RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Electrically Tunable Bifocal Metalens with
Diffraction-Limited Focusing and Imaging at Visible

Wavelengths

Trevon Badloe, Inki Kim, Yeseul Kim, Joohoon Kim, and Junsuk Rho*

Tunable optical devices powered by metasurfaces provide a new path for
functional planar optics. In particular, lenses with tunable focal lengths can
play a key role in various fields with applications in imaging, displays, and
augmented and virtual reality devices. Here, the authors demonstrate an
electrically controllable bifocal metalens at visible wavelengths by
incorporating a metasurface designed to focus light at two different focal
lengths, with liquid crystals to actively manipulate the focal length of the
metalens through the application of an external bias. By utilizing
hydrogenated amorphous silicon that is optimized to provide an extremely
low extinction coefficient in the visible regime, the metalens is highly efficient
with measured focusing efficiencies of around 44%. They numerically design
and experimentally realize and characterize tunable focusing and demonstrate
electrically tunable active imaging at visible wavelengths using the bifocal
metalens combined with liquid crystals. Diffraction limited focusing and
imaging is verified through the analysis of the measured optical intensities at
the focal points and the modulation transfer function. The bifocal metalens is
used to demonstrate electrically modulated focus switching between the two
designed focal planes, to display images of positive and negative target
objects.

1. Introduction

alternative to conventional optical ele-
ments, with various applications such as
imaging,!!! structural coloration,>>! and
holography.l®®l Their planar nature has
opened the door for the miniaturization
of optical devices, without having to con-
siderably compromise the performance.
Recently, there has been a great deal of de-
velopment in the field of metalenses.[*-14
These planar lenses utilize the power of
metasurfaces by manipulating the phase of
incident light at the subwavelength scale to
produce diffraction limited focusing.[**] All
of the same considerations that exist in con-
ventional optics are still relevant for metal-
enses, such as the various aberrations, size
limitations, and the working bandwidth. A
number of high-performance metalenses
have been proposed and experimentally
demonstrated to overcome these difficul-
ties. Broadband,'*'7] achromatic,[**191 and
high numerical aperturel?*?!l (NA) metal-
enses have paved the way for a new era of
thin, planar lenses that have significantly
smaller footprints than their conventional
glass-based cousins. This miniaturization

Metasurfaces consisting of arrays of subwavelength nanos-
tructures, known as meta-atoms, have been introduced as an

of lenses could have a remarkable influence on all kinds of op-
tical applications, from lab-based microscopy to consumer grade
devices.
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Figure 1. Schematic illustration of the bifocal metalens. By applying an external bias (from V; to V,) to the LC cell, the orientation of the LCs causes a
change between RCP and LCP light which in turn produces a change in focal length from f; (7.5 mm) to f, (3.7 mm).

Varifocal optical elements are extremely important for focus-
ing and imaging in three dimensions. The control of the focal
length in conventional optics is often achieved through mechani-
cally moveable, high-precision glass elements that are heavy and
bulky. In contrast, varifocal metalenses are naturally small and
lightweight giving them clear advantages in many situations.
However, although the modulation of the optical properties of
metasurfaces through tuning at the meta-atom level has been
demonstrated at longer wavelengths,[?] it is extremely difficult
for applications in the visible regime due to the requirement of
subwavelength sized meta-atoms that would require extremely
precise modulation. Therefore, most demonstrations of varifocal
metalenses so far have relied on a method of tuning the prop-
erties of the metalens as a whole. These have come in the form
of micro-electromechanical systems (MEMS),[?}] actuating lens
doublets,[?*] stretchable substrates,?>2° and through the use of
phase change materials (PCMs).[’] The first three methods rely
on physically moving parts, which could be suspect to degrada-
tion over time, and require precise control over extremely small
distances to function at visible wavelengths. PCMs are an excit-
ing option for metasurfaces, however their refractive index mod-
ulation and significant optical losses at visible wavelengths are
still hurdles that need to be overcome. The electrical modula-
tion of the focal length of metalenses has also been proven using
graphene to tune the Dirac point,[?®! and through the integration
of liquid crystals (LCs).[??) A comparison of the reported work on
varifocal metalenses, including the operating wavelengths, tun-
ing speed, and focal length range is provided in Note S1, Support-
ing Information.

The integration of LCs with metasurfaces has been proven
as an excellent opportunity for creating tunable devices based
on metasurfaces,*** and has already been exploited to demon-
strate chromatic aberration control of a metalens.*! The intro-
duction of LCs into metasurfaces provides a new degree of free-
dom that can be controlled at will through the application of an
external stimulus. The optical modulation from the LCs can be
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designed specifically for the purpose, for example, to control the
polarization of the light incident on the metasurface, or the re-
fractive index of the medium surrounding it. Therefore, the type
of LC should be chosen specifically to suit the needs of the de-
vice. Furthermore, not only can LCs be controlled electrically, but
also thermally, and through the application of external pressure.
These multiple operating methods open up new avenues towards
completely active devices with extended functionalities.

Here, we demonstrate a bifocal metalens that incorporates a
LC cell used to control the polarization of the incident light for
tunable focusing and imaging. Specifically, by applying an elec-
trical bias to the LC cell, the polarization of the incident light is
modulated between right circularly polarized (RCP) to left circu-
larly polarized (LCP) which causes the focal length of the met-
alens to change between two chosen locations. A schematic dia-
gram of the device is shown in Figure 1. By arduously designing
the metalens to include the phase profiles for lensing at two dif-
ferent focal lengths for the two incident polarization states and
integrating it with an LC cell, we numerically design and exper-
imentally demonstrate an actively tunable bifocal metalens for
focusing and imaging at visible wavelengths. This work demon-
strates that the integration of LCs with metalenses can lead to ad-
vanced functionalities that could have profound impacts on opti-
cal systems that require actively tunable responses, beyond static
metalenses. Furthermore, compared to a recently published ex-
perimental example of an electrically tunable bifocal metalens
using liquid crystals(*®) to modulate the effective local refractive
index around the metalens, imparting some form of extra phase
delay to produce a difference in focal point, our approach is to use
the LCs in a way to control the polarization of the incident light.
This design strategy allows us to use a much simpler meta-atom
design process, avoiding the arduous calculation and selection
of suitable meta-atoms from a huge library of geometric param-
eters, and also proves better performance in terms of focusing
efficiency. Moreover, we experimentally demonstrate electrically
tunable imaging of negative and positive targets.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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2. Results and Discussion

The interactions of light and subwavelength sized meta-atoms
have been investigated deeply. It is well-known that through the
careful design of the dimensions of the meta-atoms and correct
selection of material, the phase, amplitude, and polarization of
light can be locally controlled in order to produce any arbitrary op-
tical properties. For the control of phase, two approaches, namely
propagation and geometric phase, have been actively utilized.
Propagation phase, also known as retardation phase, allows for
independent phase profiles for two orthogonal linearly polarized
states of light. This is achieved through the careful design of the
meta-atoms, usually by adjusting the long and short axis of a rect-
angular shape. Since the dimensions of the meta-atoms are small
compared to the wavelength of incident light, we consider only
the zeroth-order propagation, as if from a plane wave. Then, the
Jones matrix of a uniaxial crystal acting a phase plate, can bewrit-
ten as:

(i9.)
J=R(-0) < . 6(2)),)> R(0) 1)

where ¢, and ¢, are the phase shifts for linearly polarized light
along the fast and slow axes, rotated by an angle of 6 relative to
the reference coordinate system. Ris a 2 X 2 rotation matrix given
by:

R (0) = ( cos b

—sinf cos@

sin 6 > 2

By keeping the angle 6 constant while changing the dimen-
sions of the meta-atoms, it is possible to create phase profiles
for two orthogonal, linear polarization states, producing the well-
known propagation phase. Using this methodology, polarization
dependent metasurfaces have been produced for holography!*”!
and other applications. Metasurfaces based on the propagation
phase have the inherent drawback that only half of the meta-
atoms are being utilized for a certain polarization state, meaning
that the overall efficiency is capped at 50%. Meanwhile, geomet-
ric phase, also known as Pancharatnam-Berry (PB) phase, allows
for the design of metasurfaces that produce phase profiles that
are equal and opposite for RCP and LCP light. This phase manip-
ulation stems from the polarization change of light as it passes
through the meta-atoms. It can be explained by understanding
how two parts of a uniformly polarized wavefront can take differ-
ent paths to reach the common output polarization state.*®! The
relative phase change that occurs between the two is then given
by half of the solid angle enclosed by the paths. This is achieved
using meta-atoms that act as half-wave plates, that is, by ensuring
that [¢, — ¢,| = 7, that are then rotated over the metasurface to
enforce a phase profile of ¢(x,y) = 20(x,y) on one of the circularly
polarized states of light, where 0 is the angle that the meta-atom
is rotated at. It is clear to see that rotation angles of 0 to = can
therefore produce PB phase that can be controlled linearly from
0 to 2z. The limitation of PB phase is that, due to symmetry, the
phase profile that is produced for LCP light is the opposite for
RCP, that is, ¢ cp(%,y) = —@rep(%.y). Therefore, it is impossible
to make a metalens that has two focal points in the same direc-
tion, as PB phase dictates that if the lens converges for LCP light,
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it would diverge for RCP light. However, these restrictions can
be overcome by combining the two methods.**#’1 Here, we use
this to design a bifocal metalens that has different focal lengths
for the two states of circularly polarized light.

The required phase profile to focus an incident plane wave at
a focal length (f) is given by:

v (y) = = 2 - V) ®)

where x and y are the positional coordinates of the metasurface,
and 4 is the wavelength of light. We define two phase profiles,
W rep(%,y) for RCP incident light, and y; -p(x,y) for LCP with dif-
ferent focal lengths f; and f,, at a working wavelength of 633 nm.
Then, by designing nanostructures that act as half-wave plates,
we can then use the propagation phase alongside the geometric
phase to create the metasurface. Since the rotation of a structure
by an angle 6 acts in equal and opposite directions for RCP and
LCP light, according to PB phase, we can define two equations as
follows:

Wrep (%,9) = ¢ (x,y) — 20 (x,y) 4)
and
Wicp (%,9) = ¢ (x,7) + 26 (x, y) (5)

Solving these equations leads to:

_ Wrep (x,y) + wicp (%, 7)
2

¢ (xy) (©)

20 (x,y) = Wrep (%, 7) g wice (%,9) 7)

The ¢(x,y) term is independent of the rotation of the meta-
atoms, so it can be implemented through propagation phase only,
while the 26(x,y) term dictates the PB phase contribution. Prop-
agation phase is reliant only on the physical dimensions of the
designed nanostructures, while the geometric phase is equal and
opposite for each circular polarization of light and depends only
on the rotation of the meta-atom inside the unit cell. This allows
for every spatial location on the metalens to contribute to the ma-
nipulation of the incident light.

To achieve the required phase profile with meta-atoms that
act as half-wave plates, a material with a large enough refractive
index (n) and low extinction coefficient (k) is essential. Here,
we utilized an optimized low-loss hydrogenated amorphous
silicon (a-Si:H),[*! which exhibits a complex refractive index of
2.88 + 0.00166i at 633 nm. The measured refractive index of the
material is presented in Note S2, Supporting Information. The
almost zero k vindicates this choice, moreover the use of silicon
allows for the application of mature complementary metal oxide
semiconductor (CMOS) processes. To determine the correct
geometries of the rectangular nanorods, a parameter sweep was
conducted for various values of unit cell periodicity (p) and nanos-
tructure height (h), alongside the dimensions of the nanostruc-
ture in the x and y directions, while keeping fabrication viability
in consideration. This was performed via a homebuilt rigorous
coupled-wave analysis (RCWA) solver. Values of h = 500 nm and

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Numerical calculations and design of the individual meta-atoms. The height (h) and the periodicity (p) of the meta-atoms were fixed at h =
500 nm and p = 350 nm throughout. The calculated a) phase delay and b) total transmission from meta-atoms with L, and L, from 50 to 250 nm under
x-polarized incident light. Note that values of L, + Lyz > p? are omitted due to the possibility of protruding outside of the unit cell when being rotated
to employ the geometric phase. c) The calculated phase difference between x- and y-polarized incident light. Values that satisfy a phase difference of
>80% of z are denoted by pink circles. d) The selected geometries for the meta-atoms to cover the required 2z range for propagation phase, while
also functioning as half-wave plates. The selected geometries are highlighted with red crosses in (a), (b), and (c), while the numbers in (a) relate to
the corresponding geometry. e) The calculated phase (red circles) along with the required phase (green dashed line) for the 8-step discretization. The
calculated phases align well with the required ones, while the transmission (blue crosses) provide a total average transmission of over 95%.

p = 350 nm were determined to best cover the whole range of 2x
of phase by varying the length of the rectangular nanorods along
thex (L,) and y (L) directions, while providing enough flexibility
in the meta-atoms and high transmission. Figures 2a and 2b
show the calculated phase delay and total transmission, respec-
tively, for different sized nanorods under x-polarized incident
light. Note that the response to y-polarized light can be found by
simply switching the x- and y-axis due to symmetry. To satisfy the
requirement of the nanorods to act as half-wave plates, we must
select geometries that have a difference of phase retardation
equal to = between the x- and y-polarization responses. The
magnitude of the calculated phase difference between x- and
y-polarized light in terms of z is shown in Figure 2c. As it is
extremely difficult to get a result that is exactly =, we allow a
leeway of +20% in the phase difference, that is, 0.87 < |¢,_ ¢,
< 1.2z to provide more possible options for the dimensions of
the nanorods. Comparisons of tightening and loosening these
constraints are provided in Note S3, Supporting Information.
The geometries that satisfy this relationship are denoted by pink
circles in Figure 2c. The choice of height and periodicity allows
for a fairly broad range of candidate meta-atoms, with lengths
that are different enough to be feasible for reliable fabrication.
Since it is almost impossible to achieve infinitesimally small
differences in phase due to the limitations of fabrication and the
limited number of meta-atoms that can be designed inside the
unit cell, it is common to discretize the desired phase map and
choose structures that produce a continuous gradient from 0
to 2z. Here, we choose to discretize the phase into eight equal
steps and select the most appropriate structure by minimizing a
function as demonstrated in reference.[*) We take the maximum
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error between the required phase at each step and each of the
linear polarizations. The function is defined as:
ePrequired Te¢x), ( Tmeane¢requ|red+ﬂ _ Te¢y)]} (8)

min{max [( T ean

where T, ., is the average transmission of all possible geome-
tries, and T, ¢, and ¢, are the transmission and phase delay for x-
and y-polarized light of a given geometry. Visual representations
of the selected geometries, the required and calculated phases,
and total transmission and are shown in Figures 2d and 2e, re-
spectively. The selected meta-atoms are also highlighted by red
crosses in Figure 2a—c. The properties of the selected nanorods
match closely to the required phase profile with a high average
transmission of ~#95%, and the phase profiles of the transmitted
light for x- and y-polarized light are provided in Note S4, Sup-
porting Information. This allows us to produce a metalens that
is both highly efficient and have focusing properties that match
closely to the designed parameters.

The phase profiles of a bifocal metalens with a diameter of
1.5 mm were calculated for focal lengths of f; =7.5 mm, and f, =
3.7 mm, which correspond to an NA of 0.1 and 0.2, respectively.
The calculated phase profiles are provided in Note S5, Supporting
Information. To confirm the focusing ability of the bifocal metal-
ens, the angular spectrum method!*?) was used to propagate the
electric field produced from the metalens in the z-direction. Due
to the size of the metalens, itis computationally expensive to store
the full field at all points in space, so we cropped the output field
to the center 50 pixels that cover a distance of 17.5 um which
is more than enough to capture the key details of the focusing
tendency of the metalens. Since the angular spectrum method

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

(b)

Laser

Linear
polarizer

Quarter-
~wave plate

z Aperture
o
3
o
N Metalens
Q
3
g
2 Objective
= lens
0 Quarter-
wave plate
(d) (i) z=3.7 mm (f,) (ii) z=7.5mm ()
1 i
= .2'1 T 1 L;ngar
@ ) z polarizer
5 < \ g
(1 @ \ |
B |LCP RCP 5 {CP \ RCP §
N N / W\ 5
‘@ | Strehl ratio: Ay e || ® |[Strehlratio: N ) Camera
E |oe2 E 091 / \m g
=0 2 S o / 5 5
-10 0 10 o 0 10
X (um) X (Um)

Figure 3. Characterization of the focusing performance of the bifocal metalens. a) (i) Optical microscope and (ii and iii) SEM images of the fabricated
bifocal metalens. The diameter of the whole metalens is 1.5 mm. b) Schematic layout of the optical setup. c) The optical field intensity profile along
the x-z plane for i) LCP and ii) RCP incident light. d) The normalized cross-sectional intensity profiles of the focused light at i) z = 7.5 mm (f;) and ii)
z=3.7mm (f;). The orange and blue lines denote the locations and measurements of f; and f,, respectively. The insets show 20 x 20 pm x—y intensity
profiles at each position for LCP and RCP incident light. The dashed red lines indicate the shape of the Airy disk of a lens with the same diameter of
our metalens. The calculated Strehl ratios are 0.82 and 0.91 for f; and f;, respectively, demonstrating the diffraction limited performance of the bifocal

metalens.

does not take the circular polarization of the incident light into ac-
count, the two focal spots appear consecutively at 3.7 and 7.5 mm
as would be expected for linearly polarized light that has com-
ponents of both LCP and RCP light. These plots are provided
in Note S6, Supporting Information. The choice for the diame-
ter of the metalens was limited by fabrication considerations. An
optical microscope image and zoomed in scanning electron mi-
croscope (SEM) images of the fabricated metalens is shown in
Figure 3a. Due to the size of the metalens exceeding the limits
of a single exposure of our electron beam lithography process,
the fabrication was broken down into smaller sections that were
then aligned properly to create the final device. As can be seen
in Figure 3a, the metalens was therefore fabricated in twelve sec-
tions and some slight variations in the alignment are apparent.
However, through the characterization of the metalens, it is con-
firmed that these alignment errors do not cause any great detri-
ment to the functionality of the device. Furthermore, the SEM
images demonstrate that the meta-atoms were fabricated well.
To characterize the focusing properties of the metalens when
illuminated by a 633 nm wavelength laser, we measured the in-
tensity profile in the x—y focal plane for various propagation dis-
tances in the z-direction. A schematic of the optical setup is
shown in Figure 3b. The center of the y plane was determined by
taking the location of the maximum intensity and subsequently,
the cross-sectional images were combined to produce the optical
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field intensity profile along the x-z axis as shown for LCP and
RCP incidence in Figure 3c. The focusing efficiencies, defined as
the ratio of the output power in the focal spot to input power were
measured to be 43.5% and 44.0% for LCP and RCP incidence, re-
spectively. A pinhole was used to fit the size of the incident light
beam to the diameter of the metalens. The input power is de-
fined as the power of the incident light that passes through the
pinhole, linear polarizer, and the quarter-wave plate, while the
output power is defined as the power in the focal spot after pass-
ing through the metalens. The measured intensities in the focal
planes were normalized and plotted as in Figure 3d along with
the diffraction limited Airy disks for a perfect lens with the same
diameter as our metalens. The profiles of the focal spots closely
resemble those of the perfect Airy disks, implying that the fo-
cusing produced by the metalens is also diffraction limited. The
insets of Figure 3d show the x—y field intensities. The calculated
Strehl ratios of the focal spots at f; and f, are 0.82 and 0.91, re-
spectively, highlighting the diffraction limited performance of the
bifocal metalens. Furthermore, it is clear to see that there is al-
most no response for the opposite polarization of light at f; and
f,, which is a very important trait for imaging at multiple focal
planes without any interference or unwanted noise from the sec-
ond focal plane.

To prove the imaging capabilities of the metalens, we imaged
a negative 1951 USAF Target. Specifically, we highlighted the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Imaging using the bifocal metalens. a) Captured images of a negative 1951 USAF resolution target using the bifocal metalens for objects in
the focal plane of i) f; and ii) f, with LCP and RCP incident light, respectively. b) Normalized intensity of horizontal cuts across element 3 of group 3 of
the target. The location of the cut is shown as a dashed line in (a). c) MTF of the metalens at i) f; and ii) f,.The dashed red lines show the MTF of perfect
diffraction limited lenses and the dashed grey lines denote the cutoff frequency.

elements 3 to 6 in group number 3. The results are displayed
in Figure 4a. The width of a line in element 3 was measured to
be 23 and 12 ym when the object was placed in the focal plane
of f; and f,, with LCP and RCP incident light, respectively. Cap-
tured images with the opposite polarization can be seen in Note
S7, Supporting Information. Plots of the normalized intensity of
a horizontal cut across the vertical lines in element 3 are shown
in Figure 4b to demonstrate the clear definition between each
set of lines. The metalens is able to clearly resolve all target line
pairs in group number 3. To uncover the maximum focusing res-
olution of the metalens we investigated the modulation transfer
function (MTF). The MTF describes the spatial frequencies that
can be resolved using a lens. The results are shown in Figure 4c.
The spatial cutoff frequency quantifies the smallest object that is
resolvable, and is defined as:

fo= F, ©)

where 4 is the wavelength of light, and F, is the focal ratio of the
lens, defined as:

Fy= =

5 (10

where fis the focal length, and D is the diameter of the lens. With
our metalens, this gives us cutoff frequencies of 302 and 611 cy-
cles per millimeter for f; and f,, respectively. As can be seen in
Figure 4c, the MTF of our metalens closely follows that of the
diffraction limited MTF, both reaching the cutoff frequencies.
However, both MTFs generally follow below the perfect diffrac-
tion limited imaging lines. This can be seen in the aberrations
that exist in the captured images. Tests of the resolution perfor-
mance of our metalens can be found in Note S8, Supporting In-
formation.
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To realize an electrically tunable bifocal metalens, an LC cell
was combined with the metalens. To precisely control the polar-
ization of the incident light using the LCs, rather than infiltrating
the metalens with the LCs*? we chose to combine the LC cell and
metalens substrate in a sequential manner. The sandwich-cell
type LC cell consists of 4-Cyano-4’-pentylbiphenyl (5CB) where
the LC molecules are tangentially aligned to the substrate along
the rubbing direction. As an electric bias is applied to the LC cell,
the orientation of the LCs is manipulated, resulting in the de-
sired polarization shift. 45° linearly polarized light was illumi-
nated on the LC-integrated metalens, then by applying external
biases of 1.1 and 1.3 V, LCP and RCP light was produced. A more
detailed explanation of the working mechanism is included in
Note S9, Supporting Information. As proof-of-concept of an elec-
trically tunable bifocal metalens, we demonstrated on and off fo-
cusing with a switching speed of around several milliseconds.
The same setup was used as previously, but without the need of
a quarter-wave plate to create circularly polarized light, as shown
in Figure 5a. Again, we imaged elements 3 to 6 in group num-
ber 3 of the negative 1951 USAF Target. The imaging results for
the focused and unfocused states are shown in Figure 5b. A video
that demonstrates the millisecond switching speed and quality of
the imaging can be found in Video S1, Supporting Information.
The quality of the imaging is comparable with the static setup us-
ing a quarter-wave plate to produce the circularly polarized light,
proving the applicability of the LCs. Furthermore, to demonstrate
active switching between multiple targets, we imaged two posi-
tive versions of the 1951 USAF Target, rotated at 90° to each other.
The imaging results are shown in Figure 5c, and a video of the
active focusing can be found in Video S2, Supporting Informa-
tion. Compared to the negative target images, the quality of the
positive target images is somewhere diminished due to the focus-
ing efficiency of the metalens, however the desired images can be
clearly seen at the same resolution as the negative target case. The

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Electrically tunable active imaging using the bifocal metalens combined with LCs. a) Schematic of the optical setup to image the negative
1951 USAF resolution target. b) Captured images of negative 1951 USAF resolution targets at the focal plane of (i) and (ii) f;, and (iii) and (iv) f, with
an electrical bias of 1.1 and 1.3 V, to produce LCP and RCP, respectively. c) Schematic of the optical setup to image two positive 1951 USAF resolution
targets. d) Captured images of positive 1951 USAF resolution targets at the focal planes of i) f; and ii) f,, with applied electrical biases of 1.1 and 1.3 V,

respectively.
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image of the object at f, also shows some interference from the
object at f;, which could be attributed to the misalignment of the
objects in the focal planes. There is also some evidence of uncon-
verted light that is present in the center of the image that shows as
the bright spot. However, the switching of focus between the two
distinct objects is clearly demonstrated. We envision that such an
electrically tunable metalens will enable rapid zooming and auto-
focusing functions in cameras, without the requirement of bulky
optical components, leading to devices that have much smaller
footprints and form factors. This would be extremely useful in
compact devices such as smartphones, and could help to further
miniaturize augmented (AR) and virtual reality (VR) devices.

3. Conclusion

In conclusion, we have numerically designed and experimentally
realized a bifocal metalens working at visible wavelengths. We
demonstrated tunable diffraction limited focusing at two distinct
focal lengths separated by 3.8 mm by applying an external bias
onto an LC cell in combination with a metalens. The 1.5 mm
diameter metalens produced focusing efficiencies of 43.5% and
44.0% at focal lengths of 7.5 and 3.7 mm, respectively. This high
efficiency focusing is achieved through the design of the meta-
surface to allow every meta-atom to contribute to the focusing
of both LCP and RCP light. Furthermore, imaging with active
focusing on a millisecond timescale using the bifocal metalens
at the designed wavelength of 633 nm was also experimentally
demonstrated. The images of the positive target show some
artifacts that we attribute to the imperfect conversion between
LCP and RCP light from both the LCs and the metasurface,
fabrication defects due to the misalignment of nanostructures
on the metalens, as well as imaging alignment difficulties due
to the short working focal lengths on the 100 pm scale. Large-
scale printable metasurfaces*?! could be a potential solution
to overcome the alignment issues when using electron beam
lithography. Nevertheless, active switching between the focus of
two distinct targets using an electrical bias was experimentally
achieved, with switching times in the order of milliseconds. The
straightforward combination of metasurfaces and LC has proven
a valuable collaboration for creating tunable photonic devices in
a simple and effective way. The design strategy demonstrated
here could be further expanded to lenses with higher NA and
to work at different visible wavelengths with the appropriate
optimization of the constituent meta-atoms, and the possibly of
using machine learning techniques!**** to design more complex
metasurfaces could open up the realization of completely focus
tunable metalenses. Furthermore, other applications of electri-
cally tunable metasurfaces could be realized, such as controllable
beam steering and holography, which could have impact in the
fields of LIDAR*] and AR/VR.

4. Experimental Section

Numerical Simulation:  An in-house developed RCWA solver was used
to calculate the transmission spectra and phase delay of the meta-atoms,
using x-polarized incident light.[*¢] Field distributions were calculated us-
ing the commercially available FDTD solver Lumerical, from Ansys.

Metalens: The metalens was fabricated on a glass substrate. A 500 nm
thick layer of a-Si:H was deposited on the substrate using plasma en-
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hanced chemical vapor deposition (PECVD) with gases flow rates of
10 sccm for SiH, and 75 scem for H,. The meta-atom structures were ex-
posed onto a positive tone photoresist (Microchem, 950 PMMA A2) using
a general electron beam lithography process (ELIONIX, ELS-7800, 80 kv
acceleration voltage and 100 pA beam current). The exposed photoresist
was developed in methyl isobutyl ketone/Isopropyl alcohol 1:3 solution.
Then, a 40 nm thick chromium (Cr) layer was deposited using electron
beam evaporation (KVT, KVE-ENS4004) followed by a lift-off process. The
Crwas used as an etch mask for the a-Si:H in a dry etching process (DMS,
silicon/metal hybrid etcher). The remaining Cr etch mask was removed
using Cr etchant (CR-7).

LC:  The LC modulator fabrication started from the polyimide (Nissan
Chemical Korea) coating of glass plates. The polyimides were spin-coated
at 1000 rpm for 10 s and 2500 rpm for 30 s. Then, the plates were baked at
230 °C for 60 min and rubbed to realize a unidirectional alignment of the
LCs. The two plates were then assembled with a 10 um gap, formed with
spacer mixed with UV-glue. The 5CB LCs were injected into the sandwich
LC cell. The fabricated LC cell was attached onto the metalens substrate
using UV-glue.

Focusing: The focal spots of metalens were characterized using a mi-
croscope setup. A 633 nm wavelength laser was used to produce a beam
of light that was then cropped by an aperture to match the diameter of
the metalens. Two mirrors were used to propagate the light at normal in-
cidence. The light was first passed through a linear polarizer (Thorlabs
LPVISCO050) and then a quarter-wave plate (Thorlabs AQWPO05M-600) with
the axis of the linear polarizer at 45° (or —45°) to the fast axis of the quarter-
wave plate to produce circularly polarized light. The metalens focused
the light to the focal points which were imaged by a scanning horizontal
microscope using an objective lens (Olympus LMPLFLN-BD 20x), circu-
larly polarization analyzer, and a CCD camera (Lumenera INFINITY2-2).
A circular-polarization selective horizontal microscope was mounted on a
stage to measure the intensity of the light for a total of 195 measurements
at 0.03 mm intervals.

Imaging: For the imaging of macroscopic objects, the setup was
largely that same as the focusing setup. The circularly polarized light was
incident on a negative resolution target (Thorlabs R3L1S4N). An objective
lens focused the diverging light tightly to ensure that the whole target was
incident on the metalens. The resulting images were captured with the
same CCD camera. The metalens and CCD camera were mounted on a
stage to allow the horizontal modulation of the object-to-lens distance.

Imaging with LC:  The LC cell was connected to a function generator
(Agilent 33220A) to apply the required bias for electric modulation of the
metalens.

Supporting Information

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

Acknowledgements

T.B., I.K., and Y.K. contributed equally to this work. This work was finan-
cially supported by the POSCO-POSTECH-RIST Convergence Research
Center program funded by POSCO, and the National Research Foundation
(NRF) grants (NRF-2019R1A2C3003129, CAMM-2019M3A6B3030637,
NRF-2019RTA5A8080290) funded by the Ministry of Science and ICT
(MSIT) of the Korean government. |.K. acknowledges the NRF Sejong Sci-
ence fellowship (NRF-2021R1C1C2004291) funded by the MSIT of the Ko-
rean government. Y.K. acknowledges the Hyundai Motor Chung Mong-
Koo fellowship and the POSTECHIAN fellowship. J.K. acknowledges the
POSTECH Alchemist fellowship.

Conflict of Interest

The authors declare no conflict of interest.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Data Availability Statement

Data available on request from the authors.

Keywords

bifocal metalens, liquid crystals, switchable devices, tunable bifocal met-
alens

Received: June 22, 2021
Revised: July 22, 2021
Published online: September 5, 2021

(1
(2]
(3]

(4]
(3]

(6]

(7]
(8]
9]

(1]
(1
[12]
(13]
[14]
[15]
[16]

(17]

(18]
(19]

(20]

Adv. Sci. 2021, 8, 2102646

D. Lee, ). Gwak, T. Badloe, S. Palomba, J. Rho, Nanoscale Adv. 2020,
2, 605.

J. Jang, T. Badloe, Y. Yang, T. Lee, J. Mun, ). Rho, ACS Narno 2020, 74,
15317.

J. Jang, T. Badloe, Y. C. Sim, Y. Yang, J. Mun, T. Lee, Y.-H. Cho, |. Rho,
Nanoscale 2020, 12, 21392.

T. Lee, J. Jang, H. Jeong, ). Rho, Nano Convergence 2018, 5, 1.

S. D. Rezaei, Z. Dong, |. You En Chan, J. Trisno, R. J. H. Ng, Q. Ruan,
C.-W. Qiu, N. A. Mortensen, ). K. W. Yang, ACS Photonics 2021, 8, 18.
M. A. Ansari, |. Kim, D. Lee, M. H. Waseem, M. Zubair, N. Mahmood,
T. Badloe, S. Yerci, T. Taugeer, M. Q. Mehmood, |. Rho, Laser Photonics
Rev. 2019, 13, 1900065.

I. Kim, W.-S. Kim, K. Kim, M. A. Ansari, M. Q. Mehmood, T. Badloe,
Y. Kim, J. Gwak, H. Lee, Y. Kim, J. Rho, Sci. Adv. 2021, 7, eabe9943.

I. Kim, M. A. Ansari, M. Q. Mehmood, W. Kim, J. Jang, M. Zubair, Y.
Kim, J. Rho, Adv. Mater. 2020, 32, 2004664.

N. Yu, F. Capasso, Nat. Mater. 2014, 13, 139.

H. Chen, W. B. Lu, Z. G. Liu, M. Y. Geng, ACS Photonics 2020, 7, 1425.
S.-W. Moon, Y. Kim, G. Yoon, . Rho, iScience 2020, 23, 101877.

W.T. Chen, A. Y. Zhu, F. Capasso, Nat. Rev. Mater. 2020, 5, 604.

M. Khorasaninejad, F. Capasso, Science 2017, 358, eaam8100.

M. K. Chen, Y. Wu, L. Feng, Q. Fan, M. Lu, T. Xu, D. P. Tsai, Adv. Opt.
Mater. 2021, 9, 2001414,

B. Xiong, J. Wang, R. Peng, H. Jing, R. Fan, D. Qi, F. Chen, M. Wang,
Adv. Opt. Mater. 2021, 9, 2001524.

W. T. Chen, A. Y. Zhu, V. Sanjeev, M. Khorasaninejad, Z. Shi, E. Lee,
F. Capasso, Nat. Nanotechnol. 2018, 13, 220.

S. Wang, P. C. Wu, V. C. Su, Y. C. Lai, M. K. Chen, H. Y. Kuo, B. H.
Chen, Y. H. Chen, T. T. Huang, ). H. Wang, R. M. Lin, C. H. Kuan, T.
Li, Z. Wang, S. Zhu, D. P. Tsai, Nat. Nanotechnol. 2018, 13, 227.

S. Shrestha, A. C. Overvig, M. Lu, A. Stein, N. Yu, Light Sci. Appl. 2018,
7, 85.

M. D. Aiello, A. S. Backer, A. J. Sapon, ). Smits, ). D. Perreault, P. Llull,
V. M. Acosta, ACS Photonics 2019, 6, 2432.

A. Arbabi, Y. Horie, A. ). Ball, M. Bagheri, A. Faraon, Nat. Commun.
2015, 6, 2.

(21]

(22]

(23]
(24]

(25]
(26]

(27]

28]
(29]

(3]

(37]
(32]
33]
(34]
(35]
(36]

(37]
(38]

(39]
(40]

(41]
(42]
(43]
[44]
[45]

(46]

2102646 (9 of 9)

www.advancedscience.com

C. U. Hail, D. Poulikakos, H. Eghlidi, Adv. Opt. Mater. 2018, 6,
1800852.

K. Chen, Y. Feng, F. Monticone, ). Zhao, B. Zhu, T. Jiang, L. Zhang,
Y. Kim, X. Ding, S. Zhang, A. Alu, C.-W. Qiu, Adv. Mater. 2017, 29,
1606422.

E. Arbabi, A. Arbabi, S. M. Kamali, Y. Horie, M. Faraji-Dana, A. Faraon,
Nat. Commun. 2018, 9, 812.

A. Arbabi, E. Arbabi, S. M. Kamali, Y. Horie, S. Han, A. Faraon, Nat.
Commun. 2016, 7, 13682.

H. S. Ee, R. Agarwal, Nano Lett. 2016, 16, 2818.

S. Wei, G. Cao, H. Lin, X. Yuan, M. Somekh, B. Jia, ACS Nano 2021,
15, 4769.

M. Y. Shalaginov, S. An, Y. Zhang, F. Yang, P. Su, V. Liberman, ]. B.
Chou, C. M. Roberts, M. Kang, C. Rios, Q. Du, C. Fowler, A. Agar-
wal, K. A. Richardson, C. Rivero-Baleine, H. Zhang, J. Hu, T. Gu, Nat.
Commun. 2021, 12, 1225.

S. Park, G. Lee, B. Park, Y. Seo, C. bin Park, Y. T. Chun, C. Joo, J. Rho,
J. M. Kim, J. Hone, S. C. Jun, Light Sci. Appl. 2020, 9, 98.

C.-Y. Fan, T.-J. Chuang, K.-H. Wu, G.-D. J. Su, Opt. Express 2020, 28,
10609.

D. Franklin, Z. He, P. Mastranzo Ortega, A. Safaei, P. Cencillo-Abad,
S.-T. Wu, D. Chanda, Proc. Natl. Acad. Sci. U. S. A. 2020, 117,
13350.

P. Huo, M. Song, W. Zhu, C. Zhang, L. Chen, H. ). Lezec, Y. Lu, A.
Agrawal, T. Xu, Optica 2020, 7, 1171.

A. Lininger, A. Y. Zhu, J.-S. Park, G. Palermo, S. Chatterjee, J. Boyd, F.
Capasso, G. Strangi, Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 20390.
T. Badloe, . Lee, J. Seong, |. Rho, Adv. Photonics Res. 2021, 13,
2000205.

I. Kim, J. Jang, G. Kim, ). Lee, T. Badloe, |. Mun, J. Rho, Nat. Commun.
2021, 12, 3614.

Z. Shen, S. Zhou, X. Li, S. Ge, P. Chen, W. Hu, Y. Lu, Adv. Photonics
2020, 2, 036002.

M. Bosch, M. R. Shcherbakov, K. Won, H.-S. Lee, Y. Kim, G. Shvets,
Nano Lett. 2021, 21, 3849.

L. Huang, S. Zhang, T. Zentgraf, Nanophotonics 2018, 7, 1169.

E. Cohen, H. Larocque, F. Bouchard, F. Nejadsattari, Y. Gefen, E.
Karimi, Nat. Rev. Phys. 2019, 1, 437.

L. Wu, ). Tao, G. Zheng, Phys. Rev. B 2018, 97, 245426.

J. P. Balthasar Mueller, N. A. Rubin, R. C. Devlin, B. Groever, F. Ca-
passo, Phys. Rev. Lett. 2017, 118, 113901.

Y. Yang, G. Yoon, S. Park, S. D. Namgung, T. Badloe, K. T. Nam, .
Rho, Adv. Mater. 2021, 33, 2005893.

G. Yoon, K. Kim, S.-U. Kim, S. Han, H. Lee, |. Rho, ACS Nano 2021,
15, 698.

S. So, T. Badloe, J. Noh, J. Bravo-Abad, J. Rho, Nanophotonics 2020,
9, 1041.

W. Ma, Z. Liu, Z. A. Kudysheyv, A. Boltasseva, W. Cai, Y. Liu, Nat. Pho-
tonics 2021, 15, 77.

I. Kim, R. ). Martins, J. Jang, T. Badloe, S. Khadir, H.-Y. Jung, H. Kim,
J. Kim, P. Genevet, J. Rho, Nat. Nanotechnol. 2021, 16, 508.

G. Yoon, J. Rho, Comput. Phys. Commun. 2021, 264, 107846.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



