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ABSTRACT: A nonlinear metasurface is demonstrated numerically based on the recently developed quantum-sized gold film.
The active functionality of the metasurface is realized by varying the incident optical power through the ultrahigh Kerr
nonlinearity of the quantum-sized gold films. In the low power region, the device acts as a normal reflecting surface, while it
becomes a phase grating with most energy in the ±1 diffraction modes when the optical power increases and the nonlinear effect
plays a dominating role. Unlike previously demonstrated nonlinear metasurfaces focusing on nonlinear frequency generation, the
functionality of our device may be modulated by the power of incident light. As the first nonlinear metasurface that is based on
optical Kerr nonlinearity, our design may lead to various applications, such as optical limiters and tunable phase gratings.
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Made by artificial materials with subwavelength thickness,
a metasurface1 can be thought of as the reduced

dimensional version of a 3D metamaterial.2 Being able to
realize the same or even better functionalities of many bulky
optical components but with a much smaller device thickness is
the major motivation for extensive investigations of meta-
surfaces.3,4 Since the work of the generalized law of reflection
and refraction,5 the field of metasurfaces has experienced a
rapid growth. Different metasurfaces with specific function-
alities have been demonstrated, such as flat lenses,6 mirrors
with anomalous reflection,7 gratings,8 and polarization con-
vertors.9 It is highly desirable for these ultrathin devices to be
active and tunable for certain applications.10,11 One of the
approaches to achieve active functionality is to include
nonlinearity into metasurface design.12 By either using the
nonlinearity of the plasmonic material itself13,14 or incorporat-
ing high-nonlinear material such as semiconductor quantum
wells combined with an existing plasmonic metasurface
structure,15,16 many nonlinear metasurfaces have been demon-
strated recently. However, most of the nonlinear metasurfaces

demonstrated so far are focused on the second-harmonic
generation through the second-order nonlinearity.13−16 A
metasurface that can directly modulate the fundamental
frequency of light itself through optical Kerr nonlinearity has
not been demonstrated so far, due to limited third-order
nonlinearity in existing materials.
Recently, an ultrathin metal film was demonstrated to have a

giant optical Kerr nonlinear response due to the quantum
confinement effect.17 A quantum-sized gold film is a very
promising material for nonlinear metasurfaces due to its giant
optical nonlinearity as well as the fact that it is also a plasmonic
material. In this Letter, we propose a nonlinear metasurface
design that is based on such quantum-sized gold films. The
active functionality is made possible through the ultrahigh
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optical Kerr nonlinearity. The device behaves as a normal
reflecting surface that reflects incident light in the linear region,
while it becomes a phase grating in the nonlinear region so that
most of the reflected light is directed into the ±1 diffraction
orders with the 0 order largely depressed. Our proposed
metasurface is probably the first nonlinear metasurface that is
based on Kerr optical nonlinearity and may lead to a variety of
applications, such as optical power limiters.18

Figure 1(a) shows the basic structure that the nonlinear
metasurface is built on. Sitting on a glass substrate, the whole
structure consists of a Au-SiO2 multilayer nanostructure on top
and a thick gold film on the bottom, separated by a MgF2
dielectric layer. The top multilayer nanostructure is made of six
layers of Au (3 nm thick) and SiO2 (2 nm thick), with a total
thickness of 30 nm. Note that similar structures with different
geometrical parameters have been demonstrated to exhibit
different optical properties, such as a perfect plasmonic
absorber19 and an anomalous reflection mirror.7 Here, the
important difference of our structure is replacement of the top
bulk gold particles with quantum-sized Au-SiO2 multilayer
nanostructures.
The thickness of each of the top gold layers is only 3 nm, in

which the quantum confinement effect becomes critical. As a
consequence, both the linear and nonlinear material properties
of quantum-sized gold films show drastic differences as

compared to those of the bulk gold.17,20 Figure 1(b) compares
the linear permittivity ϵ = ϵ′ + i × ϵ″ for the 3 nm gold film
(red lines, obtained experimentally from an identical gold−SiO2

multilayer) and bulk gold (blue lines, from Johnson and
Christy21).
The more relevant aspect here is the nonlinear properties.

For existing metasurfaces made of noble metals, such as gold
and silver, usually the intrinsic nonlinear response of metal is
used.13,14 Indeed, gold has a relatively large nonlinear
response,22 as compared to other conventional nonlinear
materials.23 However, its nonlinear response is still not high
enough to achieve a sufficiently strong nonlinear effect within a
deep subwavelength scale. Under this context, the quantum-
sized gold film would be a promising candidate for a nonlinear
metasurface, as it has been recently demonstrated that a 3 nm
gold film has a giant third-order optical Kerr nonlinear
response, which is about 4 orders higher than the intrinsic
value of bulk gold.17 As shown below, such a giant third-order
nonlinear response enables the tunability of the metasurface
with modest incident optical power.
The proposed structure shown in Figure 1(a) utilizes the

response of the top nanostructure, as well as the coupling
between the top and bottom metallic materials. The optical
responses of the whole structure depend on the geometric
parameters, as well as the material properties. Here we focus on

Figure 1. (a) Schematic of a building block of the nonlinear metasurface. The whole structure sits on a glass substrate, which is made of a top
multilayer nanostructure and a bottom bulk gold layer separated by a MgF2 spacer. (b) Permittivity (solid and dashed lines for real and imaginary
parts, respectively) for 3 nm gold (red) and bulk gold (blue).

Figure 2. (a) Linear reflection coefficient R = |r|2 (solid blue line) and the corresponding reflection phase ϕ (dotted red line) for the structure shown
in Figure 1(a) with different particle length Wx. (b) Changes in R (solid line) and ϕ (dotted line) with different incident light intensity for an
individual plasmonic structure with Wx = 170 nm (blue) and 250 nm (red), respectively.
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a structure with the fixed geometrical parameters Lx = 300 nm,
Ly = 120 nm, d1 = 80 nm, d2 = 50 nm, and Wy = 90 nm and
study its performance with respect to the length of the top
nanostructure in the x-directionWx at an exemplary wavelength
of 850 nm. Simulations are performed using a finite element
method (FEM) assuming a plane wave incident normally on
the structure from the top with an electric field polarized along
the x-direction. Figure 2(a) plots the reflection coefficient R =
|r|2 (solid blue line) and the corresponding phase ϕ (dotted red
line) for the structure shown in Figure 1(a) with different
length Wx. Due to the thick gold film at the bottom,
transmission of the structure is almost zero. As can be seen
here, there is an absorption peak around Wx = 100 nm, where
reflection is minimized. Across the absorption peak, the
reflection phase shows an almost linear dependence on the
particle length. This length-dependent reflection phase feature
has been utilized in a previous work to introduce a linear phase
slope of the metasurface mirror to demonstrate anomalous
reflection.7

Here we are more interested in the nonlinear response. From
the third-order Kerr response, the refractive index of the 3 nm
gold n (complex value) changes to the incident light intensity I
following n = n0 + n2I, where n0 is the linear refractive index and
n2 is the Kerr coefficient.

23 Because of the intensity-dependent
refractive index of the gold quantum well, the mode
distribution of the plasmonic structure as well as the reflection
amplitude R and phase ϕ change with incident optical power.
Simulations are performed by varying the incident optical
power for each specific top particle length Wx. Due to the giant
Kerr coefficient of 0.2 × 10−8 cm2/W of the 3 nm gold film
near 850 nm,17 this plasmonic structure shows a very large
optical nonlinear response: both its reflection amplitude and
phase can be changed by a large amount with modest incident
optical power. Here we focus on two structures with Wx = 170
and 250 nm, which are shown to have a similar optical response
in terms of reflection R and ϕ in the linear region, as depicted
in Figure 2(a). Simulations are performed for these two
structures with different incident optical intensities, and the
corresponding R and ϕ are plotted in Figure 2(b) for incident
light intensity up to 2.5 GW/cm2. As shown here, the reflection
coefficients R for both structures decrease from around 0.5 in
the linear region to about 0.1 in the nonlinear region with an
incident light intensity of 1.1 GW/cm2. After 1.1 GW/cm2,
reflection increases slightly for Wx = 170 nm, while it is almost
constant for Wx = 250 nm. The reflection phase, however,
shows different behavior as I is increased: in the case of the 170
nm structure, ϕ decreases quickly from −60° to about −170°,
while it increases from −60° to about −10° for the case of the
250 nm structure.
With such a large nonlinear response, active nonlinear

metasurfaces can be designed. Figure 3 shows the schematics
for one of such examples. It is a periodic structure, with a single
unit consisting of four repetitions of Wx = 170 nm elements,
followed with another four repetitions of Wx = 250 nm
elements. The period of the whole structure is 960 and 320 nm
in the y- and x-direction, respectively. Other parameters are
identical to the structure studied in Figure 2. In the linear
region when the incident light intensity is weak, the reflection
coefficients (both R and ϕ) of 170 and 250 nm elements are
quite similar. Therefore, the whole structure essentially acts as a
normal reflecting surface as seen by the incident light. With the
increase of the incident light intensity, nonlinear effects become
important. Although changes in the reflection coefficient R are

very similar for the 170 and 250 nm elements (both decrease
with I), changes in the reflection phase ϕ are in opposite
directions, leading to a relative phase difference between them.
For example, with an incident light intensity of 1.5 GW/cm2,
the relative phase difference between these two elements is
about 90°. Such a structure is equivalent to a phase grating,
with a modulation depth close to π/2. Therefore, one could
expect such a metasurface to have different diffraction
coefficients with different incident light intensities.
To further demonstrate the performance of this nonlinear

metasurface, a full simulation is performed using FEM. A plane
wave is assumed to be incident normal to the structure from the
top with the electric field polarized along the x-direction. Figure
4(a) and (b) plot the reflected electric field when the incident
light intensities are 1 MW/cm2 and 1.5 GW/cm2, respectively.
As can be seen here, when the incident light is very weak so
that nonlinear effects can be neglected, the beam is reflected
back in the normal direction. However, when the incident light
intensity is high enough to induce a sufficient nonlinear
material change, the reflected field shown in (b) is drastically
different from the linear case shown in (a). The reflected field
indicates an interference pattern with two waves propagating at
opposite directions with respect to the surface normal.
To have a better understanding regarding the reflected field,

the angular distributions of the reflected far field for both linear
and nonlinear cases are plotted in polar plots in Figure 4(c) and
(d), respectively. In the linear case, most of the light is reflected
back in the normal direction (90°). The ±1 diffraction orders
are negligibly small but still discernible due to the nonidentical
responses from 170 and 250 nm elements. In the nonlinear
case, most of the reflected light goes into two diffraction modes
that propagate at about 30° and 150°, respectively, while the
portion of light that is reflected normally backward is heavily
suppressed. A series of simulations is performed by varying the
incident light intensity I, where the ratio of the first- and zeroth-
order diffraction mode energy is plotted in Figure 4(e). As can
be seen here, the ratio is almost zero before 1 GW/cm2 and
then increases quickly and reaches a peak value of about 80
near 1.5 GW/cm2, after which its value becomes smaller again.
The reason for the decreased ratio is due to the relatively larger
difference in reflection coefficient between the two units when
intensity is sufficiently high, even though their phase response
difference keeps increasing. Therefore, one can see that such a
proposed metasurface in Figure 3 is indeed tunable: the relative

Figure 3. Schematics of a proposed nonlinear metasurface that
consists of a periodic array of the plasmonic structures shown in Figure
1(a), with a single period consisting of four repetitions of Wx = 170
nm elements and four repetitions of Wx = 250 nm elements. The
period in the y-direction is 960 nm, while it is 320 nm in the x-
direction. Other parameters are identical to the structure studied in
Figure 2.
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amount of reflected light energy to different diffraction modes
can be changed with incident optical power.
The proposed nonlinear metasurface also works for the case

of oblique incident light. Figure 5 shows the calculated angular
distributions of the reflected far field of the proposed device
when the angle of incident light is 15°, 30°, and 45°. As can be
seen from (a) to (c), the metasurface acts like a mirror with
most of the energy going into the specular reflection angle
when the incident light intensity is relatively small. When the
incident light intensity becomes large, a significant amount of

reflected energy goes into two ±1 diffraction orders. The
performance of such an incident power dependent effect
weakens as the incident angle becomes very large, as shown in
Figure 5(d)−(f). Despite this, the proposed device works quite
well for an incident angle within ±30°.
The fabrication of high-quality thin films with a thickness of a

few nanometers is quite challenging. Two parameters are
commonly used, i.e., average thickness and thickness variation,
to describe the characteristics of practical films. In order to
estimate the performance in a real device, we replace the ideally

Figure 4. Simulated reflected electric field of the proposed nonlinear metasurface when the incident light intensity is weak, (a) I = 1 MW/cm2, linear
region, and strong, (b) I = 1.5 GW/cm2, nonlinear region. The metasurface acts as a mirror that reflects light normally in the linear region, while it
becomes a diffractive grating where most of the light is redirected into the ±1 diffraction orders when the 0 order is heavily depressed in the
nonlinear region. The corresponding normalized angular distributions of the reflected far-field amplitude for linear and nonlinear cases are shown in
(c) and (d), respectively. (e) Ratio of the first and zeroth order diffraction energy when the incident light intensity is varied.

Figure 5. Calculated angular distributions of the reflected far field for linear (I = 1 MW/cm2) cases with the incident angles of 15°, 30°, and 45° are
shown in (a), (b), and (c), respectively. The corresponding nonlinear (I = 1.5 GW/cm2) cases are shown in (d), (e), and (f), respectively.
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uniform thin films of the top multilayer structure with
randomly roughened surfaces with a thickness variation for
each thin layer of 0.5 nm (Supporting Information Section 1), a
typical value that has been achieved in our previously fabricated
3 nm gold films.17 To consider the impact of uncertainty on
average layer thickness, we performed a simulation by changing
the gold layer and SiO2 layer by ±0.5 nm and ±1 nm and
plotted the results in Figure 6(a) and (b), respectively. Indeed,
changing the thickness has an impact on both the reflection
coefficient and reflection phase for the proposed plasmonic
structure. Especially, the impact is relatively larger for the gold
layer than that for the SiO2 layer, which is not surprising since
the nonlinear effect comes mainly from the metal films. In all
cases, the phase difference between two individual elements
increases from near 0° to almost 180° when the light intensity
is increased to 2.5 GW/cm2. We want to emphasize here that
the simulation in Figure 6(a,b) only considers the impact of
thickness variation on the plasmonic response of the proposed
device. We assume the linear and nonlinear properties of all the
gold films are the same as the 3 nm thick case. On the basis of
these results, we postulate that all the phenomena discussed
above should be valid in a practically achievable multilayer
structure, although the exact power-dependent diffraction
efficiency might be slightly different.
To conclude, we proposed a nonlinear metasurface based on

the recently demonstrated ultrahigh optical Kerr nonlinearity of
quantum-sized gold films. The optical functionality for such a
metasurface can be controlled by the incident optical power.
With a low incident optical power, the metasurface is a
reflecting mirror, while it becomes a phase grating when the
incident power is high enough and the nonlinear response
becomes important. To our best knowledge, this is the first
proposal of a nonlinear metasurface that is based on the third-
order optical Kerr nonlinearity. The demonstrated nonlinear
metasurface may find its usefulness in various nonlinear
applications.

■ NUMERICAL METHOD

All electromagnetic simulations were performed with Comsol
Multiphysics. Individual resonators were simulated with
scattering periodic boundary conditions in the x- and y-
direction. The resonator was excited with a plane wave from the
top. The reflection coefficient (both amplitude and phase) is
obtained via a global evaluation of the parameter S11.
Resonator arrays (real metasurface) were simulated with

periodic boundary conditions along the x- and y-directions.
The angular distribution of the reflected field is from the far-
field calculation.
Linear material properties of gold are chosen according to

Figure 2(b), and the modeling of the nonlinear response of the
gold layer is via

= +n n n IRe{ }linear 2

= +n k n IIm{ }linear 2

where n2 = 0.2 × 10−8 cm2/W is chosen from the experimental
value measured at 850 nm.
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