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Abstract: Metasurfaces offer a unique platform to realize flat lenses, reducing the size and
complexity of imaging systems and thus enabling new imaging modalities. In this paper, we
designed a bilayer helicity-dependent continuous varifocal dielectric metalens in the near-infrared
range. The first layer consists of silicon nanopillars and functions as a half-wave plate, providing
the helicity-dependent metasurface by combining propagation phase and geometric phase. The
second layer consists of phase-change material Sb, Sz nanopillars and provides tunable propagation
phases. Upon excitation with the circularly polarized waves possessing different helicities, the
metalens can generate helicity-dependent longitudinal focal spots. Under the excitation of linear
polarized light, the helicity-dependent dual foci are generated. The focal lengths in this metalens
can be continuously tuned by the crystallization fraction of Sb,S3;. The zoom range is achieved
from 32.5 pym to 37.2 um for right circularly polarized waves and from 50.5 um to 60.9 um for
left circularly polarized waves. The simulated focusing efficiencies are above 75% and 87% for
the circularly and linearly polarized waves, respectively. The proposed metalens has potential
applications in miniaturized devices, including compact optical communication systems, imaging,
and medical devices.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metasurfaces, consisting of two-dimensional subwavelength scatterers on a planar surface,
can modify incident electromagnetic wave’s phase, amplitude, and polarization [1-5]. In
recent years, advancements in metasurfaces have driven the development of ultrathin and
lightweight metadevices, including polarization converters [6—10], optical vortex generators
[11-14], holograms [15,16], and metalenses [17-22]. A metalens can focus transmitted
or reflected waves into diffraction-limited focal spots while maintaining a flat form factor.
Unfortunately, the focal length cannot be dynamically adjusted once the metalens is fabricated.
Compact varifocal lenses are important for many applications in adaptive vision [23], augmented
reality [24], and imaging [25]. Current varifocal imaging systems are implemented via tuning the
relative distance between bulky optical elements, which are unsuitable for miniaturized systems.
Compact varifocal metalenses can potentially provide an attractive solution.
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Up to now, many methods have been proposed to demonstrate varifocal metalenses such
as microelectromechanical systems (MEMS) [26-28], stretching elastic substrate [29-31],
controlling the relative orientation between two compound metalens [32-35], and laterally
actuating two separate metalenses [36,37]. Nevertheless, these metalenses all require mechanical
moving parts which cannot operate in turbulent environments such as high altitudes. MEMS-
based meta-optics are also challenging to fabricate and could potentially be of low fabrication
yield. Another effective strategy is to incorporate tunable or active materials into metalenses
to change the focal length, such as graphene [38,39], anisotropic liquid crystals [40,41], and
phase-change materials [42—44]. However, the varifocal metalens based on changing the Fermi
level of graphene usually suffers from a limited zoom range, and the focusing efficiency is
significantly affected by the graphene absorption. Although liquid crystals can be integrated into
metalenses to tune the focal length, continuous varifocal capability or high focusing efficiency is
difficult to achieve. Varifocal metalenses based on phase-change materials Ge,Sb,Tes (GST) or
Ge,SbyrSesTe; (GSST) have also been realized; however, focusing efficiencies are intrinsically
limited by the strong absorption loss of GST and GSST in visible and near IR wavelengths
[42-44]. An emerging phase-change material, Sb,S3 has recently attracted much attention
because of ultralow loss in the near-infrared and stable intermediate states [45—49]. Additionally,
Sb,S3 exhibits a refractive index contrast of An = 0.6 at the wavelength of 1550 nm and a high
transition temperature of 270 °C [46], making it thermally stable. These superior properties have
already led to the application of Sb,S3 in dynamic filters [47,48] and non-volatile microring
switches [49].

Recently, Pancharatnam-Berry (PB) phase metasurfaces have shown excellent capabilities
in controlling circularly polarized waves. However, the geometric PB phase has intrinsically
opposite signs for the circularly polarized beams with different helicities. As a result, if a circularly
polarized light is focused, then the light with opposite helicity will diverge. The helicity-locked
limitation of PB phase metasurfaces can be released by combining the orientation-dependent
PB phase and the dimension-dependent propagation phase [50-54]. Here, we propose a bilayer
dielectric metasurface that simultaneously employs propagation and geometric phases to realize
helicity-dependent continuous varifocal metalens in the near-infrared range. Focal length tuning
is achieved by modifying the polarization states of incident waves and crystallization fraction
of constituent phase-change Sb,S; meta-atoms. The propagation phase metasurface consists
of Sb,S3 nanopillars with a square cross-section, where the phase response can be dynamically
manipulated by varying the crystallization fraction of Sb,S3. Sinanopillars with rectangular cross-
sections function as half-wave plates (HWPs) and supply propagation and helicity-dependent
geometric phases. They are designed to break the mirrored and locked functionalities for the
circular polarization beams with different helicities. The proposed helicity-dependent metalens
can independently produce a longitudinal focal spot under the left-hand circularly polarized
(LCP) or right-hand circularly polarized (RCP) incident wave. This varifocal metalens exhibits
excellent focusing capability with Sb,S3; switched between crystalline and amorphous states with
the zoom range from 32.5 um to 37.2 um (RCP) and from 50.5 um to 60.9 um (LCP). As the loss
of the Sb,S3 is almost zero in both states, the simulated focusing efficiencies are above 75%
and 87% for the circularly and linearly polarized waves, respectively, regardless of the Sb,S3
state. The proposed metalens can potentially find applications in compact optical communication
systems, imaging, and biomedical devices.

2. Theoretical analysis and design of the metalens

To achieve continuous varifocal metalens, we propose a bilayer meta-atom unit cell [ Fig. 1(a)],
which comprises of a Si nanopillar in the bottom [Fig. 1(b)] and Sb,S3; nanopillar at the top
[Fig. 1(c)]. At the selected wavelength of 1550 nm, the refractive index of Si is 3.48 [55], and
the refractive indexes of Sb,S3 in amorphous and crystalline states are 2.712 and 3.308 [46]. In
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particular, the loss of silicon and both states of Sb,S3 are negligible at 1550 nm. The Si layer
of the metasurface can be defined using electron beam lithography (EBL) and deep reactive
ion etching (RIE) followed by encapsulation in a silica layer with the thickness of 3 = 2 um.
Sb,S3 layer of thickness #; = 1 um can be sputtered onto the chip by thermal co-evaporation or
magnetron sputtering. Finally, The phase-change Sb,S3 layer can be patterned via EBL followed
by RIE process [44]. The schematics of the varifocal metalens with different crystallization
factions of Sb,S3 are illustrated in Figs. 1(d)—1(i). The metalens will have two different focal
lengths, depending on whether the illumination light is RCP or LCP [see Figs. 1(d, e)]. This
helicity-dependent focal length can be continuously adjusted by changing Sb,S3 from crystalline
to amorphous [see Figs. 1(g, h)]. Once the incident wave is switched to a linearly polarized
(LP) wave (e.g., x-LP), both helicity-dependent focal spots will appear simultaneously, thereby
enabling the multiplexing of helicity-dependent dual foci [Fig. 1(f)]. Similarly, the focal lengths
of the dual foci can be changed by transitioning from crystalline Sb,S3 (c-Sb,S3) to amorphous
Sb,S3 (a-Sb,S3) [Fig. 1()].

(d)

c-Sb2Ss (m=100%) (e) «,7

Metasurface 2 C

7

Fig. 1. (a) The schematic of the proposed meta-atom unit cell. (b) The Si layer unit cell.
(c) The SbyS3 layer unit cell. The illustration of helicity-controlled continuous varifocal
metalens under (d) RCP, (e) LCP, and (f) x-LP waves excitations with Sby S5 in the crystalline
state. The illustration of helicity-controlled continuous varifocal metalens under (g) RCP,
(h) LCP, and (i) x-LP waves excitations with Sb,S3 in the amorphous state.

We design the Si nanopillars that implement both the geometric and propagation phases
to independently manipulate two orthogonal circular polarization. Generally, when circularly
polarized waves illuminate on the Si nanopillar with rectangular cross-section whose orientation
angle is 6 relative to the x-axis, the Jones matrix in the circularly polarized base can be expressed
by [56]:

%([xx + tyy) %(txx - tyy)eﬂg
J(G)Circular = | i | (1)
3t = tyy)e 72 7 (1 + 1yy)
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where ., and t,, denote the complex transmission coefficients of the Si nanopillars under x- and
y-LPincidences. Whent,, = —ty,, the Si metasurface acts as an HWP. We assume the transmission
coefficients 7., can be expressed as t,, = A @9 where 8, and A,, are the corresponding phase
shift and amplitude, respectively. Therefore, the Jones matrix can be simplified as [50]:

0 Axxef(‘s”*w)
J(g)circular = . (2)
Axxe}(5xx—29) 0

By independently controlling the propagation phases with size-varying nanopillars, and the
geometric phases with different orientation angles 6, the helicity-dependent phase of J,, + 26
can be imposed on the transmitted LCP and RCP waves, respectively.

In the Sb, S5 layer of the metalens, only the propagation phase is controlled by changing the
dimensions of Sb,S3 nanopillars to adjust the optical response of transmitted waves dynamically.
The Sb;S3; nanopillars that function as dielectric waveguides can add a phase shift of ® =
2rnqgho [ Ap to the transmitted waves, where ngy is the effective index of the fundamental mode
and Ay is the wavelength in free space. The varifocal function can be realized by changing the
effective index of the Sb,S3 nanopillars concerning the crystallization fractions. Here, it should
be mentioned that the phase shifts of the transmitted waves after passing through the bilayer
structures is a linear superposition of the phase shifts of the two layers [57], thereby providing
more degrees of freedom for our design.

To realize a high-efficiency varifocal metalens, the commercial 3D finite difference time
domain (FDTD) solver is used to optimize the geometries of the Si and Sb,S3 nanopillars at the
operating wavelength of 19 = 1550 nm. The height /; of the Si nanopillars is fixed as 1.5 pm to
achieve the desired 27 propagation phase coverage for implementing an HWP. The unit cell pitch
P is 600 nm, which ensures that these nanopillars can be regarded as a zeroth-order grating with
relatively high transmission in the near-infrared band [58]. Figure 2(a) indicates the simulated
circular polarization conversion ratio (PCR) of Si nanopillars as a function of its sizes of W; and
Ly, which is defined as PCR = ﬁ, where T,y and T, are the transmission amplitudes
of converted and unconverted circularly polarized waves, respectively. From Fig. 2(a), we can
select a set of fifteen nanopillars that can work as the HWPs while exhibiting high transmission
at the working wavelength for the LP incidences [Fig. 2(b)]. In particular, the phase difference
(|8xx = 6yy|) of fifteen nanopillars are all equals to 7, satisfying the requirement of HWPs. These
HWPs provide fifteen phase levels covering the entire 0-27 range for both 6, and dy,.

To gain a better insight into the mechanism of the geometric phase, Fig. 2(c) shows the
simulated transmission amplitudes and phase shifts of converted LCP waves versus the rotation
angle 6 of the 5™ and 13™ Si nanopillars under RCP excitation. We can see that the phase
shifts equal 26, and the incident wave is nearly transformed into the corresponding orthogonal
component. Regarding the Sb,S3 nanopillars, its height 4, is fixed at 1 um to ensure high
transmission and the desired 2m phase coverage. Figure 2(d) shows the simulated transmission
amplitudes and phase delays of the c-Sb,S3 nanopillars with the width W, varied from 150 to
400 nm for the circularly polarized incidences.

To focus the transmitted waves into the focal point, the spatial variation of the phase distributions
should meet the following formula:

2m
‘pi(xvy:Fi) = /1_0 (\/m_ F,) (3)

where F; is the focal length, Ay is the working wavelength, and (x, y) represents the in-plane
coordinate of each nanopillar. Here, the phase distribution ¢;(x, y, F;) usually refers to geometric
phases or propagation phases or even their combination, namely helicity-dependent phases. To
produce two well-separated focal points, the Si layer is required to provide two different spatial
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Fig. 2. (a) The simulated polarization conversion ratio (PCR) of the Si nanopillars with
different sizes under RCP excitation. The chosen Si HWPs are marked with white circles.
(b) The simulated transmission amplitudes (Axx and Ayy), phase delays (6xx and dyy) and
phase difference (|0xy — dyy|) of the fifteen Si nanopillars under LP incidences. (c) The
simulated transmission amplitudes and phase shifts of converted LCP waves versus the
rotation angle 6 of the 5th and 13th Si nanopillars under RCP excitation. (d) The simulated
transmission amplitudes and phase delays of the c-Sb,S3 nanopillars for the circularly
polarized incidences.

phase distributions ¢ (x,y, F1) and ¢;(x, y, F»), respectively, corresponding to RCP and LCP
waves. Specifically, this Si layer that can be described by a position-dependent Jones matrix J(x, y)
simultaneously implements J(x, y)|RCP) = ¢ ®»F1)|LCP) and J(x, y)|LCP) = ¢/#2(=-F2)|RCP).
Therefore, the required Jones matrix should satisfy the following form [59]:

PIEYF1) 4 ipa(x.y.F2) it P2y F2) _ ol (%y.F1)

_ 2 2
J(x,y) = it P2y F2) _ joie1@y.F1) i1y F1) _ plpa(x.y.F2) )
2 2

Owing to symmetric and unitary conditions, J(x,y) can be expressed as J(x,y) = RAR™!,
where A represents a diagonal matrix and R is a real unitary matrix. For Si nanopillars, the
diagonal matrix A denotes impose phase shifts ¢, and dy, to LP waves along its long and short
axes, while the matrix R corresponds to the orientation angle 6 of its long axis relative to the
x-axis. Considering the given helicity-dependent phase distributions ¢ (x, y, F1) and ¢ (x,y, F2),
the desired phase shifts and orientation angles of Si nanopillars can be written as [59] (Fig. 3):

1
6xx(xvy) = E[‘}Dl(x’y’ Fl) + ‘102(-x’y’ FZ)] (5)
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Fig. 3. The phase distributions at each layer under RCP (a) and LCP (b) excitations

According to Egs. (5-7), the selected fifteen Si nanopillars that function as highly efficient
HWPs and provide a propagation phase spanning the entire range from 0 to 27 can be appropriately
arranged. For the Sb,S3 layer, its phase profiles satisfy ¢3(x, y, F3), which is insensitive to the
polarization of incident light. Consequently, the total phase distributions for incident RCP and
LCP waves after passing through the metalens can be expressed as [57]:

@rep(X, Y, FR)=p1(x,y, F1) + ©3(x,y, F3) = Oxc(x,y) + 20(x,y) + @3(x, y, F3) ®
erLep(x, Y, Fr)=a(x, , F2) + @3(x, ¥, F3) = 8xc(x, y) — 20(x,y) + @3(x, y, F3)

The total phase distributions of the two-layer metasurfaces ¢rcp(x, y, Fg) and ¢ cp(x, v, Fr)
are shown in Fig. 3, from which we can find that such bilayer metasurfaces can also satisfy the
focus formula. When a collimated RCP wave illuminates on the metalens, the focus formula with

Fg can be write as:
2w
" (1/F12e +x2+y% - FR) = @rcp(x,y, FR) ©

The focal length Fg can be obtained by fitting the phase distribution @rcp(x, y, Fg) with the
Eq. (9).
In contrast, when a collimated LCP wave illuminates on the metalens, the focus formula with

Fp can be expressed as:
2n >
o \EF; + X2+ 32 = FL| = ¢rcp(x, y, Fr). (10)

The focal length F, can be obtained by fitting the phase distribution ¢ cp(x, y, F) with the
Eq. (10).

Hence, the theoretical focal lengths of the metalens are approximately 31.8 um and 50.2 um
for RCP and LCP waves.
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3. Results and discussion

3.1. Switchable helicity-dependent metalens

Here, we use the FDTD technique to accurately calculate the transmission properties of the
metalens, and the near-to-far-field transformation approach is used to obtain the electric field and
magnetic field in the far-field domain to save the calculation time. The simulated performance
of the switchable helicity-dependent metalens that can independently generate different focal
spots is illustrated in Fig. 4. Figures 4(a) and 4(b) show the intensity profiles of the transmitted
waves in the x-z plane under the RCP and LCP excitations, respectively. We find the simulated
focal lengths of the metalens to be 32.5 um and 50.5 um, which are very close to theoretical
values. The slight deviation in focal spot positions between the theoretical design and numerical
simulation is mainly ascribed to the discrete phase shift between adjacent nanopillars. There is a
large discrepancy in the maximum intensity of the two foci due to the difference in the numerical
aperture (NA), which is calculated by the equation of NA = sin[tan™!(D/2F;)]. The calculated
NAs of the metalens are 0.5 and 0.37 for the RCP and LCP waves. LP waves can be considered
as a linear combination of two circularly polarized waves with opposite helicity. Therefore, when
an x-LP wave impinges on the metalens at normal incidence, the coaxial multiplexing of the
helicity-dependent dual foci is realized, as shown in Fig. 4(c). When Sb,S3 transitions from
c-SbyS3 to a-Sb,S3, the transmitted LCP or RCP waves are focused into different longitudinal
positions of 37.2 um and 60.9 um [In Fig. 4(d) and 4(e)], respectively, and the corresponding NAs
of the metalens are changed to 0.47 and 0.31. Similarly, two new focal spots are simultaneously
generated when Sb;S3 is in the amorphous state under x-LP excitation, as indicated in Fig. 4(f).
After verifying the focusing capability, we calculate the focusing efficiency for the metalens as
high as 75% and for the RCP and 77% for LCP incidences, respectively, and the total focusing
efficiency of the dual foci metalens upon x-LP excitation is found to be 88%. The focusing
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Fig. 4. (a-c) The simulated intensity profiles in the x-z plane under the illumination of RCP
(a), LCP (b), and x-LP (c) waves when Sb;S3 is in the crystalline state. (d-f) The simulated
intensity profiles in the x-z plane under the illumination of RCP (d), LCP (e), and x-LP (f)
waves when Sb;Ss3 is in the amorphous state. The white curves represent the cross-section
of simulated intensity along the z-axis.
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efficiencies are defined as the energy ratio of a circular area on the focal plane to the incident
beam that passes through the metalens. The circular radius on the focal plane is two times the
full width half maximum (FWHM) spot size [20].

3.2. Helicity-dependent continuous varifocal metalens

The reversible switching between the c-Sb,S3 and a-Sb,S3 can be accomplished by applying laser
pulses [45,46] or voltage pulses [45,49] with the designated power for a predefined time duration.
Additionally, the intermediate state of SbyS3 can be perceived as the arbitrary combination
of crystalline and amorphous molecules, thereby providing the opportunity for realizing the
continuous varifocal metalens. To simulate the response of Sb,S3; meta-atoms with different
crystallization fractions, the Lorentz-Lorenz relation is employed to approximate the permittivity
of the Sb,S3 [60]:

gef(A) =1 Ec-5by83(4) — 1 Ea-SbyS;(4) — 1
= + (1 =) x SSeS W 7
Eefr(4) +2 Ec-Sbys3(4) +2 Ea-Sbys3(4) +2

an

where &._sb,s,(4) and &, _ sp,s, (1) represent the permittivity of c-Sb,S3 and a-Sb,S3, respectively,
and m is the crystallization fraction of Sb,S3 ranging from 100% to 0%. To demonstrate the
continuous varifocal properties of the proposed metalens, we investigate the optical response
of the Sb,S3 nanopillars with varied crystallization fraction m. Figures 5(a) and 5(b) show the
phase shifts and transmission amplitudes as a function of the nanopillar widths with different
crystallization fractions. The phase shifts can be adjusted by changing the state of the Sb,S3
nanopillars while the transmission amplitudes are maintained at high levels, implying high
focusing efficiency. Figure 5(c) indicates the calculated phase distributions in the x-direction of
the Sb,S3 layer within the metalens when the crystallization fraction m is gradually decreased
from 100% to 0%. Impressively, these phase distributions resemble the ideal parabolic profiles,
manifesting that the metalens can always maintain an excellent focusing performance when
Sb,S3 is reconfigured between the crystalline and amorphous states. Figures 6(a) and 6(b) denote
the intensity distributions in the x-z plane of transmitted LCP and RCP waves after passing
through the metalens, respectively. One can observe that the maximum intensity in the focal
spot decreases with the reduced crystallization fraction m, which is attributed to the increase of
the focal length and consequently reduced NA. In Fig. 6(c), the intensity profiles of transmitted
LCP and RCP waves are plotted under the excitation of an x-LP wave. It should be noted that
the zoom range of the second focal point is larger than that of the first focal point since the
zoom range of each focal spot is proportional to the designed focal length within a certain range.

(a) (b) (c)
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Fig. 5. The phase shifts (a) and transmission amplitudes (b) of the SbyS3 nanopillars with
different crystallization fractions as a function of the nanopillars width. (c) The calculated
phase distributions in the x-direction of the Sb,S3 layer within the metalens with different
crystallization fractions.
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Fig. 6. The intensity profiles in the x-z plane under the illumination of RCP (a), LCP (b), and
x-LP (c) waves when Sb,S3 has a different crystallization fraction. (d) The corresponding
focal length and focusing efficiency of the two focal points versus crystallization fractions
upon the illumination of RCP and LCP waves. (e) The corresponding focal length and total
focusing efficiency of the dual foci versus crystallization fraction upon the illumination of an
x-LP wave.

Figure 6(d) summarizes the focusing efficiency and focal length of the two foci as a function of
the crystallization fraction. When the RCP wave is incident on the metalens, a zoom range of 4.7
um is achieved with an average focusing efficiency of 75%. When the LCP wave impinges, the
zoom range is increased to 10.4 um, and the average focusing efficiency reaches 77%. Figure 6(e)
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shows that the similar focusing efficiency and focal length of the two foci under an x-LP incident
wave, the total focusing efficiency remains to be 88%.

4. Conclusion

In conclusion, we have demonstrated a kind of helicity-dependent metalens based on the spin
decoupled metasurface by combining propagation phase and geometric phase, which also has
continuous varifocal properties due to the phase change material. The spin-decoupled metasurface
is composed of Si nanopillars that function as HWPs and simultaneously implement propagation
and geometric phases. While combined with low-loss phase-change Sb,S3 nanopillars, the
focal length of the whole metalens structure can be modulated by changing the crystallization
fraction of the Sb,S3 nanopillars. We do note that, however, changing the whole micron-thick
phase change materials will be an experimentally challenging task. Upon excitation with the
RCP or LCP wave, the metalens can generate helicity-dependent longitudinal focal spots with
focal lengths continuously adjusted by modifying the crystallization fraction of Sb,S3. The
zoom range is achieved from 32.5 ym to 37.2 um and for RCP and from 50.5 um to 60.9 um for
LCP, respectively. The simulated focusing efficiencies are above 75% and 87% for circularly
and linearly polarized waves, due to near-zero loss of the SbyS3. Due to the high efficiency,
tunable focal length, and arbitrary intensity ratio between two foci, the metalens can find many
applications in various fields, such as multi-imaging systems, biomedical science, and optical
tomography techniques.
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