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Abstract: All-dielectric metasurfaces have recently led to a paradigm shift in nonlinear optics
as they allow for circumventing the phase matching constraints of bulk crystals and offer high
nonlinear conversion efficiencies when normalized by the light-matter interaction volume. Unlike
bulk crystals, in all-dielectric metasurfaces nonlinear conversion efficiencies primarily rely on
the material nonlinearity, field enhancements, and the modal overlaps, therefore most efforts to
date have only focused on utilizing these degrees of freedom. In this work, we demonstrate that
for second-harmonic generation in all-dielectric metasurfaces, an additional degree of freedom is
the control of the polarity of the nonlinear susceptibility. We demonstrate that semiconductor
heterostructures that support resonant nonlinearities based on quantum-engineered intersubband
transitions provide this new degree of freedom. We can flip and control the polarity of the
nonlinear susceptibility of the dielectric medium along the growth direction and couple it to
the Mie-type photonic modes. Here we demonstrate that engineering the χ(2) polarity in the
meta-atom enables the control of the second-harmonic radiation pattern and conversion efficiency.
Our results therefore open a new direction for engineering and optimizing second-harmonic
generation using all-dielectric intersubband nonlinear metasurfaces.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ever since the invention of the laser, one of the most prominent nonlinear optical processes that has
been studied to date is second-harmonic generation (SHG) as it has a wide range of applications
ranging from spectroscopy [1], imaging [2], sensing [3], to quantum optics [4,5]. Conventional
approaches for SHG rely on using high power lasers and nonlinear bulk crystals with relatively
large magnitude of second-order nonlinear susceptibility χ(2). Since bulk crystals are subject to
phase matching requirements, depending on the geometry, different techniques are utilized for
efficient SHG. For example, in the case of optical waveguides, one way to achieve phase matching
is using the birefringence of the nonlinear crystals combined with modal dispersion engineering
[6]. Another technique, which gives very high SHG efficiency, is to modify the crystal to have
regions of periodic domains with alternating χ(2) polarity. While the latter approach does not
allow a perfect phase matching between the fundamental and the second-harmonic signal, it
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nevertheless can boost the interaction length by periodic compensation of the phase-mismatch
between pump and second-harmonic fields, and it is referred to as quasi-phase matching [6–9].

Recently, all-dielectric metasurfaces have changed the way we think about SHG in photonic
structures. These all-dielectric metasurfaces have thicknesses that are comparable or smaller than
the incident pump wavelength and efficient SHG is achieved in subwavelength thicknesses by
resonantly enhancing the interacting fields, without the requirement of phase matching [10–18].
The absence of phase matching constraints allows metasurfaces to operate without any stringent
angular alignment requirements with respect to the incident beam. So far, the SHG efficiencies
from all-dielectric metasurfaces have primarily relied on the material nonlinearity [12,14], field
enhancements [12–14,16–19], and modal overlap optimization [20]. Quasi-phase matching
techniques based on periodic modulation of the χ(2) polarity have not been yet investigated in
all-dielectric metasurfaces. On one hand, poling techniques are conventionally used in bulk
configurations, on the other hand, it is not straightforward to control at the subwavelength scale
the polarity of the second order nonlinear susceptibility χ(2) in conventional materials, such as
GaAs [12,13,16,21–23], AlGaAs [14,15,18,24,25], Silicon [17], GaP [19] or LiNbO3 [4], used
for fabricating nonlinear all-dielectric metasurfaces. One aspect of all-dielectric metasurfaces
that so far has been ignored is that the polarity of χ(2) along the growth direction (z axis)
determines the polarity of the z-component of the second-harmonic nonlinear polarization which
in turn determines the spatial profile of the photonic mode being excited at the second-harmonic
wavelength. Since the spatial profile of the photonic mode at the second-harmonic wavelength
determines the radiation pattern and the efficiency of SH emission [25], the spatial variation of
the polarity of χ(2) along z can modify the overall SHG efficiency of a nonlinear metasurface.
This is especially relevant for all-dielectric metasurfaces that support Mie-type modes, which
are volume modes with a wide range of spatial field profiles and polarization depending on the
shape, size, and symmetry of the meta-atoms [16–19,26–28].

In this paper, we explore the role of the sign or polarity of the nonlinear susceptibility of
the dielectric medium constituting the meta-atoms for controlling SHG using all-dielectric
metasurfaces that support Mie-type photonic modes. We demonstrate that by controlling the
polarity of χ(2) along the growth direction (z axis), we can control the overall SHG radiation
pattern of the meta-atoms and the conversion efficiency of the nonlinear metasurface. To modulate
the polarity of the χ(2) along the growth direction, we design a semiconductor heterostructure
that supports doubly resonant nonlinearities using quantum engineered intersubband transitions
(ISTs). While the giant magnitudes of such nonlinearities have been utilized before to achieve
record high SHG efficiency using plasmonic metasurfaces and all-dielectric metasurfaces [29–34],
in this work, we vary the polarity of χ(2) along the growth direction to control the SHG efficiency.
We use the technique of spatial inversion in the growth sequence of two coupled asymmetric
quantum-wells (QWs) to flip the signs of the transition dipole moments of the ISTs. This
technique leads to flipping of the polarities of the real and imaginary parts of χ(2) of the nonlinear
medium. As proof-of-concept, using this technique, we demonstrate experimentally that we
can increase or decrease the second-harmonic generation efficiency of the metasurface by 5
times. Besides being fundamentally new, our results open a new direction of utilizing the
polarity of χ(2) as an additional degree of freedom to control the SHG efficiency of all-dielectric
metasurfaces. Our results can be of significance especially for multimodal high aspect ratio Mie
type structures [24,35] where the structures support several modes along the vertical direction.
Our presented method can also open new directions for controlling the SHG efficiency to develop
new classical or quantum light sources based on efficient nonlinear optical processes such as SHG
or spontaneous parametric down conversion [4,5] as well as for developing compact and efficient
light sources at mid- to long-infrared region of the electromagnetic spectrum for numerous
applications including sensing [3], spectroscopy [1], and hyperspectral infrared imaging [2].
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2. Working principle of the all-dielectric nonlinear intersubband metasurface

A schematic of the nonlinear all-dielectric metasurfaces used in this study is shown in Fig. 1(a).
The metasurfaces consist of periodically spaced cylindrical dielectric resonators fabricated from
III-V semiconductor heterostructures with n-doped In0.53Ga0.47As/Al0.52In0.48As multi-QWs.
The resonators are placed on top of a Sapphire substrate with a lower refractive index SiO2 cap
on top. The multi-QW heterostructure is optimized to support three equally spaced electronic
energy levels with energy separation of approximately 156 meV (7.8 µm). In our asymmetric
coupled QW structure, we chose the length of the Al0.52In0.48As barriers such that the coupling
between adjacent QW structures is minimal. A three-level electronic system in an asymmetric
coupled-QW design is used as it enables optical transitions at both the fundamental pump
wavelength (7.8 µm) and second harmonic (SH) wavelength (3.9 µm) and thereby create a
quantum system with a doubly-resonant χ(2) for SHG which is known to have a larger magnitude
compared to a singly-resonant χ(2) [36]. Figure 1(b) shows an example of an 8-band k.p band
structure calculation of the conduction band of a single period of one of multi-QW systems used
in this study. In such a QW system and because of the selection rules, only out-of-plane polarized
electric fields can couple to the ISTs and therefore the only non-zero element of the χ(2)-tensor in
such a system is χ(2)zzz which can be approximated at low pumping intensities as [33,37] :

χ(2) =
e3

ϵ0ℏ2
Ndz12z23z31

(ω − ω12 − iγ12)(2ω − ω13 − iγ13)
, (1)

where e is the elementary charge, ϵ0 is the vacuum permittivity, ℏ is the reduced Plank constant,
Nd is the average bulk doping density, and γij represent the IST damping rate; ezij are the
transition dipole moments between levels i and j and their magnitudes for the optimized QW
structure used in this study are found to be |z12 | = 1.6 nm, |z23 | = 1.99 nm and |z31 | = 0.92 nm
using band structure calculations.

Fig. 1. Schematic and working principle of the all-dielectric intersubband metasurfaces
with different polarities of χ(2). (a) Schematic of the nonlinear metasurface. The height (h)
of all the fabricated cylindrical Mie resonators is 1.5 µm. The radii (R) of the cylinders are
varied to modify the spectral position of the Mie resonances. (b) 8 band k.p calculation of
the conduction band of a single period of one of the asymmetric coupled QW structure used
in this study. The thicknesses of the two asymmetric coupled QWs are optimized to support
three equally spaced energy levels separated by 156 meV (7.8 µm) so that the heterostructure
can generate second harmonic (SH) signal at 312 meV (3.9 µm). The layer structure of a
single period of the heterostructure is given as 10 nm/5 nm/1.2 nm/2.2 nm/10 nm, where
Al0.52In0.48As barriers are shown in bold and the two In0.53Ga0.47As wells (W1 and W2)
are shown in a regular font. All In0.53Ga0.47As layers are n-doped with doping density of
2× 1018 cm−3.



Research Article Vol. 30, No. 19 / 12 Sep 2022 / Optics Express 34536

As shown in Eq. (1), an interesting property of such a system is that χ(2)zzz is proportional to the
product of three dipole moments (ezij). This implies that the polarity of χ(2)zzz can be reversed by
spatially inverting the multi-QW structure along the growth direction z as that will flip the polarity
of the transition dipole moments zij. Figure 2(a) shows the growth scheme we implemented to
generate multi-quantum well heterostructures with opposite polarities of χ(2); the calculated real
and imaginary components of χ(2)zzz for the QW structures are shown in Fig. 2(b, c). We can clearly
see that both structures have equal magnitude of χ(2)zzz but with opposite polarities.

Fig. 2. Scheme to generate multi-QW heterostructures with opposite polarities of χ(2).
(a) Schematic showing cross section along the x-z plane of two heterostructures which are
inverted with respect to one another along the growth direction z. W1 and W2 correspond to
the two In0.53Ga0.47As quantum wells shown in Fig. 1(b). Since χzzz(2) is proportional to
the product of the three transition dipoles corresponding to three ISTs, to flip the sign of
real and imaginary part of χzzz(2), we spatially invert the structure by flipping the growth
sequence along z which leads to flipping of the signs of the transition dipole moments of the
ISTs. (b, c) Calculated value of the real (b) and imaginary (c) part of intersubband nonlinear
susceptibility of the multi-QW structure shown in Fig. 1(b) and the flipped/inverted structure
as a function of the pump wavelength. As shown, the polarities are flipped with respect to
one another for both cases.

While flipping the growth sequence alters the polarity of χ(2)zzz, it does not affect the linear
dielectric permittivity of the medium. This is because, the multi-QW heterostructure embedded
in the nanoresonators can be approximated as a homogeneous, anisotropic layer with dielectric-
constant tensor ϵQW = ϵt(x̂x̂ + ŷŷ) + ϵlẑẑ, where the transverse dielectric constant is ϵt = 11.08
and the longitudinal dielectric constant can be approximated as [33]:

ϵl = 11.08 +
f12ω

2
12

ω2
12 − ω

2 − 2iωγ12
+

f13ω
2
13

ω2
13 − ω

2 − 2iωγ13
, (2)

where the first Lorentzian term in Eq. (2) models the first IST at 7.8 µm (ω12= 2π×38.4×1012 rad/s)
and the second term models the second IST at the SH wavelength of 3.9 µm (ω13= 2π×76.8×1012

rad/s). The terms γ12 and γ13 represent the IST damping rate and the terms f 12 and f 13 are the
oscillator strengths. While f 12 and f 13 do depend on the transition dipole moments, they do not
change signs when the structure is reversed because these terms are proportional to square of
the transition dipole moment. This unique property is important as it allows us to design and
optimize the photonic structures to maximize coupling of the pump light to the ISTs regardless
of the growth sequence.

As we recently demonstrated in [33], to achieve high SHG conversion efficiency, we optimized
the dimensions of the cylinders such that they support a magnetic dipole (MD) mode at a
wavelength that is slightly detuned from the fundamental IST wavelength (7.8 µm) but still within
the linewidth of the IST resonance (Fig. 3(a)). The metasurface periodicity (p) was fixed at 3R
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to limit near-field coupling effects between neighboring meta-atoms. Under these conditions,
the resonant wavelengths of the Mie modes depend on the geometric parameters of the single
cylinders. We thus optimized the structure to support the MD mode at the desired wavelength
by tuning the aspect ratio of the cylinders which is given by the ratio of radius (R) to height
(h). In our study we kept the height constant at a value of 1.5 µm. Figure 3(a) shows the
numerically calculated multipolar decomposition of the optimized metasurface. The metasurface
with R/h= 0.93 supports a MD mode slightly detuned from the IST at 7.8 µm. The MD mode
was chosen as it supports strong z-directed electric field components which are required by the
selection rules of ISTs for efficiently coupling normally incident pump light to the ISTs (Fig. 3(b))
[33,38].

Fig. 3. Finite-difference time domain linear numerical simulation of the all-dielectric
nonlinear metasurface. (a) Numerically calculated multipolar decomposition of a metasurface
with cylindrical meta-atoms with R/h= 0.93 and h=1.5 µm. The resonators are optimized to
support a magnetic dipole (MD) mode slightly spectrally detuned from the IST at 7.8 µm.
MD, ED, MQ, and EQ correspond to magnetic dipole, electric dipole, magnetic quadrupole,
and electric quadrupole modes, respectively. (b) Finite-difference-time domain simulation
results of reflectance from a metasurface with cylinders of R/h= 0.93 and h=1.5 µm. The
simulation includes the effect of ISTs on the real and imaginary parts of the dielectric
constant of the multi-QW layer. The inset shows the magnitude of the field enhancement
of the z component of the electric field |Ez/Einc | at the IST wavelength of 7.8 µm. The
out-of-plane (Ez) field components allow for efficient coupling of the normally incident
pump light to the ISTs. The two dashed white lines indicate the regions where the multi-QWs
are present within the meta-atoms. (c) Schematic of the unpoled (blue) and poled (blue
and red) cylindrical meta-atoms studied in this work. The unpoled meta-atoms consists of
nonlinear medium with only one polarity whereas the poled structure consists of nonlinear
media with both polarities each filling half of the meta-atoms.

To demonstrate the effect of polarity switching of χ(2) on SHG, as proof-of-concept, we studied
two types of metasurfaces. The first one was comprised of unpoled meta-atoms which consisted
of multi-QWs with the same polarity of χ(2) (Fig. 3(c)). The second metasurface comprised of
poled meta-atoms which consisted of two stacks of multi-QWs with opposite polarities of χ(2)
with both polarities filling up half the volume of the meta-atoms (Fig. 3(c)). The minimum poling
period in these intersubband metasurfaces is determined by the period of the asymmetric coupled
QW structure. In our case, the period of the asymmetric coupled QW structure used in this study
is only ∼ 28.4 nm which is much smaller compared to the second-harmonic wavelength. For a
given pump and second-harmonic wavelength, we therefore can easily design our heterostructures
such that there can be multiple periods of the asymmetric coupled QW structure to achieve poling.
For both metasurfaces, the height h and the aspect ratio of the meta-atoms (R/h) are the same. As
described above, since the linear dielectric permittivity for both cases is expected to be the same,
in both cases, the spatial profile and resonant wavelength of the MD photonic mode supported by
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the meta-atoms will be similar. However, since the nonlinear SH source or nonlinear polarization
JSH

z = i2ωϵ0 χ(2)E2
z is proportional to χ(2), the spatial distribution of JSH

z within the meta-atoms
for both cases will be different. In fact, compared to the unpoled meta-atoms, which will have
JSH

z with even symmetry along with the z-axis, the poled meta-atoms will have JSH
z with odd

symmetry along the z-axis. Since for both the metasurfaces, the meta-atoms support multiple
modes at the SH wavelength (the SH wavelength is smaller compared to pump wavelength), the
SH mode or superposition of modes that are being excited at the SH wavelength will be different
in the unpoled and poled metasurfaces as it will be determined by the spatial distribution of JSH

z
within the meta-atoms. This will lead to overall different SHG efficiencies.

3. Numerical simulations and experimental results

To observe the effect of polarity switching of χ(2) on SHG efficiency, we first performed nonlinear
numerical simulations using the frequency domain implemented with the finite-element method
in COMSOL. The resonant nonlinear susceptibilities of the multi-QW, χ(2)

QW = χ
(2)ẑẑẑ, were

modeled based on Eq. (1) and the linear permittivity of the multi-QW heterostructure was
modeled based on Eq. (2). For the sapphire substrate and SiO2 cap, we used experimentally
measured quantities by ellipsometry. The nonlinear simulations were done in the undepleted
pump approximation and neglecting saturation effects of the ISTs. The metasurface was assumed
to be an infinite periodic array. Further details on the nonlinear simulation technique can be
found in Ref. [34].

We analyzed second-harmonic light emission from both isolated meta-atoms and from
metasurfaces. Figure 4(a) shows a comparison of the calculated spatial distribution of JSH

z within
poled and unpoled meta-atoms. As shown in Fig. 4(a), while the magnitude of JSH

z within the
meta-atoms for both cases are the same, the sign of JSH

z in the poled meta-atom switches at
the center, thus following the polarity of the χ(2). Interestingly, because of the different spatial
distributions of JSH

z , the far-field SH emission patterns (shown in Fig. 4(b)) from the poled and
unpoled isolated meta-atoms are very different. The unpoled meta-atom, because of dipole-like
distribution of JSH

z with even symmetry, emits the SH signal much more efficiently in the upward
or reflection direction (emission into a semi-hemisphere centered around+ z direction) compared
to the poled meta-atom which has a quadrupole-like distribution of JSH

z with odd-symmetry (see
Fig. 4(a)).

To quantify the difference in SHG efficiencies for both cases, we also calculated the normalized
SHG conversion efficiencies as a function of pump wavelength for metasurfaces made of arrays
of poled and unpoled meta-atoms. The SHG conversion efficiency was calculated by collecting
the SH light emitted in all the diffraction orders in reflection (air side). Figure 4(c) compares the
calculated reflected SH efficiencies for poled and unpoled metasurfaces with R/h= 0.93 and 0.87
and with periodicities equal to three times the size of the meta-atom radius. As expected, we
can clearly see that poled metasurfaces, for a wide range of pump wavelengths across the IST
resonance, have lower SH efficiencies compared to unpoled metasurfaces. The exact magnitude
of difference in SHG efficiencies between poled and unpoled metasurfaces depends on the aspect
ratio of the cylindrical meta-atoms.

To confirm our predictions, we fabricated the designed metasurfaces and performed the
linear and nonlinear experiments. We grew the designed and optimized heterostructures on a
semi-insulating InP substrate using molecular beam epitaxy. The heterostructure comprised
of multiple repetitions of the asymmetric coupled In0.53Ga0.47As QWs sandwiched between
Al0.52In0.48As barrier layers as shown in Fig. 1(b). To flip the polarity of χ(2) along the growth
direction, we flipped the sequence of growth of the multi-QW structure after growing half the
thickness (this corresponds to inverting the structure along z as shown in Fig. 2(a)) and the total
thickness of the multi-QW stack that was grown was 852 nm. Since the MD mode is supported by
cylindrical resonators of R/h= 0.93, we added additional Al0.52In0.48As layers symmetrically on
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Fig. 4. Nonlinear numerical simulations of the metasurfaces comprised of the poled
and unpoled meta-atoms (a) Numerically calculated spatial distribution of the nonlinear
polarization JSH

z in the x-z plane of the poled and unpoled meta-atoms with R/h= 0.93 and
h=1.5 µm. The unpoled meta-atom has nonlinear polarization of only one sign/polarity
whereas in the poled structure the sign of the nonlinear polarization flips at the center of the
meta-atom following the sign of the nonlinear susceptibility. (b) Three-dimensional far-field
SH emission pattern of isolated poled and unpoled meta-atom structures with R/h= 0.93
(Radius (R)= 1.4 µm). Because of the different distributions of the nonlinear polarization,
as shown, the poled structure emits SH much less efficiently in reflection compared to the
unpoled structure. (c) Comparison of numerically calculated reflected normalized SH power
conversion efficiency from metasurfaces with poled and unpoled meta-atoms with R/h= 0.93
and 0.87 and periodicity equal to three times the radius of the meta-atom. Metasurfaces with
poled meta-atoms in general have lower SHG efficiency compared to unpoled meta-atoms.
The absolute magnitude of difference in SHG efficiency between the poled and unpoled
metasurfaces depend on the exact aspect ratio of cylindrical meta-atoms.

top and bottom of the multi-QW stack to make the total epilayer thickness equal to 1.5 µm. The
epilayer thickness determined the height (h) of the resonators used in this study. After growth,
the wafer was flipped and adhesively bonded to a Sapphire substrate using Benzocyclobutene.
Following bonding, we removed the InP substrate by selective wet etching to leave the epilayer on
top of the sapphire substrate. We chose Sapphire because of its optical properties (low absorption
at the pump and second-harmonic wavelengths) and lower refractive index compared to the QW
heterostructure which is needed for the metasurface to support Mie modes. Furthermore, the
thermal expansion coefficient of Sapphire matched reasonably well with the heterostructure
which also allowed us to efficiently bond the QW heterostructure without damaging or cracking
the grown epitaxial films. The resonators were then fabricated via e-beam lithography followed
by inductively-coupled plasma reactive ion etching using a SiO2 etch mask. Since the height (h)
was fixed by growth, we scaled the radius (R=1.4 µm) of the resonators to achieve the aspect ratio
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Fig. 5. Experimental linear and nonlinear measurements of SHG in reflection from
fabricated metasurfaces with poled and unpoled meta-atoms. (a, b) Linear reflectance
measurement of the metasurfaces with poled (a) and unpoled (b) meta-atoms with R/h= 0.93
and h=1.5 µm. Both metasurfaces show similar linear reflectance spectra with the MD mode
at similar wavelengths as expected and designed for. The inset shows a top view scanning
electron micrograph of one of the fabricated metasurfaces. The white scale bar corresponds
to 4 microns. (c) Experimentally-measured normalized SH power conversion efficiency
(defined as the ratio of peak SH power to square of peak pump power) in reflection as a
function of incident pump wavelength of the metasurfaces with poled (red) and unpoled
(blue) meta-atoms. The metasurface with poled meta-atoms show about a factor of ∼ 5
smaller SHG efficiency in reflection. The experimental results agree qualitatively well with
the numerical simulations shown in Fig. 4. (d) Experimentally-measured peak SH power in
reflection as function of square of incident peak pump power for the same metasurfaces as in
(c) but at a fixed pump wavelength of 7.65 µm. The slope of the linear fits (black solid lines)
which determine the nonlinear conversion factor η is smaller for the poled case (red circles)
compared to the unpoled case (blue squares).

(R/h)= 0.93 such that the meta-atoms support a MD mode at ∼ 7.8 µm. Further details on the
fabrication process can be found in Ref. 34.

Figure 5(a, b) shows the experimentally measured linear reflectance spectrum obtained using
a Fourier-transform infrared spectroscopy (FTIR) microscope for both the poled and unpoled
metasurfaces and the inset in Fig. 5(a) shows a top-view scanning electron micrograph of one
of the fabricated metasurfaces. As expected, both metasurfaces show a similar linear response
with a pronounced MD resonance near the IST wavelength of ∼ 7.8 µm. Next, we experimentally
measured the generated SH spectra in reflection geometry from the metasurfaces shown in
Fig. 5(a, b). We chose to measure SHG in reflection geometry because, as described in Ref. 34,
the transmitted SH signal gets trapped in the sapphire substrate due to total internal reflection.
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For the nonlinear optical measurements, we used a tunable quantum cascade laser (QCL) as
the pump. The laser was operated at 250 kHz repetition frequency with duty cycle of 10% and
1200 mA driving current. The measurements were done at normal incidence where the pump
light was focused on the sample using an aspheric lens with numerical aperture of 0.85. The
radius of the focused pump spot on the metasurfaces was measured by the knife-edge technique
to be about 22 µm. The reflected SH light was collected using the same aspheric lens and was
redirected to a calibrated InSb detector using a 2-inch focal length parabolic mirror to measure
the SH power. Figure 5(c) shows the experimentally measured normalized SHG efficiency as a
function of pump wavelength for both the poled and unpoled metasurfaces. As predicted by our
simulations, we can clearly see that the poled metasurfaces have a lower SHG efficiency compared
to the unpoled metasurfaces in reflection direction. Experimentally, we measured the difference
in SHG efficiencies between the poled and unpoled metasurfaces to be about a factor of 5. This
agrees qualitatively with the simulations. Small quantitative differences compared to simulations
can be explained by the fact that exact geometric parameters of the fabricated meta-atoms vary
slightly from numerical simulations due to fabrication imperfections. In addition, the fabricated
meta-atoms have a conical shape as opposed to a cylindrical shape because of slanted sidewalls.

Finally, to confirm that the nonlinear conversion factors for both the metasurfaces are also
different, we experimentally measured reflected peak SH power (PSH) as function of the square
of peak pump power (P2

pump). The nonlinear SH power conversion factor, η = PSH
P2

pump
, is shown

in Fig. 5(d). We can clearly see that the poled metasurfaces have a lower nonlinear conversion
factor compared to unpoled metasurfaces in reflection.

We would like to point out while in this work, vertical poling has been found to reduce SH
emission efficiency in the proposed metasurface, SH light emission can be amplified in poled
meta-atoms if SH light is coupled to Mie-type modes in which the z-component of the field
displays odd symmetry along the z direction. Indeed, we stress that the spatial distribution of
the SH current JSH

z is forced to assume odd symmetry along the z-axis in poled meta-atoms
(as opposed to even symmetry for unpoled meta-atoms). This can be exploited to enhance the
SHG efficiency by tuning the SH at the resonance wavelength of any Mie-type mode with odd
symmetry. In fact, this behavior can be observed in the proposed metasurface with R/h= 0.87

Fig. 6. Nonlinear numerical simulations of the metasurface with R/h=0.87 comprised
of the poled and unpoled meta-atoms (a) Comparison of numerically calculated reflected
normalized SH power conversion efficiency (defined as the ratio of the SH power emitted
to square of the pump power) from metasurfaces with poled and unpoled meta-atoms with
R/h= 0.87. In this case, metasurfaces with unpoled meta-atoms in general have lower
SHG efficiency compared to poled meta-atoms for pump wavelength ∼ 6.4 µm. (b) Spatial
distribution of the SH z-component of the electric field (Ez) when the pump is tuned at ∼
6.4 µm for the poled metasurface (peak of the red curve in (a) and shown by the red arrow).
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when the pump is at ∼ 6.4 µm. Figure 6(a) shows that for pump wavelengths ∼ 6.4 µm, albeit with
a magnitude smaller than the peak at ∼ 7.5 µm (reported in Fig. 4 and 5), we do see a significant
enhancement of SHG efficiency for poled metasurfaces compared to unpoled structures. This
enhancement provided by vertical poling originates from the fact that the meta-atom supports
a Mie-type mode at ∼ 3.2 µm with odd symmetry for the z-component of the electric field
(Fig. 6(b)). When the structure is pumped at ∼ 6.4 µm, SH light couples to this odd-symmetry
mode only if the meta-atom is poled, while the mode remains dark in the SH spectrum if the
meta-atom is unpoled. The excitation of this odd-symmetry mode at ∼ 3.2 µm via SHG in the
poled structure is illustrated in Fig. 6(b), in which the spatial distribution of the SH Ez field near
and within the meta-atom is reported. The excitation is forbidden in the unpoled metasurface.
These results show that poling can be regarded as a tool to improve spatial overlap and mode
matching for frequency mixing in photonic nanostructures, and that the presented technique adds
an additional degree of freedom in optimizing SHG from nonlinear all-dielectric metasurfaces.

4. Conclusion

To conclude, we have demonstrated that the polarity of χ(2) can be utilized as a new degree of
freedom to control and enhance SHG from all-dielectric metasurfaces. This degree of freedom can
be exploited in all-dielectric intersubband metasurfaces that constitute Mie-type resonators with
multi-QW hetetrostructures embedded within it that support quantum engineered intersubband
transitions. As a proof-of-concept, we designed and fabricated two types of metasurfaces, where
in the first case, the meta-atoms are made out of nonlinear material with a single polarity of
χ(2) and in the second case the meta-atoms are made out of nonlinear material with opposite
polarities of χ(2). Because of different spatial distribution of the nonlinear polarization within the
meta-atoms, for both cases, different modes or superposition of modes at the second-harmonic
wavelength are excited which leads to different emission patterns of second-harmonic signal
leading to overall different second-harmonic generation efficiencies.

While we demonstrated difference in SHG efficiency for these two simple geometries, we
envision that this approach can be extended to more complex geometries and photonic modes
as well as for operation in transmission direction. In particular, this approach can be useful in
optimizing the nonlinear overlap integrals [20], for controlling the Mie mode that is excited at the
SH wavelength and, also control the SHG radiation pattern. Our approach can therefore offer
exciting new opportunities for studying nonlinear wave mixing using all-dielectric metasurfaces
and for developing ultrathin and efficient classical or quantum light sources [4,5] for various
applications ranging from sensing [3], spectroscopy [1], to hyperspectral infrared imaging [2].
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