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Liquid-Crystal-Enabled Varifocal Achromatic Metalens
Qiguang Wang, Yagian Xu, Zhenghao Guo, Li Chen, Chunyu Huang,* and Wei Hu*

design.®] Most of the above strate-

Integrated planar optical devices with dynamic functionalities are in high gies have been demonstrated only in

demand in the rapidly developing terahertz region. In particular, varifocal
achromatic metalenses are urgently needed for biochemical discrimination
imaging and nondestructive inspection. Here, a design is proposed to realize
a varifocal achromatic metalens. It works on the simultaneous compensation

opticall®®! or near-IR[!*!! bands. The
chromatic aberration of terahertz (THz)
metalens is more challenging due
to the broadband nature of the THz

of the diffraction dispersion of a foci-switchable basic phase profile on the
basis of a properly preset group delay of a propagation phase. The concept is
demonstrated with a liquid crystal integrated silicon metalens. The major axis
orientation of cylindroid meta-atoms supplies a fixed geometric phase, the
photopatterned liquid crystal provides a switchable geometric phase, and the
compensation originates from the shape variation of cylindroid meta-atoms.
Both simulations and experiments verify the switchable achromatic focusing
at two distinct foci (10.20 and 13.76 mm) across 1.0-1.6 THz. Dual-depth
multispectral imaging is further demonstrated with two medicaments,
exhibiting its potential for nondestructive safety screening and
pharmaceutical identification. The proposed strategy establishes a framework
for next-generation adaptive terahertz techniques and applications.

1. Introduction

The removal of chromatic aberration is of primary importance
in optical imaging systems. Metadevices such as metalenses
spatially modulate electromagnetic waves within an ultrathin
layer, embracing the trend of miniaturization and integration of
modern optics.l"?! However, traditional metalenses suffer from
intensive diffractive dispersion, severely hindering their corre-
sponding investigations and applications. To overcome this chal-
lenge, significant progress has been made during the past few
years. Dispersion was successfully compensated via the intro-
duction of distinct phase species,! the cascading of specially de-
signed layers for narrowband light modulations,* and inverse
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spectrum.l?l THz wave is pivotal in
future wireless communications,'?]
biosensing,'*1/ and nondestructive
inspections.'”18] Metalens can manip-
ulate THz waves and mm-waves with a
high degree of freedom, and thus show
superiority in broadband focusing,*]
full-space multichannel operation,?!
and aberration-free imaging.'¥/ Among
them, achromatic THz metalenses
have attracted intensive attention in the
THz band for advanced imaging and
biomedical diagnostics.

In addition, metalenses with dynamic
functionalities are especially desirable to
meet the compact and intelligent needs
of THz apparatuses. The functions of
metadevices remain static once they are fabricated. To achieve
dynamic control, phase-change materials 2?2l microelectro-
mechanics,?* 2D materials,**?] semiconductors, 28] flexible
substrates,[23% as well as liquid crystals (LCs)!*'-*¢! have been in-
tegrated with metasurfaces. Among them, LCs attract special at-
tention due to their broadband birefringence and excellent stim-
uli responsiveness, and the propagation phase and geometric
phase can be manipulated separately via controlling the tilt an-
gle and azimuthal angle of the LCs.

Recently, LC-based tunable THz lenses!*”! and self-standing
LC polymer lenses!*®] have both been presented. LC can also en-
dow metasurfaces with tunability.>*%] The switchable geometric
phase of LC is adopted to dynamically compensate for the lin-
ear resonant phase dispersion of a dielectric metalens and thus
enable an active manipulation of chromatic dispersion.*?! The
switchable geometric phase of LC is also integrated with a metal-
ens to realize the alternation between a spin-selective bifocal state
and a polarization-independent single focus state.[**! If the foci of
metalens are dynamically tuned or switched, and the achromatic
property is maintained, multidepth full-color imaging and multi-
spectral detection can be accomplished within a single snapshot.
This approach will significantly enhance the efficiency of THz
imaging and inspection and thus fulfills the key requirements
for practical utilization in biomedical diagnostics and security
screening.

In this work, we propose an LC-enabled varifocal achromatic
metalens. The design is based on two key points: first, the dual
foci are induced by the basic phase profile combined with a
fixed part and a switchable part; second, the group delay of the

© 2025 Wiley-VCH GmbH
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Figure 1. Function and design of the LC-enabled varifocal achromatic metalens. a) Schematic illustration of the LC-enabled varifocal achromatic metalens
with focus length of F,, for voltage ON-state and F; for voltage OFF-state; b) Phase decomposition chart of the LC-enabled varifocal achromatic metalens,
i. the group delay 6 (up) of the metasurface, and the propagation phase @p (down) at the central frequency of the metasurface, associated with the shape
of the cylindroids; ii. The geometric phase of the metasurface ¢y, (left) associated with the rotation of the cylindroids and the target phase compensation
diagram ¢ (right) at the central frequency; iii. The geometric phase of the photopatterned LCs ¢, ¢ (left) and the target phase compensation diagram

@, (right) at the central frequency.

propagation phase is properly preset to simultaneously compen-
sate for the diffraction dispersion at the dual foci. The varifocal
achromatic metalens is demonstrated in a photopatterned LC-
integrated silicon metalens. The metasurface provides both the
fixed geometric phase and the propagation phase, whereas the
LC supplies the switchable geometric phase. It exhibits excel-
lent achromatic performance at both foci over a broad THz band.
Dual-depth multispectral imaging is further verified to present
the potential of this varifocal achromatic metalens.

2. Principle and Design

As llustrated in Figure 1a, the varifocal achromatic metalens con-
sists of a silicon cylindroid metasurface and a photopatterned
LC layer. The former supplies a frequency-dependent propaga-
tion phase (¢p), which results in a positive dispersion caused by
the material dispersion of the silicon cylindroid. The metasur-
face also provides a fixed geometric phase (¢¢)), whereas the LC
supplies a switchable geometric phase (¢¢;c). Both of them are
frequency independent and result in a negative diffractive disper-
sion. If these two opposite dispersions are properly compensated
for at both voltage ON (V) and voltage OFF (V) states, achro-
matic focusing could be achieved at the dual foci (Figure 1a).

The phase decomposition process is clearly shown in
Figure 1b. The phase profile ¢, of the varifocal achromatic met-
alens is depicted as!*"]

@, (V) =A@ (V) + @y, (1) = 5 (1) (v—v)

—Z’ZVC <\/F§_+r2—Fa> (1)
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where o is a symbol of bias state (¢ = 0 for Vo and o = 1
for Vggg), r represents the radius of an arbitrary point on the
lens, v represents the frequency, Ag is the positive dispersion
introduced by ¢@;, ¢y, represents the basic phase profile, §(r) =
0, (r)/dv denotes the first-order Taylor item of the phase profile,
which is known as the group delay,[“!! v_ denotes the central fre-
quency of the achromatic band, ¢ represents the light velocity in
vacuum, and F, denotes the focal length. As shown in Figure 1b-i,
to offer simultaneous compensation for dual foci, Ag(r) should
be properly designed by tailoring 6(r) according to

5(r)=k—%[(,/Fg+r2—1:0>+<,/F§+r2—F1>] 2)

where k is a constant with no impact on focusing. @, (r, v.) is set-
tled correspondingly. ¢, is composed of three different compo-
nents:

@, (1) = @p (73 Vc) + [(PGM (1) — o9cic (7’)] (=1)° 3)

@p(r, v.) is a term accompanied by a given §, which makes a
constant contribution to ¢y . Via properly designing Ag to match
the diffractive dispersion of ¢y, (¢ =0, 1) simultaneously, the LC-
integrated metalens can be electrically switched between two foci
and exhibit achromatic focusing at both V, (Figure 1b-ii, 6@,
= 0) and V,;; states (Figure 1b-iii). The minus before ¢ (r) for
o = 1is due to the spin reversion after the beam passes through
the LC layer, which works as a half-wave plate (details shown in
the Supporting Information).[*0]
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Figure 2. Design and fabrication of the LC-enabled varifocal achromatic metalens. a) Configuration and geometric parameters of the LC-enabled varifocal
achromatic metalens. The cylindroid metaatom has a fixed height of h = 300 um and a lattice period of p = 65 um with various dimensions of Ry, R,
and 0y,. b) PCR database of meta-atoms at v,p;;, = 1.0 THz, v. = 1.3 THz and v,,,,, = 1.6 THz; ¢) Group delay and phases of selected meta-atoms;
d) Photograph of the fabricated metalens; SEM e) top image and f) cross-sectional image of the silicon metasurface; g) Director distribution of the

photopatterned LC; h, i) POM photographs of the photopatterned LC.

To validate the above design, we fabricate an LC-integrated
metalens, as illustrated in Figure 2a. It features a sandwiched
configuration, and the LC is filled in the cell formed by a silicon
cylindroid metasurface and a fused silica. Two graphene layers
are coated inside the cell to work as transparent electrodes. A set
of cylindroid meta-atoms with different major and minor radii
R, and R, are selected and spatially aligned to obtain ¢, which
is linearly related to frequency (Figure S1, Supporting Informa-
tion). ¢y and @, ¢ are twice the azimuth angle of the cylindroid
meta-atoms 6, and LCs 0|, respectively. According to the po-
larization conversion efficiency (PCR) database constructed via
ANSYS Lumerical FDTD (Figure 2b), meta-atoms with PCR(v) >
40% are selected (PCR(v.) > 70%). The group delay and phases of
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selected meta-atoms at v, v, and v, ., are shown in Figure 2c,
and their details are shown in Table S1 (Supporting Information).
The fabricated metasurface is shown in Figure 2d—f, which ex-
hibits excellent fidelity with the design. The maximum aspect
ratio of the fabricated metalens is 8.3. The LC photopatterning
is carried out with a digital mask polarization lithography sys-
tem and the photoalignment agent SD1.1*?] Figure 2g shows the
designed director distribution of the photopatterned LC. The LC
orientations are consistent with the brightness variance under
a polarization optical microscope (POM) (Figure 2h,i). Herein,
the cell gap d = 350 pm is optimized to reach the highest PCR
across the achromatic band. More detailed designs are presented
in Figure S2 (Supporting Information).

© 2025 Wiley-VCH GmbH
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Figure 3. Simulation and characterization of the LC-enabled varifocal achromatic metalens across 1.0-1.6 THz. Simulated focusing properties of the
metalens in z direction for LCP incidence at a) Vrr and b) V) states, respectively; Experimental focusing properties of the metalens in z direction for
LCP incidence at (c) Vopr and d) Vo states, respectively; Foci in xy planes and corresponding intensity profiles with FMHW labeled on the top of each

image at e) Vo and f) Vg states, respectively; Modulation transfer function (MTF) of the metalens at g) Vo and h) Vg states, respectively.

3. Varifocal Achromatic Focusing

We use FDTD to numerically simulate the focusing properties of
the LC-integrated metalens. Figure 3a,b displays the simulated
intensity distribution in z direction at Vg and Vi states for
1.0-1.6 THz LCP incidence. The simulations reveal excellent var-
ifocal achromatic properties over a broad band of 1.0-1.6 THz. To
vividly exhibit the different frequencies, they are marked in dif-
ferent colors. A relative working bandwidth of 46.2% with respect
to the central frequency is achieved. In the Vg state, the met-
alens converges all transmissive THz waves to F; = 10 mm. In
the Vi state, the focus is switched to F; = 13 mm. The switch-
ing time for Vpy and Vg of the LC integrated metalens is 24
and 125 s, respectively. The numerical apertures of the metalens
are 0.29 for Vg and 0.23 for V. A scanning near-field THz
microscope (SNTM, Figure S3, Supporting Information) is used
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to examine the dual achromatic foci of the metalens. The mea-
sured results along z direction at the Vg and V), states are
presented in Figure 3c,d. Excellent varifocal achromatic proper-
ties are verified, and the obtained average focal lengths are F,
= 10.20 mm and F; = 13.76 mm, respectively, which are con-
sistent with the simulations. The extracted intensity profiles in
xy planes and the corresponding full width at half maximum
(FWHM, represented in the incident wavelength A = ¢/v) are
shown in Figure 3e,f. The diffractive limitation of the FMHW is
calculated as 1.224F, /D, here D = p X 91 = 5915 pm is the diam-
eter of the metalens. The limitation is 2.064 for Vg states and
2.684 for V) states. The metalens shows FMHWSs comparable
to the diffraction limit. To further investigate the resolution of the
metalens, the modulation transfer functions (MTF) of two states
are calculated and shown in Figure 3g,h, respectively. It suggests
aresolution up to 1.99 lp-mm™!, which decreases significantly for
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Figure 4. Dual-depth multispectral imaging of the LC-enabled varifocal achromatic metalens. a) Schematic illustration of the dual-depth multispectral
imaging of the metalens. The white region is an empty hole, the cray region is a hole with 70 wt.% imidacloprid, and the pink region is a hole with 10
wt.% loratadine; b) Featured transmittances of the two medicaments. Insets show the molecular structures of imidacloprid and loratadine; c) The clover
mask for the imaging test; d) Captured images at 1.25, 1.37, and 1.52 THz and a mixed image in the Vg state, with intensity contrasts between two
medicaments labeled on the top-right of monochromic images; e) “U” mask for the imaging test; f) Captured images at 1.25, 1.37, and 1.52 THz and
a mixed image in the Vo state, with intensity contrast between the imidacloprid and the empty hole labeled on the top-right of monochromic images.

All color bars indicate the normalized intensity.

lower frequencies after bias is applied. The focusing efficiency is
defined as the proportion of the concentrated power at the fo-
cal plane within a 2xFWHM diameter compared with the inci-
dent intensity. Average efficiencies of 23.9% and 26.1% are ob-
tained for the Vo and Vi states, separately. The proposed var-
ifocal achromatic exhibits comparable performance compared to
recently reported THz achromatic metalens (Table S2, Support-
ing Information)!®4-%1 but has a dynamic switching ability. Fur-
ther focus performances, such as the modulation transfer func-
tions, focus length variation among different frequencies, NA,
and efficiency of the metalens, are presented in Figure S4 (Sup-
porting Information). In summary, the LC-integrated metalens
exhibits excellent achromatic focusing properties at dual foci in
a range of 1.0-1.6 THz, successfully confirming the feasibility of
the proposed design.

4. Dual-Depth Multispectral Imaging for
Medicament Identification

To demonstrate the practicality of the LC-enabled varifocal achro-
matic metalens, dual-depth multispectral imaging for medica-
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ment identification is carried out. This experiment aimed to val-
idate a varifocal, achromatic metalens for dual-depth pharma-
ceutical imaging. The lens successfully distinguished between
drugs of similar visible color by analyzing transmittance con-
trasts, demonstrating its potential for dynamic, non-destructive
screening. The experimental setup is shown in Figure 4a. Two
white medicaments with similar appearances (mass fractions of
70 wt.% imidacloprid and 10 wt.% loratadine) are selected as an-
alytes. They exhibit distinct transmittances in the working band
of the LC-integrated metalens (Figure 4b). Notably, 70 wt.% im-
idacloprid exhibits lower transmittance at 1.37 THz due to the
featured absorption, while the minimum transmittance of 10
wt.% loratadine is at 1.52 THz. Hollow “clover” and “U” shaped
metal masks fabricated on silicon are adopted as both the medica-
ment holder and the imaging object. The measurements are
carried out according to the Gaussian imaging equation 1/F,
= 1/u, + 1/v, where u, is the object distance and v is the im-
age distance. We fix v to achieve switchable dual-depth imaging.
The three frequencies of 1.25, 1.37, and 1.52 THz are marked
in red, green, and blue, respectively, to provide a more vivid
presentation.

© 2025 Wiley-VCH GmbH
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For the measurement in the Vi state, the “clover” mask
is set at u; = 16.25 mm, and two leaves are filled with the
two medicaments separately (Figure 4c). We use the SNTM to
capture images at three characteristic frequencies and v = 26
mm. Figure 4d reveals that three “clover” leaves exhibit different
intensity distributions as a result of the different transmittances
of the filled analytes. The intensity distributions in monochro-
matic and mixed images are all consistent with the spatial dis-
tributions of analytes. Furthermore, we calculate the intensity
contrast between two medicaments by |ligactopria — loratadine |
| limidaclopria + Toratadine) @t three separate frequencies, and find
larger contrasts are recorded at 1.37 and 1.52 THz. For the V
state, half of the “U” mask is filled with 70 wt.% imidacloprid
(Figure 4e), and the image is captured at u, = v = 26 mm.
Figure 4f shows a strong contrast between the empty region and
the region filled with 70 wt.% imidacloprid. The intensity con-
trast between imidacloprid and the empty region is calculated
by |Iimidac10prid - Iempty| / (Iimidadoprid + Iempty) at three frequen-
cies. This proves that both the shape and composition of ana-
lytes can be detected at two different depths with the LC-enabled
varifocal achromatic metalens. It provides a new technique for
dynamic nondestructive safety screening and pharmaceutical
identification.

5. Discussion

The proposed LC-integrated metalens overcomes the fixed fo-
cal length restriction of traditional achromatic metalenses and
achieves longitudinal switching between dual foci with chromatic
aberration compensation over 1.0-1.6 THz. The strategy can be
further expanded to lateral dual achromatic foci with on-demand
diffraction angles and focus lengths (Figures S2 and S5, Sup-
porting Information). It breaks the critical barrier in dynamic
THz meta-optics. To further improve the focusing efficiency,
the absorption and reflection loss of metalens, transparent elec-
trodes, and LCs should be reduced via optimizing the materials
and structures, as well as introducing anti-reflection layers. Fur-
thermore, introducing inverse design to optimize the group de-
lay, aberration suppression, and switchable multifunctionalities
could be achieved in a broader band.[*~*8] Larger variation ranges
of numerical aperture and focal length can be realized with hier-
archical meta-atom libraries with high aspect-ratio geometries.
The switchability can be improved by adopting higher birefrin-
gence or faster response LCs. Notably, the techniques used for
the proof-of-concept demonstration are also available for scalable
production, which may revolutionarily improve the existing THz
apparatuses.

Achromatic metalenses with dynamic varifocal capabilities are
still challenging to realize. Here, we demonstrate a varifocal
achromatic metalens that offers switchable focus while preserv-
ing broadband achromaticity. Our device compensates for diffrac-
tive dispersion with a predefined propagation phase group delay,
combining a fixed geometric phase (from cylindroid meta-atoms)
and a switchable one (from photopatterned liquid crystals) for dy-
namic modulation. With a properly designed LC-integrated met-
alens, dual achromatic foci (10.20 and 13.76 mm) are dynami-
cally altered via bias across 1.0-1.6 THz. Dual-depth multispec-
tral imaging of masks filled with two medicaments is further veri-
fied, revealing its potential for pharmaceutical identification and
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nondestructive inspection. This work provides a framework for
the design and scalable fabrication of planar THz optics with dy-
namic and adaptive functionalities.

6. Experimental Section

LC-Integrated Metalens Fabrication: Figure S6 (Supporting Informa-
tion) schematically illustrates the fabrication process for the LC-integrated
metalens. The silicon metasurface was fabricated via standard UV pho-
tolithography and reactive ion etching. The intrinsic silicon substrate,
which is 1.5 X 2.0 mm and 1.0 mm thick with a resistance of >5000 Q-cm,
was cleaned sequentially with acetone, ethanol, and ultrapure water, fol-
lowed by O-plasma cleaning. Hexamethyldisilane (HMDS) was coated on
the substrate to enhance adhesion to the photoresist. The photoresist
(AZ4620, Merck, Germany) was spin-coated at 1000 rpm for 40 s and
then photolithographed with a photolithography instrument (MA6BAG6,
SUSS Micro Tec, Germany) for 20 s. Reactive ion etching (RIE) was car-
ried out using a deep silicon etching machine (HSE200S, NAURA Co. Ltd.,
China) for 480 cycles. The residual photoresist was lifted off. The meta-
surface and silica substrate were ultrasonically cleaned and treated with
O-plasma for 5 min. The few-layer graphene (Six Carbon Technology, Shen-
zhen) was transferred to them and then spin-coated at 3000 rpm for 30 s
to coat the photoalignment agent (SD1, NCLCP, China). Afterward, they
were baked at 100 °C for 10 min to remove the solvent. Finally, the meta-
surface and silica substrate were separated by 350-um-thick Mylars and
sealed with glue to form the cell. The cell was exposed via a digital mask
polarization lithography system to record the desired patterns. A nematic
LC (NC-M-LC101-135, NCLCP, China) with a birefringence of 0.3 during
1.0-1.6 THz was infiltrated into the cell at 180 °C. The imaging mask was
fabricated using a standard photolithography mask fabrication procedure
and RIE.

Simulations: ANSYS Lumerical FDTD Solutions were used to sweep
the parameters to obtain the database of silicon cylindroid meta-atoms.
For simplification, only one diameter of the metalens was analyzed to
check the focusing property due to the infinite rotational symmetry of the
lens. The LC layer beneath the silicon metalens was divided into small
cuboid domains with 65 X 65 X 350 um (x X y X z) in size. The LC was
set as a diagonal dielectric material with diagonal elements of xx and yy
equal to 1.6 and diagonal elements of zz equal to 1.9. The LC director
distribution was set via an LC orientation module. LCP incidence plane
waves at 1.0-1.6 THz propagating along the z-axis were utilized as a
source.

Characterizations: An SNTM setup (Terahertz Photonics, China)
based on photoconductive THz generation and detection was utilized to
evaluate the performance of the LC-integrated metalens. A scanning tip
fixed on a motorized stage (JCOPTIX, China) was used to record the field
in the xy plane with a step size of 0.3 x 0. 3 mm for focus characterization
and 0.3 x 0.3 mm for image characterization. In xz plane, the field was
captured with a step size of 0.3 x 1.0 mm. An interpolation algorithm was
adopted to analyze the data. A square wave signal with a frequency of 1
kHz and V,,, = 230 V was applied as bias.

rms

Supporting Information

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