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ABSTRACT: Metasurfaces provide new and promising mechanisms with
which to control and manipulate light at the nanoscale. While most
metasurfaces are designed to operate in the linear regime, it was recently
shown that such metasurfaces may also generate nonlinear signals by
manipulation of the higher-order susceptibility terms. As such, metasurfaces
can generate additional harmonics without the need for light propagation, as
typically occurs in nonlinear crystals. While such demonstrations typically rely
on the nonlinear properties of metals, we hereby report the design,
fabrication, and experimental characterization of a resonant dielectric
metasurface made of amorphous silicon to create and manipulate second
harmonic light and control its diffraction patterns. As shown in the paper, the
second harmonic generation of light follows selection rules that rely on the
asymmetry of the meta-atom. Given the fact that silicon crystals are
centrosymmetric, the generation of the second harmonic signal in amorphous silicon is intriguing. In fact, the second harmonic
signal is generated mostly from the surface of the meta-atom. It is the use of nanostructures that increases the surface-to-volume
ratio and enables second harmonic generation. Additionally, the meta-atom is designed to exploit its spectral resonances in the
principal and the second harmonic frequencies for providing electromagnetic field enhancement, which assists in boosting the
generation of second harmonic signals.
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Metasurfaces, which are nanopatterned interfaces with
artificial and engineered optical properties, enable the

control of light’s properties (namely, amplitude, phase,
polarization, and frequency response).1−22 Metasurfaces can
be divided by their optical response into two main categories
(namely, resonant and non-resonant metasurface), where the
resonance is the characteristic of the basic nanoelement of
which the metasurface is made.1,2,23 While in non-resonant
metasurfaces, the basic element is often a sub-wavelength
periodic grating,3,5,17,18,23−25 resonant metasurfaces are usually
composed of discrete basic nanostructures coined “meta-
atoms”, which are duplicated to cover the entire sur-
face.1,21,26−30 In this case, the optical properties of the
metasurface are dependent on the optical properties of these
basic elements. For sub-wavelength particles such as meta-
atoms, the optical properties are resulting from the size, shape,
and the dielectric function of the material. This set of
parameters controls their Mie eigenmodes and resonant
frequencies.1,7,19−21,26,28,31 Recently, there has been much
interest in dielectric metasurfaces using dielectric meta-atoms
due to variety of optical phenomena that they facilitate, their
relative ease of fabrication, and their robustness and resilience
to high optical power.2,13,13,14,32−40

Of light’s basic properties, frequency manipulating is
particularly challenging, usually requiring a strong interaction
between light and a medium, to obtain (or discard) excess
energy and momentum.7,11,29,35,38,41−53 Here, we focus the
discussion on the phenomena of second harmonic generation

(SHG), i.e., frequency doubling. First reported in bulk medium
in 1961,54 SHG is the lowest order nonlinear process,
depending on the second-order susceptibility of the material
(χ2). Because χ2 interactions are usually weak, SHG normally
requires complex, tailor-made crystals with low-symmetry
crystal unit-cells, such as crystalline barium borate (BBO) or
lithium niobate (LiNbO3), to name a couple of popular,
commercially available examples. Metasurfaces, the optical
properties of which can be easily engineered and tailored to the
specific application, are promising candidates for future
nonlinear applications, and indeed, recent publications show
that such metasurfaces can be used to create artificial materials
with high effective χ2 and higher-order nonlinear susceptibil-
ities, mostly in metallic-based metasurfaces.6,35,38,50,55−58

In this work, we design, fabricate, and experimentally
characterize metasurfaces made of amorphous silicon and
specifically demonstrate SHG in such structure, thus showing
the surprising ability of metasurfaces to extract nonlinear
processes from materials of relatively low nonlinear suscepti-
bilities.59,60 We further investigate the role of meta-atom
symmetry in setting the selection rules to support SHG in
these structures.

Background. For successfully generating nonlinear pro-
cesses in nanostructures, and particularly for the case of SHG,
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a few conditions must be met (namely, field enhancement for
the principal wavelength of excitation, spatiotemporal modal
overlap between the principal and second harmonic modal
fields, and efficient coupling between the SH modal fields to
radiation modes).6,29,35,61−66 Another, external condition with
regard to the shape of the nanostructure itself is that, due to
the origin of SHG, symmetric nanostructures are predicted to
support less SHG due to the lack of dipole moment at the
SH,67 as:

∝ | |ωP E2
2

(1)

In practice, therefore, to generate and manipulate SH light, one
would benefit from an asymmetric structure with strong field
enhancement at the principal and SH frequencies.
On top of generating SHG, asymmetric structures are

beneficial for light manipulation using the geometric (or
Pancharatnam−Berry) phase. In this context, the geometric
phase refers to the different phases acquired by circularly
polarized light as it interacts with meta-atoms rotated in the x−
y plane (where the z axis is light’s propagation direc-
tion).4,5,17,25,68−70 As illustrated in Figure 1A, the geometric
phase acquired by light propagating through a meta-atom
rotated by angle θ is given by:

ϕ = θσ2geo (2)

where σ = ±1 is light’s left- or right-circular polarization.
The geometric phase is a most powerful “knob”, allowing us

to locally engineer artificial bi-refringence and thus to precisely
control wavefront phases. Furthermore, in the case of
asymmetric meta-atoms depicted in Figure 1, the asymmetry
of a meta-atom allows us additional degrees of freedom of
flipping or reflecting the shape, thus providing great flexibility

enhancing SHG together with controlling the diffraction
pattern of the second harmonic signal via the ability to obtain
phase modulation from zero to 2π.
For the case of manipulating optical harmonic by the

geometric phase, it has been theoretically predicted that the
geometric phase behaves as:29,67

ϕ = ± θθ N( 1)N
(3)

= ±N ml 1 (4)

where ϕθ
N is the phase of the Nth harmonic, obtained for a

rotation angle θ, N is the harmonic order, m is the symmetry
index, and l is an integer. The ±1 in the top equation denotes
circular polarization preservation or conversion between the
principal and SH radiation, namely:

ϕσ = σ → = − θ+ −
ω

+ −
ω θ N( 1)N/

2
/

(5)

for polarization preservation and

ϕσ = σ → = + θ+ −
ω

− +
ω θ N( 1)N/

2
/

(6)

for polarization conversion.
As will be demonstrated, these nonlinear geometric phases

are inherently different than the linear geometric phase and
therefore allow us to manipulate SH light differently compared
to the principal light transmitted through a metasurface.

Materials and Methods. Figure 1B,C displays schemati-
cally our meta-atom. It is made of an amorphous silicon (a-Si)
L-shaped structure fabricated on top of a glass substrate and
possesses C1 symmetry to in-plane rotation. The L-shaped
structure is a basic C1-symmetric structure, and its design offers
four degrees of freedom (namely, thickness, width, backlength,
and armlength in the horizontal and vertical directions,
respectively). In designing our meta-atom, we have searched
for a structure that fulfills the requirements mentioned above,
which translates in practice to (1) the existence of scattering
modes at or near the principal and second harmonic
wavelength and (2) a high modal overlap, for which we have
compared our calculations with structures reported in the
literature.6,57

Figure 2A depicts the simulated single meta-atom scattering
cross-section with its pronounces scattering resonances above
800 nm, along with simulated meta-atom array transmission
and the matching spectroscopic measurement. We identify the
longest wavelength scattering resonance (simulated ca. 900
nm) as the first “magnetic” Mie resonance of our meta-
atom.2,13,15,31

Figure 2B,C shows finite difference time domain (FDTD)
simulation calculating the electric fields evolving in our meta
atom at wavelengths of 860 and 430, respectively. These
calculated fields are asymmetric, which is important for
utilizing the concept of geometric phase in both principal
and SH wavelengths, and a field overlap calculation (not
shown) provides results that are comparable to the calculated
field overlaps reported in refs 6 and 57. Once the asymmetric
modal fields are verified, we next examine the actual phase
obtained for our meta-atoms of C1 symmetry. According to the
equations presented above, with parameters N = 2, m = 1, and l
= 1 and 3, we obtain the following phases:

ϕσ = σ → = θ+ −
ω

+ −
ω θ

= × −N/
2

/ 1 3 1
(7)

ϕσ = σ → = θ+ −
ω

− +
ω θ

= × + 3N/
2

/ 1 1 1
(8)

Figure 1. (A) Illustration of the geometric phase in metasurfaces. For
incident light, rotating a structure by angle θ would yield a 2θ phase.
In the nonlinear case, the phase is governed by the harmonic order
and meta-atom symmetries. (B) SEM micrograph of our fabricated L-
shaped a-Si meta-atoms. (C) Illustration of meta-atom geometry. The
unit-cell period is 390 nm.
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This result is remarkably different from the more conventional
case of a geometric phase in the linear case and thus allows a
clear distinction between diffraction patterns of principal and
SH light.
To fabricate this structure, an a-Si layer is deposited on a

glass substrate by plasma enhanced chemical vapor deposition
(PECVD). Electron-beam lithography and subsequent lift-off
process transfer the desired structure to a metallic protection
layer atop the a-Si layer. Then, the pattern is etched into the a-
Si layer by reactive ion etching (RIE), and finally, the metal
layer is removed. A scanning electron microscope (SEM)
micrograph of our fabricated metasurfaces are shown in Figure
1B, and a 3D illustration of the geometry is presented in Figure
1C.
Spectroscopic transmission measurements of our fabricated

sample, presented in Figure 2A, show a ∼50 nm line-shape
shift between the designed and fabricated structures, which is
attributed to size and shape variation in the fabricated sample.
Still, the measured transmission reveals strong scattering for
wavelengths longer than 800 nm. Based on this result, we
estimate maximum scattering efficiency circa λ ≅ 840 nm.
Experimental Results. To generate and manipulate SH

light, we have fabricated a few types of metasurfaces, all
consisting of identical L-shaped meta-atoms and periods of 390

nm in 200 μm × 200 μm arrays, while the meta-atom spatial
orientation varies. Both principal and SH diffraction patterns
were measured using a home-built microscope (depicted in
Figure 3A) built around a 100× microscope objective
(Olympus ULWD, NA = 0.6) and a f = 300 mm singlet as
tube lens. Our microscope was equipped with an extra lens for
k-space (Fourier) imaging, as illustrated in Figure 3A. In this k-
space imaging configuration, the conversion between the
lateral coordinate on the camera and the diffraction angle is
not straightforward because the k-space imaging system acts as
an additional 6× magnifier. Accounting for this, the relation
between lateral coordinate in the sensor plane and the
diffraction angle is given by:

= × θ ×−x f Mtan(sin )sensor objective
1

diff (9)

where x is the lateral coordinate, f is the objective focal length
( fobjective = 1.8 mm), θdiff is the diffraction angle, and M is the
additional k-space magnification. First, to observe SHG, we
have measured an array consisting of meta-atoms, all having
the same orientation, as shown in Figure 1B. The array in this
experiment (and in all SHG experiment reported) was
illuminated by a weakly focused beam with FWHM of ∼200
μm, roughly the size of the nanoantenna array. Due to the sub-

Figure 2. (A) Simulated (red) and measured (green) meta-atom array transmission spectrum. Differences between design and measurement are
attributed to fabrication imperfections. (B, C) Simulated electric fields in the x̂ direction for our meta-atoms at wavelengths of 860 and 430 nm,
corresponding to the wavelengths of illumination and SH, respectively. The fields are given relative to the applied external field. The nanoantenna
array period is 390 nm. The n and k values we have used were found by ellipsometry.
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wavelength periodicity, combined with the use of meta-atoms
with identical orientation, this array has no diffraction in the
principal or SH wavelength. Due to the filtering of the principal
light, the obtained k-space image consists only a single SH spot
at the center. We have measured the total SH intensity while
increasing principal laser power. The result (Figure 3B) shows
that the measured signal is dependent upon the square of the
input power, which is a validation for SHG. This is by itself an
important result, as the generation of SH signal from
amorphous silicon is expected to be negligible due to the
centrosymmetric nature of silicon. However, when imple-
mented as a metasurface, SH signal can be generated from the
surfaces of the meta atoms and, combined with the field
enhancement, an SH signal can indeed be observed.
Next, we demonstrate the ability to manipulate the SH

radiation in space without diffracting the principal light. For
this, we form an array with a period of 10 meta-atoms in which
5 are situated in a zero angle and 5 are rotated by 180°, as
illustrated in the inset of Figure 4A. For the principal
wavelength, this is a binary grating with phases 0 and 2π,
and thus, no diffraction is expected, as indeed shown by the
measurement (Figure 4A). However, for the SH radiation, the
phases of this binary grating are 0 and π (or the equivalent 3π
for polarization conversion). Therefore, the SH signal is
expected to show ±1 diffraction orders at an angle of

θ = ≅− λ
Λsin 6diffraction

1 oSH

period
, which, according to eq 9 above

translates to a distance of ∼1.1 mm from the optical axis.
Indeed, the measured SH signal shows these ±1 diffraction
orders alongside the zero order signal, as observed in Figure
4B. This is evidence for the inherent difference between the
linear and the SH geometric phase.
Finally, we measure the nonlinear diffraction from an array

of linearly varying phase, where our meta-atoms are
continuously rotated across the array, as depicted in Figure
5A. This is essentially a blazed grating implemented by the
concept of geometrical phase with a period of 10 meta-atoms
and a phase variation from 0 to 4π. For the case of geometric
phase in the linear regime, this structure acts as a polarization-
dependent blazed-grating, in which the direction of diffracted
light is dependent upon the polarization of the incident beam
of light. This is indeed observed in a linear diffraction
measurement, presented in Figure 5B. Ideally, the linear
diffraction of such a pattern should be symmetric (i.e., the +1
and −1 orders should be equal under opposite input
polarization). The asymmetry between LCP and RCP
measurements are attributed to fabrication and measurement
imperfections. As can be seen, flipping the polarization shifts
the diffraction orders with respect to the zero order. This
observation is in agreement with previous demonstrations of

Figure 3. (A) Schematic illustration of the experimental setup. The sample is illuminated by a short pulse laser that is weakly focused to form a
focal spot of ∼100 μm in diameter. Light is collected by a 100× objective, and k-space is imaged by a lens. The principal wavelength is filtered, and
Stokes parameters are measured by rotating a polarizer and a quarter-wave plate. Diffraction patterns are recorded by sCMOS camera (Hamamatsu
ORCA flash 4 version 2). (B) SHG obtained from our metasurface as a function of illumination intensity. We observed an excellent fit of the
detected SHG signal to the square of the illumination power.
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geometric-phase metasurfaces.4,5,8,17,25 After validating the
behavior of the linear geometric phase, we examine the SH
diffraction from this structure, as presented in Figure 5C. As is
the case for linear diffraction, the SH signal also shows
polarization-dependent diffraction pattern. As can be seen, the
right circular polarization (RCP) case supports negative
diffraction orders, while the left circular polarization (LCP)
case supports positive diffraction orders. Another interesting
result of SHG in this structure is the location of diffraction
orders. As can be observed from Figure 5C,D the first
diffraction orders of the SH light are located at one-quarter of
the distance of the first order of the principal light, and the next
diffraction orders are at one-half and at three-fourths of this
distance. These remarkable diffraction angles are a direct
outcome of the nonlinear geometric phase of θ or 3θ,
combined with the fact that the SH wavelength is only half of
the principal wavelength.
More specifically, for linear diffraction our blazed grating has

a linear phase variation between 0 and 4π (as the meta-atoms
are rotated a full 2π in each period), and hence, the effective
period (where phase changes between 0 and 2π) is actually
only 5 unit cells long, i.e., 1.95 μm. This grating period

generates a diffraction angle of about ∼24°for the principal
wavelength around 800 nm. However, for the second harmonic
light, due to the difference in geometric phase, the phases vary
either between 0 and 2π (for same polarization) or from 0 to
6π (for polarization conversion). Hence, for SHG the actual
grating period would be either 3.9 or 1.3 μm and the
diffraction angles (for SH light having half the principal
wavelength) would be ∼6° or ∼18° for polarization-
maintaining or polarization-converting processes, respectively,
i.e., one-fourth or three-fourths of the principal diffraction
angle, as seen in our experimental results. The second and
fourth diffraction orders are “parasitic” diffraction orders
arising from phase discontinuities in the blazed structures.
To further understand the polarization content in each of

the diffraction orders, we have measured the Stokes parameters
of the diffracted SH light. Keeping in mind that the phase of
the principal light varies as 2θ, and assuming, for example, RCP
excitation, we are expecting to observe RCP at one-fourth of
the location of the first diffraction order of the principal light
(one half originates from the slower phase change and the
other half originates from the wavelength of the SH signal
being half of the principal wavelength) and LCP at three-
fourths of the distance. This is indeed confirmed by measuring
the Stokes S3 parameter, displayed in Figure 5D. Here, the
Stokes S3 parameter (green curve) flips sign between
diffraction orders one-fourth and three-fourths, indicating
that these orders contain orthogonal circular polarization.
This is another intriguing feature of SHG in such a structure
and direct evidence for the validity of the theory presented
above.

Discussion. in this work, we fabricate an a-Si metasurface
with the goal of observing second harmonic generation and
detecting light at half of the principal wavelength. Contrary to
previous studies of SHG in a-Si,59,60 here, the modal fields
distribution in and around the meta-atoms play a role in
generating SH radiation. Our SH conversion efficiency,
estimated at 10−14, is low compared with state-of-the-art
efficiencies in metals (10−10)6,50,57 or the superior efficiency of
III−V materials (reported up to 10−3).35,56,71 Nonetheless, we
were able to explore the importance of selection rules in
establishing SHG. As shown, meta-atom design, resonances,
and symmetries are of utmost importance for the control of
light in both near- and far-field. Here, the C1 symmetry is what
enables the unique manipulation of light, unobtainable for
symmetric meta-atom design. It should be mentioned that we
do not observe third harmonic generation (THG) due to the
relatively long pulse duration and the THG being at the UV
regime beyond the sensitivity of our detector.
An interesting question arising from these experiments is the

role of symmetry in geometric-phase related processes because
symmetry is often linked to conservation laws. In the SHG
process, we can easily understand the conservation of energy
and linear momentum. However, angular momentum is not
conserved in these processes72 due to a torque applied by the
structure. So far, we are not aware of rigorous consideration of
angular momentum conservation in linear and nonlinear
geometric-phase phenomena. In the special case of C1
symmetry, there seem to be no constraints arising from
angular momentum on SHG processes. The only constraint
arises directly from the meta-atom symmetry, allowing for
SHG in all polarizations, as predicted theoretically.67 This is
among the causes for the large zero diffraction orders seen in
our measurements (for example, Figure 4B−D).

Figure 4. (A, left inset) SEM micrograph of a fabricated binary phase
grating. The 0 and 2π phase regions are colored in green and blue,
respectively. (A, right inset) Illustration explaining the different
geometric phases of this structure. (A) Diffraction pattern of the
principal light from the phase grating. As expected, no diffraction is
observed. (B) SH diffraction from the same structure. Diffraction
orders can be clearly seen. The first-order diffraction angle is ∼6°, as
predicted by simple diffraction calculation.
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On top of being able to demonstrate SHG, we also show
that the concept of the geometric phase is valid for harmonic-
generation as well as for other nonlinear properties. As
discussed in the paper, the obtained nonlinear geometric phase
is different from the linear phase. In this context, we validate
the theoretical prediction for C1 symmetry,67 which, to the best
of our knowledge, does not appear in nature and can be
achieved only by man-made structures such as metasurfaces
and metamaterials.
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