points indicate the phase changes provided by the different DSRR
units under XLP incident wave with a wavelength of 165 xm (1.82 THz)
and focal length of 660 xm. (b) The design of the proposed metalens
consists of 48 coaxial DSRR unit rings in a radius of 4678 um. (c) The
simulated electric field intensity distribution of the cross-polarized
terahertz wave at 165 um (1.82 THz) on the xz-planes. (d) The simulated
distribution of the electric field intensity is mapped on the xy-plane.

method of CST Microwave Studio™ software is also utilized
in this work.

IIl. RESUTLS AND DISCUSSION

Fig. 2a shows the required phase shift with respect to the
distance from the lens center when the wavelength (1) is set
as 165 um (1.82 THz) and the focal length (f) as 660 um in
Eq. 1 as discussed above. The colorful squares in Fig. 2a
indicate the corresponding DSRR units with respect to the
required phase shifts based on the phase shift abilities in
Table 1. Based on these colorful squares, the DSRR unit
number and the distance were selected and arranged in order,
as described in Supplementary Section II, so that the metalens
was designed as shown in Fig. 2b. The specific number of unit
cells to design the proposed metalens is presented in section I1
of the Supplementary file.

Numerical analysis of the designed metalens shows that
the electric field generated around 660 pum above from the
metalens surface as expected (Fig. 2c¢). NA was calculated as
0.99 using the below formula [65]:

NA = sin(tan™! }) )

where r is the radius of metalens and f is the focal length.
The electric field in the focal plane was distributed uniformly
well, as shown in Fig. 2d. As expected, the focus size is rather
small, which is in the sub-wavelength scale with an FWHM
of 89 um (0.541) (see the Fig. S2 and Fig. S3). Furthermore,
Fig. S2 and Fig S3 show that the metalens with higher NA can
generate a higher spatial resolution, as described in Section III
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TABLE 2. The performance comparison of the other studies to this work.

Focal
Operating Method to Z}:zoet
Reference wavelength enhance spatial NA
b FWH
) resolution M
(um)
Chernomyrdin Increasing
etal, 2017 300 um numerical aperture | 0.84 0.95)1
[18] aspherical lens
Combine spherical
lens with a cub_e 0.75 0551
and two off-axis
Pham et al., bolic mi
2017 [14] 2400 pm parabolic mirror
Only high
numerical aperture | 0.75 1.3%
spherical lens
. Only high
Lietal., 2019
retat, 1000 pm | numerical aperture | 0.9 0.541
[66] aspherical lens
Increasing
This work 165 pm numerical 0.99 0.54%
aperture
metasurface lens

of the Supplementary file. Here, we see that the background
signals are mostly impacted by co-polarized transmission in
Figs. 2(c) and (d).

Table 2 presents the performance comparison of the other
studies to this work. Compared to other techniques, the
increasing NA of metalens also achieves a sub-wavelength
spatial resolution (near-half wavelength). It means that the
proposed metalens may provide a high resolution for terahertz
imaging system. Furthermore, the proposed metalens is more
compact than the aspherical lens. Therefore, it is suitable for
compact terahertz imaging systems.

In addition, Fig. S1(b) shows the phase spectrums stay
parallel to each other in the frequency range of 1.55 THz
(A= 193m) to 1.9 THz (A= 157m). This implies that the
designed units can keep the phase gradient in the broadband,
leading to the realization of the broadband focusing. To eval-
uate the broadband focusing properties of the above DSRR
metalens, the incident waves with the frequency of 1.55 THz
and 1.9 THz impinge to the above DSRR metalens. Fig. 3
illustrates the high focusing qualities at these frequencies that
the above DSRR metalens shows highly broadband perfor-
mance under XLP incident wave. As expected, the strongest
focus with large intensity is achieved at the 1.82 THz incident
wave, since the metasurface unit cell is optimally designed
for this specific wavelength. However, the focal length of
the proposed metalens is changed under the incident wave
with 1.55 THz and 1.9 THz. Because, according to Eq. (1),
modifying the frequency of the incident wave while maintain-
ing the position of the unit cells changes the corresponding
required phase of the unit cells. It leads to changing the focal
length of the proposed metalens. Specifically, the focal length
is 660 um at 1.82 THz while the focal lengths are 530 y#m and
1000 pm at 1.55 THz pum and 1.9 THz, respectively, as shown
in Fig. 3. Therefore, the focal length of the proposed design
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FIGURE 3. (a)-(c) The simulated intensity distribution of the transmitted
light via the proposed metalens at different frequencies of 1.55 THz,
1.82 THz, and 1.9 THz, respectively.

can be dynamically manipulated by adjusting the incident
wavelength change.

Furthermore, due to the symmetric design of the DSRR
unit cells and symmetrical axis’s orientation angle of 45° or
135°, the proposed metalens is insensitive to polarized inci-
dent wave [59]. To demonstrate the independent polarization
property, the proposed metalens is exposed to the XLP, YLP,
LCP, and RCP of incident light, as shown in Fig. 4 and Fig. 5,
respectively. As a result, the proposed metalens shows the
good focusing phenomenon at a predefined position (660 um
of focal length) for both LP and CP of the incident wave.
Based on Fig. 4 and Fig. 5, we can observe that the results
under YLP and RCP incident waves are the same as XLP and
LCP incident waves, respectively. Therefore, the polarized
property of the incident wave has no influence on the focusing
effect of the proposed metalens. It indicates that the proposed
metalens can operate for both LP and CP of the incident wave.

Finally, the performance of the proposed metalens is com-
pared with the previous ones. Table 3 presents the metalenses’
characteristics in terms of the operating wavelength, suitable
for polarized incident waves, numerical aperture, and focal
spot size. It is noticed that the previous ones are not polariza-
tion insensitive, while the proposed metalens can operate for
both linear polarization and circular polarization of incident
wave. In addition, the proposed metalens has highest numer-
ical aperture (NA = 0.99) that can provide sub-wavelength
focal spot size (0.54A = 89 um) near diffraction-limited
(X‘”Z\,L:"g). Compared to these previous studies [49], [50],
[51], [54], [57], [63], the proposed metalens has the highest
spatial resolution. Therefore, it can be very well suited for
some practical applications that have a requirement matching
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FIGURE 5. (a)-(b) The simulated intensity distribution of the metalens
under LCP, RCP of the incident wave (A = 165.m), respectively.

its characteristic and performance, such as terahertz imag-
ing in cancer detection application. Although the proposed
metalens has improved high spatial resolution, its fundamen-
tal transmission efficiency is not high enough for practical
applications due to the large intrinsic loss of the metal
material at high frequency. Moreover, increasing numerical
aperture (NA) leads to decreasing efficiency. To improve the
efficiency of the proposed metalens, all dielectric material
should be used to obtain the high efficiency in transmis-
sion metalens type [50], [67], [68]. Recently, adding cavities
inside the metallic metalens and increasing number of metal
layer have reported to enhance the efficiency of the metallic
metalens [69], [70].

Moreover, it should be noted that our design structure has
the unit cell dimension of 80 um x 80 um x 90.2 pum
formed of two thin layers, which is a suitable form for manu-
facturing with the conventional micro- and nano-technology.
The proposed structure can be patterned by photolithography,
while the thin film of aluminum is deposited on pre-patterned
substrate using a simple thermal evaporation deposition
technique and the polyimide layers are spin coated. The fab-
rication process of a similar THz metalens was also reported
in [63]. Although microfabrication is currently in tremendous
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TABLE 3. The performance comparison of the previous metalenses to
this work.

Suitable Focal
Operating for spot
References | wavelength | polarized | NA size ];};ﬁi l(éf
(o8] incident FWHM
wave (w)
Simulati
Jiaetal., on +
2017 [49] 96 um Lp 016 | 653 | L
on
Jiang et -
al., 2018 119 pm CP 0707 | 128 | Fabricati
on
[50]
Cheng et Sl:)l:luiat1
al, 2019 | 375 um CP | 0385 | 136 Ny
Fabricati
[51]
on
Simulati
Yu et al., on +
2021 [63] 272 pm LP 0.95 0.76M | pabricati
on
Wang et ) .
al. 2019 | 349 um LP | 043 | 1003 | Simulat
on
[54]
Simulati
He et al., on +
2016 [57] 73 pm L 053 1 094 | Eapricati
on
Jiang et ) _
al., 2023 166 pm CP 0.62 0.72) Simulati
on
[71]
Qinetal., _ _
2022 300um | LP,CP | 046 | o9sp | Simulati
on
[72]
0.66 A
along x
e dm:lcno Simulati
al., 2020 300 pm LP, CP 0.5
0.44 A on
[73]
along y
directio
n
Jiang et ' '
al., 2024 187.5 pm CP 0.6 | 0821 Slrr(l)lllllatl
[74]
This work 165 pm LP, CP 0.99 0.54% Sm(l)l:llatl

development, fabrication errors still occur in the metasurface
fabrication. In recent years, the effects of various common
fabrication errors, such as the critical dimension bias error,
on the performances of metasurface in the visible, near
infrared, and mid-infrared regions have been studied [75],
[76], [77]. Inspired by these works, the influence of critical
dimension bias error on the focusing properties of the pro-
posed metalens is also investigated. Specifically, the impact
of the ring width deviation on the focusing properties was
explored via simulation. In the proposed structure, the width
of the ring (W) in each proposed unit cell is set as 5 um.
The fabrication errors of the ring width are assumed to be
+2 um (W =3 um and W = 7 um, respectively). Due to
the dimension change of the ring width, the amplitude and
phase of the designed unit cells will be varied. Specifically,
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TABLE 4. The summary of the fabrication error results.

0%
Fabrication error
percentage 40% (The designed 40%
value)
Metalens with ring 3 s :
width W (um)
Operating
wavelength 165 um (1.82 THz)
Electric field
intensity (V/m) 10.67 11.87 13.76
0.691 0.541 0.49),
FWHM (pm)
(115 pm) (89 pm) (81 pm)
Focal length (mm) 0.66 0.66 0.66
NA 0.99 0.99 0.99

the transmission amplitude of the unit cells with different
ring widths is illustrated in Table S2 and Fig. S4. It is noted
that the transmission amplitude of each unit cell with the
ring width of 3 um and 7 um is tiny changed compared
to the design value (5 um). However, the mean value of
transmission amplitude is maintained as 0.2 in three cases.
In addition, Fig. S5 shows the phase shift of each unit cell
with different ring width. It can be seen that the phase shift
of each unit cell is parallel to each other around the operating
frequency of 1.82 THz in three cases. It indicates that there
also exists a phase shift gradient among eight-unit cells with
the ring width 3 um and 7 pum. Therefore, the metalens
designing from the unit cell with the ring width (3 um or
7 pm) can work as the proposed metalens (ring width of
5 pum). It means that they also have a focusing effect at the
predefined focal length (0.66 mm).

To demonstrate the abovementioned, two other metalenses
with the ring width of the unit cell (3 um and 7 um) are
simulated, as depicted in Fig. S6 and Fig. S9. It is noted
that the position of the unit cells and the simulated condition
are not changed compared to the proposed metalens. Fig. S7
and Fig. S10 present the phase shift of the eight-unit cells
of the two above metalenses, respectively. It is clear that the
eight-unit cells can cover a full phase range from 0 to 27.
In addition, the phase shift gradient is maintained at the
operating frequency of 1.82 THz. Fig. S8 and Fig. S11 present
the electric field intensity distribution of the two above met-
alenses in the x-z and x-y planes, respectively. They indicate
that these metalenses also have good focusing effect at the
prescribed focal length. Moreover, the NA of these metal-
enses is maintained to be 0.99 despite the fabrication error
is assumed as a large deviation in the ring width (& 2um).
In addition, the focus intensity of metalens with the 3 um
ring width (10.67 V/m) is less than the proposed metalens
(11.87 V/m). From the Fig. S8, the electric field intensity is
extracted and the FWHM with the 3 um could be estimated
as 0.691. Meanwhile, the metalens with the 7 pum ring width
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shows a larger focus intensity (13.76 V/m) compared to the
proposed metalens. Based on the Fig. S11, the electric field
intensity is also extracted and the FWHM of the metalens
with the 7 um ring width could be calculated as 0.49A.
The summary of the fabrication error results is presented in
Table 4. Although there is a slight deviation of the focus
intensity among the metalenses with different ring widths,
these values are not significantly different. In addition, the
metalenses with fabrication error still maintain the high spa-
tial resolution with sub-wavelength scale (0.69A and 0.49A
for the metalenses with the ring width of 3 um and 7 um,
respectively). This demonstrates the proposed metalens can
be robust against this type of manufacture error.

IV. CONCLUSION

We proposed an ultrathin, polarized independent, and high
numerical aperture metalens consisting of an array of DSRR
and analyzed its performance through numerical simulation.
The simulation results show that the proposed metalens can
focus with a short focal length of 660 um at 1.82 THz.
Furthermore, the metalens using the DSRR structures can
achieve a high numerical aperture (0.99) with 89 pm (0.541)
of full width at half maximum (FWHM) of field distribution
that leads to high spatial resolution. With outstanding prop-
erties such as planar, ultra-thin, and high spatial resolution,
the suggested metalens can be served as an objective lens for
miniaturized microscopy, opening a new avenue for micro-
scopic THz imaging and showing potential usage in tiny THz
imaging systems for cancer detection application.

APPENDIX
See Supplementary file for supporting content.
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