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Abstract: Active lenses with focal tunable properties are highly desired in the modern imaging
systems from the visible to the microwaves. In this paper, we demonstrate a terahertz (THz) lens
with electrically switchable focal length. It is composed of a large-birefringence liquid crystal (LC)
layer infiltrating a dielectric metasurface. When the birefringence of LC is tuned with an external bias,
the phase shift of a single meta-unit will change. With parameter sweep using the finite-different
time-domain (FDTD) simulation method, meta-units with varying geometries are optimized to
achieve a focal length switchable metalens. The numerical results show that the focal length can be
switched between 8.3 mm and 10.5 mm at bias OFF and ON states, respectively, which is consistent
with the design. A feasible fabrication procedure of the lens is further discussed. Such a device can
be designed beyond the THz band to the visible or the microwaves, and may be widely applied in
integrated imaging systems.
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1. Introduction

The lens is an important and indispensable component in the imaging system. The
traditional lens can be classified into the refractive optical elements (ROEs), which are
made of polished curved crystals or polymers and rely on the phase accumulation differ-
ence along the propagation of light [1]. The disadvantages are that they are heavy and
lack multi-functions. With the development of imaging systems, more requirements are
proposed for the advance of lenses, such as integrability, broadband operation, achroma-
tism and tunability. The recently developed planar metasurface provides a solution to
fabricate high-performance metasurface lenses; namely, metalenses [2-5]. A metasurface is
composed of an artificial electromagnetic unit structure in the two-dimensional scale [6].
The wavefront manipulation can be accomplished in a subwavelength resolution to achieve
multi-functional metalenses. Until now, high efficiency all-dielectric metalenses [7], spin-
decoupled focusing [8] and broadband achromatic metalenses [9-12] have been realized,
covering a broadband from the visible to the microwaves. Although the metasurface has
been integrated with active materials to realize tunable functions [13], a metalens with
tunable focal length still remains a challenge.

Liquid crystal (LC) is a birefringent material with excellent responsivity to the external
light, temperature and electromagnetic fields. Apart from the wide applications in the
display industry, it also plays a vital role in the non-display area. LC-based spatial light
modulators (SLMs) are widely used in optical beam shaping [14]. LC geometric phase
elements are capable of special beam generation, e.g., vortex beam, vector beam or Airy
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beam [15-17]. Some specific LCs, such as the dual-frequency LC and ferroelectric LC,
can respond quickly to alternating currents, which can be used in optical switching and
filtering [18,19]. Recently, LCs have also been integrated with metasurfaces to endow
these devices tunability [20-24]. In this way, active filters and dynamic meta-absorbers
are realized. However, these devices mainly have uniform meta-unit arrays, limiting
their applications in filtering. The further exploitation of LC-integrated metasurfaces to
dynamically control the wavefront is urgent, e.g., tunable focusing.

In this paper, we integrate a large-birefringence LC with a dielectric metasurface to
demonstrate a metalens with an electrically switchable focal length in the terahertz (THz)
band. The metasurface is composed of rectangular silicon pillars with varying length
and width from the lens center to edge, forming a lens phase profile. The phase shift of
the meta-unit will change due to the birefringence variation of LC with an external bias,
resulting in an electrically switchable focal length. With the numerical simulation, it shows
that the focal length can be switched between 8.3 mm and 10.5 mm at bias OFF and ON
states, respectively. A feasible fabrication procedure is further discussed. Such a metalens
may be widely used in imaging systems from the visible to the microwaves.

2. Principle and Design

As shown in Figure 1a, the metalens is composed of the upper substrate, the lower
dielectric metasurface and the middle LC layer. Both alignment layers covered on the
substrate and metasurface provide a homogeneous pre-alignment for LCs along the x-
axis. The substrate and metasurface should be conductive to electrically switch the LC
orientation. In the THz band, silicon can be chosen for its high THz transmittance and
conductivity [25]. When a saturated bias is applied on both the substrate and metasurface,
LCs will reorient along the z-axis (Figure 1b). In this way, the phase modulation of the
transmitted THz wave will change, resulting in a varied focal length. A rectangular silicon
pillar meta-unit covered with LC is shown in Figure 1c with its dimension parameters.
When illuminated with the x-polarized THz wave, each pillar can be regarded as an
effective waveguide [26]. The phase of the transmitted wave can be given by neg - h - 271/ A,
where 744, h and A are the effective refractive index, the pillar height and the incident
wavelength, respectively. Thus, the simulated phase of the transmitted x-polarized THz
wave exhibits a linear dispersion, as shown in Figure 1d. When the external bias turns from
OFF to ON, the orientation of LC changes from x-axis to z-axis, contributing to a distinct
phase shift (Figure 1d). This can be attributed to two factors. Firstly, the height H of LC is
comparable to the THz wavelength. The refractive index change of LC from #, to 1, will
induce a propagation phase variation. Secondly, the resonant property of the silicon pillar
is sensitive to the surrounding refractive index. When the refractive index changes, the
resonant frequency will shift, resulting in a phase shift.

Simulation on the meta-unit is carried out with a commercial software, Lumerical
FDTD Solutions (Lumerical, Vancouver, BC, Canada). The refractive index of the silicon
is set as ng; = 3.45. The LC is set as a diagonal dielectric material with 1, = 1.60 (diagonal
elements xx and yy) and ne = 1.90 (diagonal element zz). The LC director distributions are
set by an LC orientation module. An x-polarized plane wave with a spectrum range from
0.8 to 1.2 THz is incident along z-axis. Periodic boundary conditions are set on both x- and
y-axes and a perfectly matched layer is set on z-axis.
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Figure 1. (a,b) Decomposed diagram of the liquid crystal integrated metalens at (a) bias OFF and
(b) bias ON states, respectively. (c) Schematic of the meta-unit where the unit dimension is shown:
periodicity, P: 130 um; height of the silicon pilar, h: 235 um; length of the pilar, I: 120 um; width of the
pilar, w: 40 um; height of the LC layer, H: 250 um. (d) Frequency-dependent phase shift when the
x-polarized wave transmits through the meta-unit with the dimension shown in (c) at bias OFF (red
line) and ON (blue line) states.
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We fix h = 235 pum, P = 130 pm, H = 250 um and target frequency at 1.0 THz, and
then vary / and w both from 10 to 120 um to achieve structural databases on the phase
(Figure 2a,b) and the transmittance (Figure 2c,d), respectively, for x-polarized incidence.
Observed from Figure 2a,b, the phase with a certain / and w value at bias OFF is larger than
that at bias ON. As both [ and w decrease from 120 to 10 pm, the phase difference become
larger (from 0.1 to 1.5 rad). This is due to the different phase response to the electrically
switched LC orientation with different / and w. We can properly select the pillar geometries
to simultaneously achieve the desired lens phase distributions with two different focal
lengths for bias OFF and ON cases. The criterion for the transmittance of each pillar is set
to be over 0.7 to optimize the lens efficiency.
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Figure 2. (a,b) Dependency of the phase shift on I and w when the x-polarized wave transmits
through the meta-unit at (a) bias OFF and (b) bias ON states, respectively. (c¢,d) Dependency of the
transmittance on / and w at (c) bias OFF and (d) bias ON states, respectively.
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To demonstrate the tunable focusing, two lenses with different focal lengths are
designed. The phase profile of the lens is written as

fPI—ZW( fj+rz —fi,j)/?\ 1)

where r is the radius position on the lens, f is the focal length, the subscripts i and j
indicate the different f at bias OFF and ON states. Here, f; and f; are designed as 10.5 mm
and 8.3 mm, corresponding to the bias OFF and ON cases, respectively. The designed
lens phase profiles with f = 10.5 and 8.3 mm are presented in Figure 3a. They are both
parabolic in shape with varied curvature. By rationally selecting the [ and w parameters at
different r according to the database shown in Figure 2 and Equation (1), the parameters
are decided and plotted in Figure 3b. The corresponding phases of different parameters
are also plotted in Figure 3a. It can be seen that derived phases of these meta-units match
well with the lens phase profiles at both bias OFF and ON states, indicating a satisfactory
simulation parameter.
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Figure 3. (a) Designed lens phase profiles with f = 8.3 mm (blue curve) and 10.5 mm (red curve) and
phase shift of the meta-units with optimized dimensions along the radius at bias OFF (red dots) and
bias ON (blue dots) states. (b) Optimized I (red dots) and w (blue dots) parameters of the meta-units
along the radius.

3. Results and Discussion

We further characterize the focusing performance of the designed LC integrated met-
alens using the FDTD simulation. Due to the radial geometric symmetry of the lens, only a
case along one radius is simulated. Figure 4a,b are the simulated normalized THz fields in
the xz-plane at 1.0 THz at bias OFF and bias ON states, respectively, under the x-polarized
wave incidence. The simulated f; and f]- are 10.3 mm and 8.1 mm, respectively, which
are consistent with the design. We also characterize the transverse intensity distributions
(Figure 4c) at the focal planes labeled by the white dashed lines in Figure 4a,b. The full
widths at half maximum (FWHMSs) of the transverse intensity at bias OFF and ON states
are 514 and 428 pm, respectively, which are close to the ideal diffraction limit at 1.0 THz
(A/2NA). This indicates a satisfactory focusing effect at both the bias OFF and ON states.
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It is noticed that the real alignment may not be homogeneous like the simulated model.
Since it is a proof of concept demonstration and has little influence on the focal tunable
property of the lens, an ideal homogeneous LC orientation is considered at both bias OFF
and ON states.
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Figure 4. (a,b) Simulated THz fields in the xz-plane at 1.0 THz at (a) bias OFF and (b) bias ON states,
respectively. (c) Transverse intensity distributions at the focal planes labeled by the white dashed
lines in (a) and (b) at bias OFF (red line) and bias ON (blue line) states.

In addition to the numerical simulations, the feasible fabrication process of the LC
integrated metalens is also discussed and schematically illustrated in Figure 5. The dielec-
tric metasurface can be fabricated via the standard photolithography process followed
by a reactive ion etching on an intrinsic silicon wafer. Afterwards, both the metasurface
and silicon substrate are ultrasonically cleaned and O-plasma treated. After that, they
are spin-coated with a photoalignment layer. Then, an exposure of a linearly polarized
blue LED is applied to introduce homogeneous alignment on both the metasurface and
substrate. Then, the metasurface and silicon substrate are assembled with a Mylar spacer
to form a cell. Finally, the large-birefringence LC with a birefringence of 0.3 at 1.0 THz is in-
filtrated and self-assembled to the desired orientations. The experimental characterization
of the fabricated device can be carried out with the photoconductive antenna or optical
rectification-based THz generator and detector.
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Figure 5. A feasible fabrication procedure of the LC integrated metalens.
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4. Conclusions

In summary, we propose an LC integrated metalens with electrically tunable focal
length. The meta-unit of the metalens is composed of a silicon pillar and environmental LCs.
When the LC is electrically switched under an applied bias, the phase of the transmitted
THz wave will alter. By elaborately designing the geometric parameters of the meta-unit
array, the tunable function of the wavefront modulations can be achieved. We numerically
verified a tunable lens with its focal length changing from 10.3 to 8.1 mm from bias
OFF to ON state, which reveals a good consistency with the design. Additionally, the
fabrication process of the metalens is briefly discussed. Such a metalens has the great
potential in advanced THz spectroscopy and imaging apparatuses, since the THz imagers
are highly desired in biomedical and safety inspection applications. Furthermore, due to
the broadband usability of LCs and metasurfaces, the design of this metalens can also be
extended to other electromagnetic spectra. In the near-IR or visible bands, lenses with
integrated tunable focal length are highly desired for applications such as full-color imaging
and tomography. In the microwave band, active lenses can be used for the beam forming
in radar applications.
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