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ABSTRACT

Metasurfaces can be designed to exhibit different functionalities with incident wavelength, polarization, or angles through appropriate choice
and design of the constituent nanostructures. As a proof-of-concept, we design and simulate three multifunctional metalenses with vastly
different focal lengths at blue and red wavelengths to show that the wavelength dependence of focal length shift can be engineered to exhibit
achromatic, refractive, or diffractive behavior. In addition, we design a metalens capable of achromatically focusing an incident plane wave
to a spot and a vortex at red and blue wavelengths, respectively. These metalenses are designed with coupled subwavelength-scale dielectric
TiO; nanostructures. Our method illustrates a more general design strategy for multifunctional metasurfaces by considering phase and group
delay profiles with applications in imaging, spectroscopy, and wearable optical devices.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/1.5142637

INTRODUCTION

Metasurfaces consist of subwavelength spaced nanostructures
to achieve precise control over the phase, amplitude, and polar-
ization of light.”” By tailoring the geometric shapes of these
nanostructures, it has been demonstrated that a single metasur-
face can exhibit multiple distinct functions.” For instance, it has
recently been shown that a metasurface hologram can generate
different images in reflection and transmission.” A metasurface
could also exhibit polarization-, wavelength—,lz ' or incident
angle-dependent functionality.'® * This leads to numerous poten-
tial applications where information can be multiplexed with little
to no increase in the spatial footprint of the device. Likewise, a
metasurface lens (metalens) with multiple functions such as dif-
ferent focal lengths at different wavelengths, which is a desired
feature for spectroscopies, has been recently demonstrated in the
near-infrared and visible spectra.”’ ** Here, we report how disper-
sion can be controlled for these multifunctional metasurfaces and
that these multiple functions of a metasurface can even include
different dispersions. As a proof-of-concept, we design and simu-
late metalenses with vastly different focal lengths in the blue and
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red regions of the visible spectrum. Importantly, the dispersive
behavior of these focal spots (i.e., how the focal spots move with
wavelength) can be engineered to exhibit achromatic, refractive, or
diffractive behavior. Additionally, beam shaping as a function of
wavelength is engineered to achieve achromatic focusing of an inci-
dent beam of blue and red wavelengths to a vortex and an Airy
disk, respectively. Our technique relies on dispersion engineering
using coupled subwavelength nanofins and does not involve any
form of spatial multiplexing. This could prove useful for a vari-
ety of applications involving pump-probe spectroscopy or fluores-
cence/photoluminescence microscopy and paves the way for novel
optical components in the design of modern objectives and high-end
optical systems.

Previous demonstrations of dispersion-engineered metalenses
have often focused on reducing the focal length shift across wide,
continuous bandwidths.”” *” The versatility of our new approach
allows for one device to exhibit many combinations of focal length
shifts in different wavelength regions. We first designed metalenses
to focus light with X = 490 nm and A = 660 nm at two distinct
focal lengths. The focal length shifts for neighboring wavelengths
(450-530 nm and 620-700 nm) were tuned by tailoring the local
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FIG. 1. Multifunctional metasurfaces. (a) Discrete bandwidth regions (450-530 nm and 620-700 nm) in the visible spectrum are focused with different numerical apertures
and focal lengths. Metalens 1 employs achromatic focusing in both bandwidths, while Metalenses 2 and 3 display opposing refractive and diffractive focal length shifts with
wavelength in each bandwidth. These dual focal length metalenses have a 20 um diameter, NA; = 0.2 at A4 = 490 nm, and NA, = 0.1 at Ag, = 660 nm. (b) The geometry
of the metalens building block. The metalens elements were composed of TiO, with a constant height, h = 600 nm, and were spaced equally in the x- and y-directions with
a period, p = 400 nm. The other labeled dimensions were independently adjusted at each lens coordinate to match the required phase and group delay terms. (c) Simulated
and fitted phase for a single metalens element with dimensions /4 = 270 nm, w4 = 50 nm, /; = 110 nm, w, = 150 nm, and g = 60 nm. The black circles represent the metalens
element's phase calculated from a FDTD simulation. The red and blue curves show linear fits of the phase in separate frequency regions.

dispersion. Figure 1(a) illustrates three metalenses that were
designed to demonstrate the capabilities of our approach. Metalens
1 exhibits achromatic focusing around both 490 nm and 660 nm.
Metalens 2 shows a diffractive focal length shift around 490 nm
and a refractive focal length shift around 660 nm, while Metalens 3
shows the reverse (refractive focal length shift at 490 nm and diffrac-
tive at 660 nm). Refractive and diffractive focal length shifts refer
to focusing longer wavelengths further and closer to the metalens,
respectively.

PRINCIPLE AND DESIGN

In order to achieve devices with the dual functionalities
described above, the individual nanostructures placed across the
metalens must simultaneously exhibit two distinct phase and group
delay profiles at the design wavelengths. The general metalens ele-
ment used to achieve this consists of two closely spaced TiO,
nanofins, enabling a coupled mode for better dispersion control,”***
as shown in Fig. 1(b). The spacing of metalens elements in each
axis, p, and the height of pillars, h, were kept constant at 400 nm
and 600 nm, respectively. All other values (w1, I, w2, L, g 0) were
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adjusted to achieve the required phase and dispersion values at
each metalens coordinate. Figure 1(c) shows simulated phase values
(black circles) for an element. The obtained phase was fitted with two
linear functions for two different bandwidths: the blue curve was fit
from 400 nm to 490 nm, and the red curve was fit from 550 nm to
700 nm. As is clearly visible in Fig. 1(c), the first derivatives with
respect to frequency (group delay) of these fit lines are very differ-
ent. This means that this element exhibits different dispersion in the
bandwidths of interest and can, therefore, be employed to achieve
the functionalities outlined in Fig. 1(a).

Our methods of dispersion engineering are based on the Taylor
expansion of a spatially dependent and frequency-dependegg phase

profile around a center or “design” angular frequency, wg, "

(0= wg) + -, (1)

9%
o(r,w) = ¢(r,wq) + =

Oow w=wy
where r and w represent the radial coordinate across the metalens
and the angular frequency, respectively. To create a metalens with
different dispersion characteristics in separate bandwidths, a metal-
ens phase function with two separate dispersion characteristics can
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where focal lengths, f1 and f>, are a function of frequency and follow
a general equation:

flo)=fa(2)" @

In the equations mentioned above, the two bandwidths of inter-
est span from 450-530 nm and 620-700 nm with the designed center
wavelengths of 490 nm and 660 nm. For each design bandwidth, f;
corresponds to the focal length at the design frequency, and # is a
parameter used to describe how the focal spot moves with wave-
length. For the purpose of our demonstrations, we chose n = -1,
n =0, and n = 1 to represent refractive, achromatic, and diffrac-
tive focusing, respectively. Metalens 1 displays achromatic focusing
in both design bandwidths, which results in a constant focal length
with respect to frequency in each bandwidth. Metalens 2 exhibits a
diffractive focal length shift around Aq; = 490 nm and a refractive
focal length shift around A4, = 660 nm, (n;, nz) = (1, —1), while Met-
alens 3 has the opposite behavior and (n;, nz) = (-1, 1). Note that
since we performed a Taylor expansion, the first order derivatives of
Egs. (2) and (3) give the targeted group delay profiles. This means
that a nanofin element placed at a given metalens coordinate must
simultaneously satisfy four target values,

2] 2]
CICORENCSINE .

) (5)

where w; and w; are frequencies corresponding to the design wave-
lengths of 490 nm and 660 nm, respectively. This method can,
in principle, be generalized for more than the two functionalities
shown here. We only consider the group delay since the required
bandwidth of operation is much smaller compared to previous
works.”*?#>¢ Note that, in Egs. (2) and (3), there is a designed
bandwidth gap to allow the metalens to switch from short to long
focal lengths. If one wants to reduce this gap, it is necessary to
design nanostructures with sharp phase variations, which can be
realized through the use of a guided mode, Fabry-Perot or Mie res-
onances, " or interference of high order propagation waveguide
modes."’

In order to realize the metalenses shown in Fig. 1(a), we first
created a “library” of metalens elements consisting of the TiO,
nanostructures depicted in Fig. 1(b). Finite-difference time-domain
(FDTD) simulations were performed for 20 nm increments of each
geometric variable in Fig. 1(b) to obtain far-field phase spectra of
right-handed circular polarization for wavelengths in the range 400-
700 nm under left-handed circularly polarized incident light. The
refractive index of TiO, used in simulation was taken from ellip-
sometry measurement results.’” The rotation angle of the metalens
element, 6, was kept constant at 0° during simulation as the phase
at all other angles can be predicted from the Pancharatnam-Berry
phase.“‘” After simulating each metalens element, we obtained
the values of phase and group delay at the design wavelengths
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490 nm and 660 nm for all elements. Each element, therefore, has
its corresponding set of phase and group delay values as follows:

wz). (6)

To visualize the library, the left and right panels of Fig. 2(a) plot
the phase for all simulated elements as blue circles, with the phase at
490 nm (¢;) on the x-axis and the phase at 660 nm (¢>) on the y-
axis. In a similar fashion, the left and right panels of Fig. 2(b) plot
the group delay for all simulated elements as blue c1rcles, with the
group delay at 490 nm on the x-axis and the group delay at 660 nm
on the y-axis. Since the plots in Fig. 2(a) show the first two phase val-
ues from Eq. (6) and the plots in Fig. 2(b) show the two group delay
values from Eq. (6), each blue c1rcle in Fig. 2(a) has a “twin” circle in
Fig. 2(b) that corresponds to the same library element. A further dis-
cussion of the spread of library points in these two figures is provided
in the supplementary material, Fig. SI. In order to implement our
designed metalenses, we compared the phase and group delay values
for each library element [Eq. (6)] to those of the target obtained from
Eq. (5) to select the best element for each lens position. The overlaid
black dots in Figs. 2(a) and 2(b) show the target phase and group
delay at every metalens coordinate to achieve the functionality of
Metalens 1. To implement Metalens 1, one could choose the library
element (blue circle) that has the shortest sum of distances to a given
target point (black dot) in Figs. 2(a) and 2(b) and then place it at the
corresponding lens coordinate. This technique, however, is limited
by the match between the library [Eq. (5)] and metalens require-
ments [Eq. (6)] as most of the black dots are far from blue circles in
Fig. 2(a). To increase our available degrees of freedom, we made use
of the Pancharatnam-Berry phase,””** which improved our library’s
phase coverage at the two design wavelengths of interest. By adjust-
ing the rotation of a metalens element, the phase at all wavelengths
will be shifted linearly, thus leaving the group delay unaffected. Since
rotation will change the phase at 490 nm and 660 nm equally, it will
shift a given blue point on Fig. 2(a) along a line with a slope equal
to 1. Equally speaking, this means that each black “target point” can
be extended to a “target line.” The 45° slanted red line shown on the
right panel of Fig. 2(a) displays the target line for a given target point.
Now, any hbrary element that lies close to this red line, under appro-
priate rotation, can realize the target phase indicated by the black
dot. As a result, we have more library elements available to better ful-
fill group delay requirements [Fig. 2(b)]. As an example to elaborate
upon the process of satisfying phase and group delay requirements,
the right panels of Figs. 2(a) and 2(b) plot a black dot, purple trian-
gle, and green square over the available library points. The purple
triangle and green square represent two candidate elements that lie
equally close to the target red line, which corresponds to the target
black point. However, when the points are viewed in group delay
space [see Fig. 2(b)], the green square is closer to the target point
and is a better choice. We wrote a particle-swarm optimization algo-
rithm to perform this selection process and obtain suitable nanofins
at each position on our metalenses. Figures 2(c) and 2(d) show the
comparison of target and realized phase and group delay profiles
for Metalens 1 at each design wavelength. Note that the strength of
our approach in using these anisotropic metalens elements lies pri-
marily on the fact that the phase and group delay are decoupled.
Under circular polarization incidence, the phase can be tuned by
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FIG. 2. Design of multifunctional metalenses with tailored dispersion properties. (a) Phase at Ag¢ (490 nm) and Ag, (660 nm) for our library elements and metalens require-
ments. The blue circles in the left and right panel locate all simulated library elements according to their phase delay. The black dots in the left panel show the target phase
at each radial coordinate across Metalens 1 according to Egs. (2) and (3). For a given black dot (see right panel), any blue circle near the 45° slanted red line can be a
candidate that fulfills the phase requirement. This is because for any library element, the Pancharatnam-Berry phase can induce an equal phase shift to all wavelengths. As
an example, the purple triangle and green square indicate two library elements that show the same distance to the red line, and their group delays will be compared later to
fulfill dispersion requirements. (b) Group delay at A41 (490 nm) and Ag, (660 nm) for our library elements and metalens requirements. Similar to (a), we located each library
element by its group delay, as well as the target group delay, for each coordinate of Metalens 1. The right panel shows that the green square is a better choice than the
purple triangle considering the errors (the distance to the black point) of phase and group delay. [(c) and (d)] Phase and group delay fitting for Metalens 1 at the two design
wavelengths. The circles show realized values from the selected elements in our library, and the lines show required values. The phase and group delay shown in this figure

are relative values. Therefore, they can be negative.

geometric rotation of the nanofins based on the geometric phase,
while the group delay is independently tuned by controlling the sep-
aration between the nanofins, as well as their length and width.”*%
The decoupling of these two parameters in our design process
allows us to better fulfill the requirements from Eq. (5) compared
to isotropic nanostructures.””**"’

RESULTS AND DISCUSSION

Once the design process was in place, we performed simula-
tions to evaluate the metalenses’ performance. Metalenses 1 through
3 from Fig. 1(a) were designed with a diameter of 20 ym and a
numerical aperture (NA) of 0.2 and 0.1 at wavelengths of 490 nm
and 660 nm, respectively. As a first test for each metalens, the ampli-
tude and phase obtained from the library for each individual met-
alens element was used across the lens surface. This forms a “near-
field” wavefront, which was subsequently used to calculate intensity

APL Photon. 5, 056107 (2020); doi: 10.1063/1.5142637
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profiles at different planes along the optical axis (point spread func-
tion) using the Kirchhoff integration for incident wavelengths from
450 nm to 700 nm. Although the near-field wavefront was approxi-
mated by simulating each metalens element with periodic boundary
conditions (referred to as unit cell approximation), such an approx-
imation has been shown effective when NA is small."”* It is worth
mentioning that although the coupling effect can cause a phase dif-
ference in addition to the Pancharatnam-Berry phase for a given
nanostructure of different rotations, such an effect has been shown
to be small”’ and, to further validate, the supplementary material,
Movie 1, shows a full lens FDTD simulation result for an achro-
matic metalens of 10 ym diameter with performance similar to
Metalens 1. The supplementary material provides more simulation
details.

The plots of focal length obtained from the Kirchhoff inte-
gration are shown in Figs. 3(a)-3(c) as blue circles for designed
Metalenses 1-3, while the red lines show designed focal lengths

5,056107-4
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FIG. 3. Simulation results. [(a)—(c)] Focal length shift with respect to wavelength for Metalenses 1-3, respectively. Simulated values are shown as blue circles and designed
values as red lines. The focal length is determined by the coordinate of the point that corresponds to the highest intensity along the optical axis. [(d)—(f)] Point spread functions
of the right-handed circular polarization component for Metalenses 1-3, respectively, obtained by the Kirchhoff integration. The lenses were placed at z = 0 and illuminated
by left-handed circularly polarized light. The white dotted lines guide the eye to the dispersive behavior of each lens. Each point spread function in (d)—(f) corresponds to a

metalens shown in (a)—(c).

obtained through Eq. (4). The full point spread functions obtained
through the Kirchhoff integration for Metalenses 1-3 are plotted in

-3(f), respectively. The dotted lines are plotted to guide
the eye to the focal length shift. The agreement between simulated
and designed focal length shifts confirms the accuracy of our pro-
posed dispersion engineering method and highlights the versatility
of our design, as we can achieve three distinct focal length shifts
in varying combinations. The depth of focus (DOF) for A = 620
-700 nm is longer compared to that of blue and green wavelengths
because the NA is lower. In the absence of aberrations and under
paraxial approximation (low NA), DOF = ﬁ. We also estimate
the efficiency of metalenses from the polarization conversion effi-
ciency of metalens elements, shown in the s

APL Photon. 5, 056107 (2020); doi: 10.1063/1.5142637
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Fig. S2. Metalens 1 and Metalens 2 show peak efficiencies of approx-
imately 25% around A = 480 nm. Metalens 3 shows a peak efficiency
of 12% at A = 460 nm. Although the efficiency for these lenses is rel-
atively low, it can be improved by adding an efficiency constraint to
only select the high-efficiency elements at the expense of lowering
metalens diameter, using taller nanostructures to increase disper-
sion and polarization conversion efficiency, or by adding new library
elements of different shapes than those outlined in
Additionally, using isotropic elements to design the metalenses
could be a solution,” although it would likely result in more
aberrations.

It is worth mentioning that the lateral size of the focal spots
is not identical between the metalenses even though they were

5,056107-5
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designed with the same NA at design wavelengths of 490 nm and
660 nm, see the supplementary material, Fig. §3, for an analysis on
focal spot sizes and Strehl ratios. This is because of the compromise
made in fulfilling the phase and group delay. For example, when
looking at the focal spots at the design wavelength 660 nm, Metal-
ens 1 has the largest focal spot and Metalens 3 has the smallest focal
spot, implying that Metalens 3 has a better phase fitting at 660 nm.
This is to be expected because Metalens 3 displays diffractive disper-
sion from 620 nm to 700 nm, which requires a much smaller range
of group delay. Since the group delay requirements for diffractive
behavior are easier to match with our library, there was more free-
dom to fit the phase at 660 nm for Metalens 3, which resulted in a
tighter focal spot and higher Strehl ratio. In Figs. 3(d)-3(f), we also
show point spread functions at A = 570 nm, which is within the afore-
mentioned bandwidth gap. It can be seen that, in this region, there
are two foci, and the shorter one becomes weaker as the incident
wavelength increases to 660 nm (also, see supplementary material,
Figs. $4-S6, for full point spread functions).

We designed an additional metalens to further showcase the
capabilities of our design method. This metalens uses the previ-
ous design wavelengths of Ag; = 490 nm and Ag, = 660 nm to
achromatically focus light with an NA of 0.15 in both bandwidths.
For this metalens, however, the designed focal spot profile was a
donut from 450 nm to 530 nm and an Airy disk from 620 nm
to 700 nm. Figure 4(a) shows the top view of the full lens design.
The spiral pattern that can be seen in the metalens layout is due
to the azimuthal phase change required to achieve donut focusing.
Figure 4(b) plots the realized and required phase profiles at the two
design wavelengths along the radial direction. Figure 4(c) shows, at
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the center wavelength of 490 nm, a clear donut profile that begins
to disappear near the edges of the design bandwidth at 450 nm and
530 nm. Similarly, a clear focal spot can be seen at the second design
bandwidth of 620-700 nm. This design methodology is also verified
by a full lens simulation using Lumerical FDTD, as shown in the
supplementary material, Movie 2.

For the metalenses shown here, we consider how the phase
for every nanofin varies with wavelength by calculating the group
delay. In this way, the metalenses’ focal length shift can be controlled
over a bandwidth of about 100 nm, while in our previous work of
multifunctional metalenses,”* performance is only maintained for a
bandwidth of a few nanometers. These wavelength-multifunctional
metalenses,” ** also only fulfill phase requirements in design wave-
lengths and omit the requirement of dispersion, which can result
in substantial aberrations for incident wavelengths away from the
design wavelengths. The metalenses demonstrated here have small
diameters due to their required group delay values in order to con-
trol dispersion. The required group delay [first order derivative of
Egs. (2) and (3)] grows rapidly, following a hyperbolic trend. How-
ever, the group delay values from our library are limited to about
5 fs for 600-nm-height TiO, nanofins. The fact that the nanostruc-
ture group delay is capped can be understood by qualitatively treat-
ing nanofins as truncated waveguides. Their group delay values are,
therefore, given by nanostructure height divided by the group veloc-
ity, which is controlled by the group index typically varying between
the group index of air and TiO,. There are many ways to over-
come size limitations such as employing multi-layer devices,””""'
high aspect ratio or high index of refraction nanostructures,”” ** or

hybrid metasurface-refractive designs.””””° Our method, combined

FIG. 4. Design and simulation of a met-
alens. The metalens focuses blue and
red incident wavelengths to a vortex and
a spot, respectively. (a) Layout of the
metalens with a diameter of 12 ym, NA
=0.15 at Ags = 490 nm, and Ay, = 660
nm. (b) Comparison of the required and
realized phases at the two center wave-
lengths 490 nm and 660 nm. Circles and
lines show the phase imparted by the
nanofin and the required phase, respec-
tively. Red markings represent the phase
at Ag; = 660 nm, and blue markings rep-
resent the phase at Ag1 = 490 nm. (c)
Point spread function obtained from the
Kirchhoff integration of the layout in (a).

100
Z-coordinate (um)

150 200
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with a refractive lens in a hybrid system, is particularly promising for
reducing aberrations in two well separated bandwidths for two- or
three-photon imaging, as well as for stimulated emission depletion
(STED) microscopy, without requiring additional phase elements to
generate the required donut beam.

CONCLUSIONS

We have shown how dispersion engineering can be used to real-
ize broadband multifunctional metalenses. As examples, we show-
cased metalenses with dual focal lengths and tailored focal length
shifts in two discrete bandwidths in the visible spectrum. In addition,
the same design can be applied in beam shaping to achromatically
focus an incident plane wave to Airy disk and vortex spots for red
and blue wavelengths, respectively. Our lens designs were simulated
with an FDTD solver that confirmed the desired performance of our
metalenses. The capabilities of our design method open the door to
control dispersion in multifunctional metasurfaces for applications
such as microscopy and compact optical devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the analysis on metalens
efficiency, focal spot analysis, point spread functions, and a detailed
description of our library, as well as supplementary material videos
for full-wave simulations of metalenses.
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