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ABSTRACT: Metasurface lenses provide an ultrathin platform in
which to focus light, but weak light−matter interactions limit their
dynamic tunability. Here we design submicron-thick, ultrahigh quality
factor (high-Q) metalenses that enable dynamic modulation of the focal
length and intensity. Using full-field simulations, we show that quality
factors exceeding 5000 can be generated by including subtle, periodic
perturbations within the constituent Si nanoantennas. Such high-Q
resonances enable lens modulation based on the nonlinear Kerr effect,
with focal lengths varying from 4 to 6.5 μm and focal intensities
decreasing by half as input intensity increases from 0.1 to 1 mW/μm2.
We also show how multiple high-Q resonances can be embedded in the
lens response through judicious placement of the perturbations. Our
high-Q lens design, with quality factors 2 orders of magnitude higher than existing lens designs, provides a foundation for
reconfigurable, multiplexed, and hyperspectral metasurface imaging platforms.

KEYWORDS: Metasurface, metalens, metasurface modulation, high-Q, nonlinearities, nanophotonics

Metasurface lenses (hereafter, “metalenses”) are emerging
as key components for next-generation miniaturized

and lightweight imaging, sensing, and computation systems.
Constructed from arrays of subwavelength nanoantennas with
generally submicron thickness, metasurfaces are designed to
discretely and precisely modify the amplitude, polarization, and
phase of an arbitrary wavefront.1−4 Metalenses promise
applications including compact, high grade imaging for
cameras and displays,5−8 on chip biomedical diagnostics,9−12

and next generation augmented and virtual reality (AR/VR)
devices.13,14 And beyond simple “flat optical” imaging,
metasurface lenses offer opportunities for multicolor focusing
and aberration correction,15−18 as well as polarization-resolved
capabilities.19 Still, to date, most metalens designs are static,
with their function being fixed once fabricated.
Recent studies have shown that metasurface properties can

be dynamically tuned via modulation techniques including
phase change materials,20−22 electro-optically active materi-
als,23−27 liquid crystals,28−31 or mechanical movement of the
nanoantenna.32−36 Many of these schemes rely on altering the
complex refractive index (n) of either the nanoantenna or the
surrounding environment. Since the index change is propor-
tional to the strength of the local electromagnetic field,
metasurface modulation depths are generally small, owing to
the low quality factor of the constituent nanoantennas.21,25,29

Moreover, many existing schemes require bulky external
components to actuate the metasurface, adding considerable
size and weight to the metasurface footprint. To amplify
modulation depths while maintaining a small device footprint,

it is crucial to amplify refractive index changes though
increased metasurface quality factors.
Here, we design high quality factor (high-Q) metalenses

capable of dynamic focusing. These metalenses leverage highly
enhanced electromagnetic fields to increase the modulation
depth with even weak Δn effects, without increasing the system
footprint. Our design is based on patterned silicon (Si), which
has a relatively high refractive index of 3.4, is nearly lossless in
the infrared, and affords a relatively large third-order
nonlinearity based on the optical Kerr effect, with a χ(3) of
2.8 × 10−18 m2/V2.37,38 We use full-field simulations to design
and characterize a high-Q metasurface lens based on guided
mode resonances (GMR). We show that this design easily
enables Q’s in the thousands and near-field intensity
enhancements exceeding 10,000. Utilizing the nonlinear Kerr
effect, we theoretically demonstrate modulation of both the
focal intensity and focal length with varying incident intensity.
Finally, we show how this platform can be extended to a
frequency-multiplexed metasurface, with resonant lensing
behavior at three distinct wavelengths spanning the telecom
range.
We construct our cylindrical metalens using nanoantennas,

in the form of nanobars, that obey a hyperboloidal phase
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profile described by ϕ = ± + −π
λ

x x f f( ) ( )2 2 2 .2,4,15 Here, λ

is the free space wavelength, x is the position of a nanobar, and
f is the designed focal length. Individual metasurface nanobars
act as phase “pixels”, each of which imparts a phase shift
dependent on their geometry. We utilize Si nanobars that are
700 nm in height, separated (center-to-center) by 700 nm,
with variable widths w. By varying the nanobar width from 100
to 400 nm, we achieve a nearly full 2π phase shift, as shown in
Figure S1a. We design the lens to have a 4 μm focal length at a
wavelength of 1500 nm, using 25 discrete nanobars (see Figure
S1b for further details of the metasurface dimensions).
To integrate a high-Q resonance into the diffractive

metalens, we introduce subtle periodic perturbations along
the length of one pair of nanobars, as illustrated in Figure 1a
and b. The unperturbed nanobars exhibit broad spectral
features associated with Fabry−Perot fringes when illuminated
with an incident field traveling perpendicular to the bar. In
addition, the nanobars also support wave-guided modes; from
the perspective of the external plane wave, the continuous
waveguide represents a resonator with infinite Q, i.e., a bound
state. The inclusion of periodic notches to a nanobar, with the
notch period associated with the guided mode wavevector,
enables momentum matching and coupling between the
guided modes and the external field, and the excitation of
the GMR (see Figure S2a).39 This GMR supports measurable
resonances in the far field; i.e., it is a quasi-bound state.
Importantly, excitation of GMRs only occurs for a small range
of wavelengths, giving rise to strongly resonant fields and
hence a high Q. For our first high-Q metalens design, we
include periodic notches in the set of bars adjacent to the lens
center (those with w = 219 nm). For future experimental
tractability, we consider notches that are 70 nm wide with a
depth of δ = 50 nm and a period of 600 nm; such notches are
well within reasonable fabrication parameters, as experimen-
tally demonstrated by a recent high-Q, GMR beam steering

platform,40 while still giving large quality factors. This notch
design gives rise to a GMR around a wavelength of 1500 nm.
We model the metalens using full field finite element

simulations (COMSOL Multiphysics). We consider an
incident y-polarized electric field with a Gaussian distribution
incident from the z-direction. For an incident intensity of 0.1
mW/μm2, the spectral response of the notched and unnotched
metalenses is shown in Figure 1c. Note that the spectra are
integrated over the area (xy-plane) at the designed focal length
4 μm from the metalens and are normalized to the mean of the
unaltered Gaussian beam input. As seen, a high-Q resonance
appears for the notched metasurface at a wavelength of λ =
1499.4 nm, associated with a Q factor of 3600. Near fields of
the nanobars, shown in the insets of Figure 1c, show a
maximum enhancement of the notched bar near a field
intensity of 2.46 × 104 compared to the unnotched bars. Parts
d and e of Figure 1 confirm the focusing abilities of the low-Q
and high-Q metalenses for an incident wavelength of 1499.4
nm. For the low- and high-Q metasurfaces, the maximum focal
intensity occurs at 4 and 3.9 μm, respectively, with full width at
half-maxima (fwhm) of 1.22 μm (low Q) and 0.99 μm (high
Q). Note that the higher focal intensity of the high-Q lens is
not necessarily a product of the high-Q resonance. Nonethe-
less, our metasurface design simultaneously achieves strong
focusing behavior as well as quality factors 2 orders of
magnitude larger than those achieved by other diffractive
metasurfaces; to our knowledge, this is the first high-Q
metalens design.
As the incident power on the metalens increases, the

nonlinear Kerr effect modifies the local permittivity according
to ε(r) = ε0(εr + χ(3)|E(r)|2); here, E(r) is the local electric field
strength, χ(3) is the third-order nonlinear susceptibility, and εr
and ε0 are the first-order permittivity of Si and vacuum,
respectively. As the intensity increases from 0.1 to 1 mW/μm2,
we observe a redshift of the high-Q resonance from 1499.4 to
1499.9 nm, as shown in Figure 2a. This shift corresponds to a
significant decrease in the far field enhancement of the focal

Figure 1. High-Q metalens geometry and spectral characteristics. (a) Schematic of the high-Q lens, illustrating the local field enhancements that
arise in the notched bars (here positioned on each side of the lens midpoint). (b) Geometry of a subset of the high-Q structure, where p = 600 nm,
δ = 50 nm, and w varies for each bar according to Figure S1b. (c) Spectra of the unnotched (black curve) and notched (purple curve) lenses
calculated for the xy plane at the focal spot, 4 μm from the metasurface. The insets show near-field calculations of the w = 219 nm nanobars for the
notched and unnotched lenses. (d) |E(r)|2 field plot for the unnotched lens excited at λ = 1499.4 nm and normalized to the mean of the input
Gaussian field. (e) |E(r)|2 field plot for the notched, high-Q lens excited at λ = 1499.4 nm and normalized to the mean of the input Gaussian field.
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spot at λ = 1499.4 nm, as the maximum of the low-power Fano
resonance transitions to a minimum at high power. A resulting
decrease of over 50% in the normalized focal intensity is
observed with increasing input intensity, as shown in Figure
S5a. A spatial change in the focal spot is also observed (Figure
2b). The focal intensity maximum shifts from 3.9 μm for an
input intensity of 0.1 mW/μm2 to 6.55 μm for an input
intensity of 1 mW/μm2; along with this shift in the maximum,
the overall focal spot position (defined as the position where
the focal spot is 0.2 times its maximum intensitydepicted in
Figure S5c) shifts by ∼1.2 μm for the place the focal spot
begins and ∼2.3 μm for the place the focal spot ends, with
increasing input intensity.
The focusing power of the metalens at 1499.4 nm for low

(0.1 mW/μm2), mid (0.5 mW/μm2), and high (1 mW/μm2)
input intensities is plotted in Figure 2c. These figures illustrate
the power-limiting behavior for the nonlinear lens and the focal
length shift. For both low-power and mid-power illumination,
the near fields in the notched bars remain high, shown in
Figure 2d; accordingly, the high-Q response in these cases is
preserved. The high-Q response in the near field of the
notched bars does begin to decrease by the highest intensity, as
the resonance, the center of the high-Q response, has spectrally
shifted; nonetheless, this decreased response still remains
significant for the metalens overall. The Supporting Informa-
tion includes further investigations of the nonlinear focusing at
illumination intensities between 0.01 and 1 mW/μm2. Based

on the observed spectral resonance shifts and the onset of an
appreciable power-limiting response, we estimate 0.1 mW/μm2

as the nonlinear threshold, which saturates after approximately
1 mW/μm2. As with similar high-Q resonant structures,41,42

the efficiency of the nonlinear response is increased by at least
2 orders of magnitude, which reduces the necessary input
powers to be experimentally reasonable.
Thus far, we have shown that only 2 nanobars out of 25

need to exhibit a GMR to induce an appreciable high-Q far-
field response. Our high-Q scheme is extremely flexible: by
changing either the nanobar or the perturbation geometry, we
can tune the resonant wavelengths and high Q strength of our
metasurface. We can further capitalize on this result via
frequency-multiplexing, whereby multiple high-Q resonances
can be simultaneously achieved by perturbing multiple pairs of
nanobars. To demonstrate this possibility, we notch three bars
on either side of the center of the lens simultaneously, all with
a period of p = 600 nm, as shown in Figure 3a. The notch
period and geometry, in combination with the dispersion of
the bars, will determine the resulting resonant wavelength.
For our high-Q multiplexed lens, we notch three sets of bars,

with w = 219, 205, and 158 nm, corresponding to the second,
third, and fourth bars from the center of the lens (see Figure
3a). Though all nanobars are notched with a period of 600 nm,
the resonances remain spectrally distinct, due to their differing
guided mode wavevector (see Figure S2a). As before, the
notches in the w = 219 nm bars are 70 nm wide with a depth of
δ1 = 50 nm; the notches in the w = 205 nm bar have δ2 = 40
nm, while the notches in the w = 158 nm bar have δ3 = 30 nm.
Note that smaller perturbations generally correspond to higher
Q factors for that resonance.39

Figure 3b shows the spectra of this multinotched metalens,
depicting three distinct Fano resonant features. The resonance
at λ ∼ 1500 nm exhibits a Q factor of approximately 3100 and
enhancements in the w = 219 nm notched bars of
approximately 3.11 × 104, negligible in all other bars. The
resonance at λ ∼ 1480 nm exhibits a Q factor of approximately
6700 and enhancements in the w = 205 nm notched bars of
approximately 3.05 × 104. Finally, the resonance at λ ∼ 1390
nm exhibits a Q factor of approximately 4700, with
enhancements in the w = 158 nm notched bars of
approximately 3.57 × 104.
As with our singly resonant metalens, we explore the

multinotched metasurface’s nonlinear behavior. Redshifts in
the high-Q resonances as the incident intensity is increased are
seen in all cases, as reported in Figure S6. Accordingly, our
high-Q metalens design supports frequency-multiplexed
schemes. Figure 3 depicts field plots for the multinotched
metalens for the low-power condition (left) and higher-power
condition (right) for the lens operating at λ1 = 1499.4 nm (d)
and λ2 = 1480.9 nm (e); the field profiles for λ3 = 1388.45 nm
are included as Figure S7a and b, as we note that the quality of
the lensing decreases significantly due to chromatic aberrations
at this wavelength so far from the optimal 1500 nm. For all
wavelengths, power-limiting-like behavior is observed. More
advanced metasurface designs, such as multilayered devices or
dispersion engineering approaches,43−45 could be readily
employed to minimize these issues in the future. Importantly,
such schemes would not negatively impact the high-Q nature
of the metasurface, as the phase gradient characteristics of the
metalens are designed separately, and thus largely decoupled,
from the GMR design.

Figure 2. Nonlinear lens response. (a) Spectra calculated at the focal
spot for input intensities of 0.1, 0.5, and 1 mW/μm2. (b) Focal
response in the propagation direction (along the z axis above the
high-Q metasurface) for various input intensities, revealing a shift of
the focal length with increasing power. All plots are at a wavelength of
1499.4 nm. (c) |E(r)|2 field plot for the nonlinear lens with input
intensities of 0.1, 0.5, and 1 mW/μm2. (d) Near field profiles within a
section of the metasurface for the same powers and wavelengths
shown in part c.
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In summary, we have designed the first high-Q metasurface
lens that leverages its intrinsic nonlinear optical response for
power-dependent modulation. Our design combines a
diffractive metasurface with a high-Q guided mode resonance
to enable efficient nonlinearities. With this metasurface, we
show a near-infrared power-limiting-like response as well as
changes in the focal spot of the lens. The design works at both
single wavelengths and with multiple resonances at various
wavelengths. Additionally, other functionalities,46 such as
aberration correction,15−18 polarization detection,47,48 or

perturbation-based information storage and exchange,49

could be implemented to augment the metalens function in
future works. We note that centimeter-scale or longer focal
lengths will require larger lenses. For these larger lenses,
multiple pairs of bars could be notched to be resonant at the
same wavelength (see Figure S2b), further increasing mode
contrast and taking advantage of changes in the refractive index
and phase response of multiple nanobars for the same
operating wavelength. We anticipate that our high-Q metal-
enses will readily translate to a suite of dynamic imaging
platforms, spanning LIFI, LIDAR, and wavefront sensing.
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Figure 3. Multiplexed high-Q lenses. (a) Geometry of the
multiwavelength resonant metalens; p = 600 nm, δ1 = 50 nm, δ2 =
40 nm, δ3 = 30 nm, and w varies for each bar according to Figure S1b.
(b) Spectra of the unnotched (black) and notched (purple) lenses
calculated at the focal spot, 4 μm from the metasurface, showing
multiple resonant features. (c) Near-field profiles of the notched lens
at wavelengths of 1499.4 nm (top), 1480.9 nm (middle), and 1399.45
(bottom). (d) |E(r)|2 field plot for the nonlinear lens with an input
intensity of 0.1 mW/μm2 (left) and 0.5 mW/μm2 (right), excited at λ
= 1499.4 nm. (e) |E(r)|2 field plot for the nonlinear lens with an input
intensity of 0.1 mW/μm2 (left) and 0.5 mW/μm2 (right), excited at λ
= 1480.9 nm.
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