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ABSTRACT: High-index III−V semiconductor nanoanten-
nas have gained great attention for enhanced nonlinear
light−matter interactions, in the past few years. However,
the complexity of nonlinear emission profiles imposes
severe constraints on practical applications, such as in
optical communications and integrated optoelectronic
devices. These complexities include the lack of unidirec-
tional nonlinear emission and the severe challenges in
switching between forward and backward emissions, due to
the structure of the susceptibility tensor of the III−V
nanoantennas. Here, we propose a solution to both issues
via engineering the nonlinear tensor of the nanoantennas.
The special nonlinear tensorial properties of zinc-blende material can be used to engineer the nonlinear characteristics via
growing the nanoantennas along different crystalline orientations. Based on the nonlinear multipolar effect, we have
designed and fabricated (110)-grown GaAs nanoantennas, with engineered tensorial properties, embedded in a
transparent low-index material. Our technique provides an approach not only for unidirectional second-harmonic
generation (SHG) forward or backward emission but also for switching from one to another. Importantly, switching the
SHG emission directionality is obtained only by rotating the polarization of the incident light, without the need for
physical variation of the antennas or the environment. This characteristic is an advantage, as compared to other nonlinear
nanoantennas, including (100)- and (111)-grown III−V counterparts or silicon and germanium nanoantennas. Indeed,
(110)-GaAs nanoantennas allow for engineering the nonlinear nanophotonic systems including nonlinear “Huygens
metasurfaces” and offer exciting opportunities for various nonlinear nanophotonics technologies, such as nanoscale light
routing and light sources, as well as multifunctional flat optical elements.
KEYWORDS: high-index nanoantennas, unidirectional emission, III−V semiconductors, second harmonic generation, Mie resonance,
nonlinear tensor

Nonlinear nanophotonics permits the generation of
light at new frequencies and the control of photon−
photon interactions at a subwavelength scale by

employing nonlinear properties of optical materials.1 It
facilitates nonlinear light−matter interactions such as fre-
quency conversion,2−4 wave mixing,5−8 and all-optical switch-
ing.9−11 Currently, nonlinear nanophotonics is a rapidly

developing research field with benefiting applications including

chip-based light sources,12 nanolasers,13,14 imaging, and
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sensing optoelectronic devices.15−17 However, there are two
significant challenges that are impeding the transition of this
technology to practical applications. The first challenge is to
find the most appropriate materials with induced optical
modes at the nanoscale, together with strong nonlinear
properties, i.e., second and third order susceptibilities, to
enhance the nonlinear conversion efficiency.18 The second
challenge is the lack of ability within the nonlinear nano-
antennas to generate unidirectional nonlinear emission with
switching capabilities. Unidirectional emission is highly desired
for future nonlinear nanophotonics applications such as
miniaturized multifunctional nonlinear elements and meta-
devices. Unidirectionality and switching have already been
revealed in the linear regime, via simultaneous excitation and
mutual interference of magnetic and electric multipoles inside
the nanoparticles, so-called “Kerker”s type scattering.19,20

However, in the nonlinear regime, the complexity of nonlinear
tensors, as an additional degree of freedom, influences the
emissions. To the best of our knowledge, the unidirectional
light switch has not been demonstrated in the nonlinear regime
yet.
To address the first challenge, initially, metallic nano-

antennas have been extensively employed for the nonlinear
processes due to the strong near-field enhancement arising
from the coherent oscillations of conduction electrons near the
surface of plasmonic structures.2,21−36 However, the perform-
ance of nonlinear plasmonics is restricted by high Ohmic
losses, small mode volumes, and low laser damage threshold.
Subsequently, high-index dielectric nanostructures such as
silicon (Si)37 and germanium (Ge) nanoantennas,38 which
support both electric and magnetic Mie-type resonances, were
considered as promising alternatives to overcome these
limitations of nonlinear nanoplasmonics.39−41 It has been
shown that through exploiting different electric and magnetic
multipolar resonances and taking advantage of various
interferences between the optical modes, one can induce
strong near-field enhancements and subsequently tailor the
field distributions inside the nanostructures.40,42,43 This
capability was offered as a promising route to significantly
facilitate the nonlinear interactions.9,44−58

In contrast to their strong third-order nonlinearities, Si and
Ge do not possess bulk-mediated second-order nonlinearities
due to their centrosymmetric crystalline structures. Thus, for
the second-harmonic generation (SHG) processes, III−V
semiconductors that typically have zinc-blende (ZB) crystal
structure, such as GaAs,59−66 AlGaAs,67−71 and GaP,72−74 have
been explored based on their high-dielectric index and

relatively strong second-order susceptibilities.75 However, the
drawback of ZB III−V nanoantennas is their complex
nonlinear tensors. In the past few years, it has been widely
discussed that due to the symmetry of the second-order bulk
nonlinear susceptibility tensor, the corresponding SHG
emission is usually suppressed in the normal direction by
such nanoantennas, and mainly emitting in off-normal
directions, making it difficult to collect the signal effectively
even using a high numerical-aperture (NA) objective.68 Several
approaches have been employed to solve this hurdle, such as
using asymmetric nanostructures,76,77 tilting the pump
beam,78,79 and employing the coupling effect between
nanostructures in the lattice.80 However, all these techniques
require complex nanostructuring or experimental implementa-
tion. All these approaches overlooked a common fact: based on
the special nonlinear tensorial properties of ZB material, one
can engineer the nonlinear properties via having the nano-
antenna axis aligned along certain crystalline orientations of the
III−V materials. Crystalline orientations are planes with
corresponding Miller indices in the crystals. Indeed, all the
above-mentioned studies were performed on ZB III−V
nanoantennas grown along the (100) crystalline orientation
which is the standard commercial wafer.76−80 Recently, it has
been demonstrated that nonzero nonlinear emissions in the
normal direction can be achieved by employing (111)-grown
GaAs nanoantennas,81 whereby improved better forward
directionalities compared to (100)-counterparts were pre-
sented. However, unidirectional emission of SHG from (100)-
or (111)-grown ZB nanoantennas has not been demonstrated
yet, due to the multipolar interference effect of the generated
nonlinear multipoles with even values of azimuthal indices
m.68,69,81

The second unresolved challenge of high-refractive-index
nanoantennas in the nonlinear regime is the ability to tailor the
nonlinear emission flexibly, particularly switching between
forward and backward nonlinear emissions. It is worth notice
that switching in the linear regime means that the incident and
scattered lights have the same frequencies. Therefore, the
scattered light is always accompanied by a large amount of
incident light, which introduces a strong background
signal.82−84 On the other hand, switching in the nonlinear
regime has the advantage of background-free detection as the
harmonics are generated at different frequencies compared to
the pump. Indeed, for practical applications in the nonlinear
regime such as nonlinear sources, holograms, and quantum
emitters, it is highly desirable to achieve switchable emission
between forward and backward directions.40,53,85 Despite these

Figure 1. (A) Illustration of the (110) direction of the zinc-blende crystal structure. The laboratory and crystalline coordinates are defined as
(x, y, z) and (x′, y′, z′) with θ being the in-plane pump polarization angle with respect to the x-axis in the laboratory coordinate system. (B)
Schematic of the all-optical unidirectional nonlinear emission switch via pump polarization control from the (110)-GaAs nanoantennas.
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well-known advantages, there has been no reported exper-
imental demonstration for nonlinear switching yet.
In this paper, we present a solution to address both the

above-mentioned drawbacks. By exploiting (110)-grown ZB
GaAs nanoantennas, as shown in Figure 1A, we overcome the
lack of unidirectional emission in ZB III−V semiconductors
and experimentally reveal strong SHG emission with a vast
control on the forward/backward (FB) ratio between them. By
embedding the nanoantennas in optically transparent low-
index materiala benzocyclobutene (BCB) layerwe have
been able to experimentally examine forward and backward
nonlinear emissions. First, we demonstrate that our (110)-
grown nanoantennas enable suppressing forward or backward
SHG emissions leading to the tunability of the FB ratio from
0.16 up to more than 45. Furthermore, we have managed to
switch the unidirectional SHG forward emission to backward,
and vice versa (see Figure 1B), by employing the interference
between the noninear multipoles within (110)-grown nano-
antennas. Manipulation of the interference can be achieved via
controlling the pump polarization and/or the nanoantenna
radii. Indeed, the capability of performing the nonlinear
switching this way without any physical change on the
nanoantenna geometries or environments has not been
shown yet. Such a high degree of freedom in nonlinear light
control has not been reported either in (100)- and (111)-ZB
III−V or in Si/Ge nonlinear nanoantennas. Our results enable
potential applications in nonlinear photonics, e.g., optical
switches, nanoscale nonlinear light routing elements, high-
efficiency light sources, etc.

RESULTS AND DISCUSSION
Multipolar Analysis of SHG. During the SHG process,

the directivity of nonlinear radiation is determined by the
nonlinear multipolar interferences. Here, we will briefly discuss
the specifics of the contribution from different multipoles to
the SHG response from (110)-GaAs nanoantennas and clarify
the nature of multipolar interference that can lead to
directional nonlinear light emission.
The nonlinear response of nanoantennas made of GaAs (or

AlGaAs) grown along different crystalline orientations
significantly depends on the mutual orientation of the
crystalline axes and pump polarization. Up to now, there
have been several experimental studies demonstrating different
nonlinear effects under resonant excitation of electric and
magnetic dipolar modes in isolated nanoparticles, such as
nonlinear generation of vector beams,68 nonlinear optical
magnetism,69 and tailoring second-harmonic emission by
rotation of beam polarization.81 In the case of (100)-GaAs
nanoantennas, the generated SH multipoles have even values
of azimuthal indices m = 0, ±2 resulting in zero SHG radiation
along the optical axis at normal incidence of the laser
beam.61,68,69 In contrast to (100)-GaAs nanoantennas, non-
linear currents in (111)-GaAs nanoantennas generate multi-
poles with both even and odd azimuthal indices m,
demonstrating nonzero emission in the normal direction,81

while the conversion efficiency is polarization-angle-independ-
ent. Here we show that (110)-GaAs nanoantennas generate
multipoles with odd indices m only, which further allows
maximizing the SHG forward and backward directionalities by
rotation of the normally incident pump in-plane polarization.
The second-order susceptibility tensor of the ZB crystal

structure contains only off-diagonal elements χi′j′k′
(2) = χ(2) with i′

≠ j′ ≠ k′ and i′, j′,k′ being the crystalline coordinates.1 In the

principal-axis system of the crystal, the ith component of the
nonlinear electric polarization vector is given by67,78

P E Ei i j k j k
(2 )

0
(2) ( ) ( )ε χ=ω ω ω

′ ′ ′ ′ ′ ′ (1)

where ε0 is the vacuum permittivity and Ej′
(ω) and Ek′

(ω) are the
electric field components at the pump frequency ω along the
crystalline coordinates j′ and k′, respectively.
For (110)-grown ZB nanostructures, the relation between

the crystalline and laboratory coordinate frames can be defined
by the Euler rotation matrices (see the section “Theoretical
analysis of SHG in (110)-grown zinc-blende materials” of the
Supporting Information; see also Figure 1A). In the laboratory
frame for a given electric field distribution E(ω)(x, y, z), the
induced nonlinear polarization P(2ω)(x, y, z) can be calculated
by transforming the electric field E(ω)(x, y, z) into the
crystalline frame first, evaluating the nonlinear polarization in
this frame, and then converting it back to the laboratory frame,
using the inverse rotation transformation. The nonlinear
polarization is given through the Cartesian electric field
components obtained from the above expression eq 1 by
applying coordinate transformations. In this way, the SH
current density induced in (110)-GaAs nanoantenna can be
written in the laboratory coordinate frame as (see also the
section “Theoretical analysis of SHG in (110)-grown zinc-
blende materials” of the Supporting Information):

J i d E E E
E E E

J i d E E E E E

E

J i d E E E
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x
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0 36
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ω α α
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= ϵ [− − + −
+ ]

= ϵ [ + ]

using the contract notation d36
1
2

(2)χ= ,1 and α is the angle

between the laboratory coordinate axis x and the crystal
coordinate axis x′.
By further investigating the multipolar composition of the

generated SH field, we find that, in the spherical coordinate
system, components of the nonlinear current comprise only
odd values of the azimuthal indices m (as specified in Table 1
of the Supporting Information). The SH generated field is
composed by multipoles with azimuthal indices m = ±1, ±3,
and ±5 only, whose interference may lead to prevalent SHG in
the ±z out-of-plane directions (see Figure 2). This is
confirmed by direct full-wave numerical simulations using
COMSOL Multiphysics software for (110)-GaAs nano-
antennas as employed in the experiment.
The simulations are performed for the GaAs nanoantenna

with a nominal radius r = 210 nm and height h = 400 nm,
placed in a homogeneous BCB medium (as our host medium)
of a refractive index n = 1.44 at an excitation wavelength λ0 =
1450 nm (which is the pump wavelength used in our
experiment). Figure 2A,B shows a comparison of the SHG
radiation from nanoantennas with different crystalline
orientations as a function of the pump polarization rotation
angle. The normalized SHG conversion efficiency is calculated

through
P
P

SHG

pump
η = , where PSHG is the measured total SHG

emission power in the forward and backward directions and
Ppump is the pump power illuminated on an individual disk
surface area.67,78,81 As demonstrated in ref 81, the total SHG
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power from (111)-GaAs nanoantennas remains constant. In
the case of (100)-GaAs nanoantennas, SH power has a
maximum at an angle of 45° and repeats every 90°.61,68,69

Thus, the total conversion efficiency depends on the symmetry
of the crystal plane normal to the propagation direction. For
(100), (110), and (111) orientations, it exhibits 4-fold, 2-fold,
and continuous rotational symmetries, respectively. We also
examine the FB ratio defined here as the ratio of SHG power
emitted into the z+ half-space to the SHG power emitted into
z− half-space (see Figure 2B). In agreement with our
predictions, the highest directionality corresponds to the
(110)-GaAs nanoantenna. We find that, as a result of
multipolar interference, the nanoantenna exhibits highly
directional SHG for certain angles of pump polarization
rotation, namely, θ = 0 and θ = π/2.
Next, we numerically determine which multipoles are

responsible for these forward and backward emissions. The
multipolar compositions of the SHG are different for these two
directions. The numerically computed radiation patterns and
their reconstructions with sets of leading multipoles are
depicted in Figure 2C,D. These figures illustrate how the

mutual interference of several multipolar spherical waves
distinguished by azimuthal indices m and orbital indices l
results in the emission directionality. By comparing the
diagram of the far-field cross sections corresponding to the
particular multipolar compositions and to compositions of all
generated multipoles, we can see that, in the θ = 0 case, the
emission in the z+ direction is determined by interference of
the electric dipoles (ED) aE(1, ±1), electric (EQ) and
magnetic (MQ) quadrupoles aE,M(2, ±1), and electric
hexadecapole (EH) aE(4, ±1). In the θ = π/2 case, we obtain
emission in the z− direction due to interference of ED aE(1,
±1) and electric (EO) and magnetic (MO) octupoles aE,M(3,
±1) and EH aE(4, ±1).

Linear Scattering and SHG Emission. To demonstrate
the above-mentioned effects experimentally, we have designed
and fabricated (110)-grown GaAs nanoantennas. The ex-
tinction coefficient κ is 0.11 at the SH wavelength (725 nm),
leading to a penetration depth of δp = λSH/4πκ ≈ 525 nm at
the SH wavelength, which exceeds the thickness of our
nanoantennas (400 nm). Thus, the enhancement of the SHG
in our case is derived from the Mie-type resonances at both the
pump and the SH wavelengths. On the other hand, the linear
scattering efficiency generally grows with the increase of the
nanoantenna thickness (see Figure S1 of the Supporting
Information). Therefore, the thickness of the GaAs nano-
antennas (i.e., 400 nm) is optimal for both efficient excitation
and outcoupling of the generated SH radiation. In our
experiments, the height of our nanoantennas is fixed to be
400 nm. We consider the geometrical parameters of nano-
antennas supporting low-order multipoles (up to quadrupoles)
at the wavelength of the optical pump (1450 nm in our
experiment), to enhance the near field inside the nano-
antennas. Thus, we fabricate a set of individual nanoantennas
with radii ranging from 150 to 350 nm which covers the low-
order Mie resonant excitations at our pump wavelength. We
implement a fabrication procedure where the GaAs nano-
antennas are embedded in a transparent BCB layer, with an
equivalent refractive index to glass, and placed on a glass
substrate. This configuration is crucial to enable us to examine
both the forward and backward nonlinear emissions. The
fabrication steps are illustrated in Figure 3A (for more
information about the fabrication procedure, see Figure S2 of
the Supporting Information). The first important step, not
shown in Figure 3, was the process of growth of a thin (110)-
GaAs layer on a 20 nm aluminum arsenide (AlAs) buffer layer
on a (110)-GaAs substrate using metal−organic chemical
vapor deposition (MOCVD). Although the epitaxial growth on
(100)-GaAs substrates is a well-established process, planar
growth on (110)-substrates was a challenging step requiring
high growth temperature, where the growth window was very
narrow. For more details please see the Methods section. As
can be seen in Figure 3A, the nanoantennas were then
fabricated by employing electron-beam lithography followed
by a dedicated transfer procedure developed in ref 68. Figure
3B shows the scanning electron microscopy (SEM) image of
(i) a fabricated nanoantenna on the GaAs wafer before etching
of the AlAs buffer layer and (ii) after transferring onto a thin
glass substrate.
The multipolar decomposition of the linear scattering for

different nanoantenna radii is illustrated in Figure 3C. The
simulated linear scattering efficiency is defined as the scattering
cross section Csca normalized by the cross area of the
nanoantenna πr2: Qsca = Csca/πr

2. Due to the symmetry of

Figure 2. Polar plots visualizing dependencies of (A) total SHG
efficiency and (B) forward/backward SH emission ratio on the
pump polarization angle for different crystalline orientations. (C,
D) The SH far-field diagrams and their cross sections in mutually
orthogonal xz and yz planes (dark solid curve). The reconstruc-
tions of the radiation pattern are performed with multipoles up to l
= 4 (pink dashed curve) and reduced sets of multipoles (blue
dotted curve): electric dipoles (ED) aE(1, ±1), electric (EQ) and
magnetic (MQ) quadrupoles aE,M(2, ±1) and electric hexadeca-
pole (EH) aE(4, ±1) at θ = 0; ED aE(1, ±1), electric (EO), and
magnetic (MO) octupoles aE,M(3, ±1) and EH aE(4, ±1) at θ = π/
2.
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the nanoantennas, this graph is identical for any polarization
direction (θ = 0) to (θ = 2π) of the normal incident wave. Two
resonant peaks can be observed from the total scattering curve
at nanoantenna radius around 170 and 320 nm, respectively.
The first peak corresponds to the excitation of ED and
magnetic dipole (MD) resonances, covering the radius range
from 150 to 225 nm. The second resonant peak is attributed to
a mixed contribution of EQ, MQ, ED, and MD excitations.
The linear scattering spectra for several nanoantenna radii, as
well as the near-field enhancement around the spectral
positions of these resonant peaks, are plotted in Figures S3−
S6 of the Supporting Information. As can be seen in Figure
3D,E, these enhanced near fields further improve the light−
matter interactions and boost the nonlinear effects inside the
nanoantennas. Experimentally, the fabricated GaAs nano-
antennas have radii ranging from 150 to 350 nm with a step
of 2 nm, covering the two targeted resonant positions at the
pump wavelength. The nanoantennas are positioned 10 μm
apart, which makes them optically isolated. The measured
linear spectra of several nanoantennas clearly show the
pronounced size-dependent resonance at the FW wavelength.
It matches our simulation results which were obtained with the
finite element method solver in COMSOL Multiphysics in the
frequency domain (see Figure S7 of the Supporting
Information).
We performed the SHG measurements for the fabricated

GaAs nanoantennas with the radii from 150 to 350 nm and the
thickness of 400 nm. We used a femtosecond laser with 10 mW
average power, operating at the wavelength of 1450 nm with a

255 fs pulse width at the repetition rate of 80 MHz. The laser
was focused by an objective with a numerical aperture (NA) of
0.7 onto the nanoantennas, with a 2 μm-beam-waist spot.
Considering the light loss through each component before the
sample (see the schematic of the nonlinear measurement setup
in Figure S8 of the Supporting Information), the total power
on the sample is around 1.6 mW, leading to the pump peak
intensity value of I0 of around 1.2 GW/cm2. The beam waist of
the focused laser on the sample was measured by imaging the
focal area with a CCD camera, along with a Gaussian curve
fitting. The SH signal in the backward direction was collected
by the same objective. A NA = 0.8 objective was used to collect
the forward SH emission (see the schematic of the nonlinear
measurement setup in Figure S8 of the Supporting
Information). Figure 3D,E demonstrates the measured forward
and backward SHG emission power from the GaAs nano-
antennas for different nanoantenna radii with a pump
polarization angle being θ = 0 (x-polarized) and θ = π/2 (y-
polarized), respectively. Pronounced nonlinear emission
enhancement is observed in the vicinity of the two resonant
peak positions at the pump wavelength (see Figure 3C). Our
normalized SHG conversion efficiency at the MD resonance,
i.e., the peak at the diameter of 196 nm, is around 0.003%
under our pump peak intensity of 1.2 GW/cm2. Interestingly,
when the pump polarization angle is θ = 0, for the SHG around
the first resonant peak, a strong forward SH emission occurs
with simultaneous suppression of the SH emission in the
backward direction. On the other hand, for the pump
polarization angle θ = π/2, the improved nonlinear emission

Figure 3. (A) Illustration of the fabrication procedure for the GaAs nanoantennas in a transparent medium: (i) GaAs nanoantennas defined
on a GaAs wafer via electron-beam lithography and sequential etching. AlAs is grown as a sacrificial layer. (ii) Removal of the AlAs buffer
layer by HF acid, followed by (iii) coating of a BCB layer, curing, and bonding it onto a thin glass substrate. (iv) Final sample containing the
GaAs antennas, after peeling off. (B) Scanning electron microscope images: (i) side view of the etched GaAs antennas on the GaAs wafer and
(ii) top view of the final sample on glass, after peeling off. (C) Calculated multipolar structure of the linear light scattering by GaAs
nanoantennas with different nanoantenna radii under plane wave excitation at the wavelength of λ = 1450 nm, identical for (θ = 0) to (θ =
2π). (D) Experimentally measured forward and backward SHG emission power for different nanoantenna radii when the pump is x-polarized
(see Figure 1A). (E) Experimentally measured forward and backward SHG emission intensity for different nanoantenna radii when the
pump is y-polarized (θ = π/2).
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takes place in the backward direction with a suppression of the
forward nonlinear radiation. As described in the multipolar
analysis of the SHG, this interesting feature of the nonlinear
emission is attributed to the special second-order nonlinear
tensor properties of (110)-orientated GaAs nanostructure,
where both lower and higher order nonlinear multipoles are
generated and are with odd indices m only. Therefore, the
relative contribution of these nonlinear multipoles can be
tuned via changing the pump polarization, and their
interference further allows maximizing SHG forward or
backward directionality (see also the section “Theoretical
analysis of SHG in (110)-grown zinc-blende materials” and
Figure S9 in the Supporting Information). These nonlinear
multipolar interferences provide a robust tool to shape the
nonlinear wavefront and obtain functional nonlinear directiv-
ity, as indicated in the rest of the paper. In order to get a
deeper understanding, we next investigate the characteristic
features of SHG emission directionalities from (110)-GaAs
nanoantennas.
SHG Directionality. In order to study the directional

propagation of the nonlinear emission, we employed back-
focal-plane (BFP) imaging. We first consider the case of SHG
emission for different nanoantenna’ radii at a fixed pump
polarization angle of θ = 0. By projecting the BFP images for
the two objective lenses onto the cameras in the respective
forward and backward directions, we experimentally retrieved
the forward and backward SH radiation patterns on the basis of

the NA of the objectives. Figure 4 shows the experimentally
measured SHG emission directionalities for four different
nanoantenna radii for fixed pump polarization angle θ = 0. The
nanoantennas with the radii 180 nm, 230 nm, 260 nm, and 320
nm shown in Figure 4 were chosen because their radii
correspond to the linear resonances of the multipolar
excitation presented in the Figure 3C. To better understand
the radiation properties of our nanoantennas, we also
performed the corresponding numerical simulations. We
calculated the SH far-field intensity distribution, which was
projected onto the back-focal plane to obtain two-dimensional
projections of SHG directionalities, in comparison with the
experimental BFP images. As expected, since (110)-GaAs
nanoantennas generate nonlinear multipoles with odd indices
m, the SHG emissions from (110)-GaAs nanoantennas with
different radii feature strong normal directionalities. This is an
advantage to (111)-GaAs nanoantennas, where nonzero SHG
emission in the forward or backward direction is strongly
dependent on the nanoantenna dimensions.81 These promising
features of (110)-GaAs nanoantennas are also reflected by the
real-space SHG intensity images shown in Figure 4 where the
nonlinear light is confined into one spot in the center. It is
worth mentioning that the slight differences between the
theoretical and experimental results can be attributed to the
small nonuniformity of the fabricated nanostructrures.
As mentioned above, an interesting feature of (110)-GaAs

nanoantennas is the ability to provide various SHG FB ratios.

Figure 4. Experimental and theoretical SH emission patterns for nanoantennas with four different radii under a pump polarization angle of θ
= 0. Experimental rows contain BFP (top) and real space SHG (bottom) images. The last (bottom) row shows the calculated SH radiation
far-field patterns. Here, each BFP image is normalized to its respective maximum pixel value to give a good contrast, while the real-space
images are under the same normalization to illustrate the SHG emission intensity variations for different nanoantenna radii.
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The relative contribution of different multipoles varies when
changing the nanoantenna radii or rotating the pump
polarization. The combination of both parameters leads to
tuning of the directionality of the nonlinear emission. We then
measured the forward and backward SHG power proportions
(collected forward or backward SHG emission normalized to
the total SHG emission power in both directions collected by
the objectives) for different nanoantenna radii and for a pump
polarized along the y direction, i.e., θ = π/2. Figure 5 shows the

experimentally measured forward and backward SHG power
proportions with varying nanoantenna radii. For r = 190 nm,
most of the SHG emission goes into the backward direction,
with a FB ratio of 0.16. With increasing nanoantenna radius,
the proportion of forward SHG emission increases, while the
proportion of the backward SHG emission decreases
simultaneously. At a nanoantenna radius of r = 320 nm, the
SHG emission mainly goes into the forward direction, with a
FB ratio bigger than 20. A further investigation of the SHG FB

ratio under different pump polarization angles θ is demon-
strated in Figures S10 and S11 in the Supporting Information.
Figures S10 and S11 demonstrate that the experimentally
measured FB ratio can reach more than 45 from a single
(110)-GaAs nanoantenna. Thus, we have obtained strong
directional scattering of nonlinear emission from single
nanoantennas and demonstrated that the nonlinear emission
can be switched between forward and backward directions
flexibly.
The most important feature of (110)-GaAs nanoantennas is

that their directional nonlinear scattering can be tailored
effectively by varying the nanoantenna radii or the pump
polarization. This feature can be seen in the SHG radiation
properties at a nanoantenna radius of r = 210 nm, where the
simultaneous in-phase excitation of the ED and MD
resonances of the same amplitude leads to the inhibition of
backward radiation for the pump light, i.e., the first Kerker
condition in the linear scattering process (see Figures S3 and
S5 in the Supporting Information). Figure 6 shows the results
of the nonlinear measurements for the nanoantenna radius of r
= 210 nm. By rotating the pump polarization angle θ from 0 to
π/2, the nonlinear emission is gradually switched from forward
to backward: a strong forward emission can be seen around θ =
0 with a simultaneous suppression of the backward nonlinear
emission. However, for θ = π/2, enhanced nonlinear emission
comes to existence in the backward direction with a
suppression of the forward nonlinear radiation. In this way,
our (110)-grown ZB semiconductor nanoantennas can act as
tunable nonlinear “Huygens” sources. Such nonlinear nano-
antennas provide a powerful tool for shaping and directing
nonlinear signals, particularly in the case of metasurfaces (i.e.,
arrays of nanoresonators). For instance, this effect can be
utilized for functional nonlinear metasurfaces, such as non-
linear mirrors, where the pump and harmonics radiations are
routed into the opposite directions. It is worth mentioning
that, for metasurfaces, the lattice periodicity would lead to a
spectral shift of the resonance, as well as to the excitation of
lattice resonances. A detailed description about the effect of

Figure 5. Experimentally measured forward and backward SHG
power proportions for six different nanoantenna radii under a
pump with polarization angle of θ = π/2.

Figure 6. (A, B) Polar plots of the experimentally measured forward and backward SHG emission as a function of the pump polarization
angle θ. (C−E and F−H) Measured forward and backward two-dimensional projections of directionalities and the calculated far-field pattern
for the SHG emission when θ = 0 and when θ = π/2, respectively. Here, the nanoantenna’s radius is r = 210 nm.
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periodicity can be seen in the section “Linear and nonlinear
responses from (110)-GaAs nanoantenna metasurfaces” of the
Supporting Information.
Our results clearly demonstrate the advantages of (110)-

grown GaAs nanoantennas for SHG, as compared to (100)-
and (111)-grown nanoantennas, in terms of directionality and
switching. Furthermore, this study reveals the importance of
the crystalline orientation in nonlinear nanoantennas, that has
been mostly overlooked by researchers. Therefore, it can be
followed by comprehensive studies on the crystalline
orientation among other nonlinear nanoantennas, e.g., AlGaAs,
GaP, etc. Achieving all-optical nonlinear switching between
forward and backward emission is a promising capability
obtained through engineering special nonlinear tensorial
properties of ZB GaAs nanoantennas. This is a fundamental
study that can find broad potential applications in modern
nanophotonics, such as tunable unidirectional nanoscale light
sources, all-optical switching, optical signal modulation, and
routing. Importantly, it can lead to generation of secure
nonlinear holograms that can produce different images in
forward and backward directions.

CONCLUSIONS

In conclusion, we demonstrate nonlinear switching between
forward and backward SHG emissions via (110)-grown GaAs
nanoantennas. Our GaAs nanoantennas, with engineered
tensorial properties, were fabricated on a glass substrate. This
characteristic enabled us to verify our designed forward and
backward SHG emissions experimentally. First, via exploiting
the right combination of crystalline orientation and the
nonlinear multipolar effects, we experimentally obtained
nonlinear emissions with significant FB ratio of over 45.
Subsequently, we employed the pump polarization, as a
versatile tool, to switch forward and backward SHG emissions
to each other, robustly. Importantly, this switching has been
achieved all-optically, without a need to introduce physical
changes to the nanoantennas. Considering both the linear and
nonlinear radiation properties from (110)-GaAs nanoantennas,
our results can be directly employed to realize ultrathin
nonlinear mirrors based on dielectric metasurfaces where the
pump and harmonics radiation are routed into the opposite
directions. Our findings offer a promising platform for realizing
nonlinear nanophotonics technologies with applications in
tunable nanoscale light sources.

METHODS
Sample Fabrication. We used metal−organic chemical vapor

deposition (MOCVD) to grow 20 nm AlAs, followed by 400 nm
GaAs on (110) GaAs wafers. The thin AlAs layer was used as an
epitaxial liftoff layer. The deposition was carried out at 600 °C with a
relatively low V/III ratio of 15. Trimethylgallium, trimethylaluminum,
and arsine were used as the gallium, aluminum, and arsenic
precursors, respectively. Patterned SiOx masks were fabricated on
the GaAs layer using a conventional e-beam lithography procedure. A
SiOx layer was deposited via plasma-enhanced chemical vapor
deposition (PECVD). Then SiOx disks were transferred to GaAs,
AlAs, and GaAs wafers by the reactive ion etching (RIE) technique.
SiOx masks and AlAs layers were then removed by hydrofluoric acid,
which resulted in having GaAs nanoantennas sitting on the GaAs
wafer with minimum adhesion. The following step was the spin-
coating of a 4 μm BCB layer on the sample and then its curing and
bonding to a thin glass substrate (see Figure 3A). Finally, the glass
substrate with the GaAs nanoantennas embedded in the BCB layer
was peeled off from the main GaAs wafer.

Experimental Setup and Measurements. For the SHG
intensity and back-focal plane image measurement, we used a
home-built optical microscope setup (see the section “Experimental
setup for nonlinear measurements” in the Supporting Information). A
femtosecond laser at 1450 nm was focused with an NA = 0.7 objective
and used to pump the sample. By imaging the focal area with a CCD
camera, along with a Gaussian curve fitting, we estimated the beam
waist of the focused laser on the sample around 2 μm. The SH signal
was collected by the same objective in the backward direction. A
dichroic mirror was used in front of the objective lens to direct the
backward SH onto a camera. An objective with an NA = 0.8 was used
to collect the SHG emission in the forward direction. A pair of
confocal lenses were used to build a back-focal plane image of the SH
radiation on the camera.

Numerical Calculations. The linear and nonlinear responses of
our nanoantennas were modeled numerically using the finite-element
method in COMSOL Multiphysics in the frequency domain. We
assumed the undepleted pump field approximation and followed two
steps to model the nonlinear response. The linear scattering at the
fundamental wavelength was simulated, and the bulk nonlinear
polarization induced inside the nanoantenna was obtained based on
the transformation between the laboratory and crystalline coordinate
frames (see section “Theoretical analysis of SHG in (110)-grown
zinc-blende materials” in the Supporting Information). We then
employed the obtained nonlinear polarization as a source for the
electromagnetic simulation at the harmonic wavelength to obtain the
generated SH field. For comparison with BFP images of the SH fields
recovered experimentally with the objective, we used the Weyl
representation, with assuming an aplanatic system. The calculated SH
far-field intensity distribution was projected onto the back focal
plane.86−88 Also, we took into account the NA of the objective used in
the experiment.
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