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ABSTRACT

We demonstrate second harmonic generation by using an amorphous silicon metamaterial fabricated on the tip of an optical fiber that collects
the generated light. The metamaterial is a double-chevron array that supports a closed-mode resonance for the fundamental wavelength at
1510 nm with a quality factor of 30. The normalized resonant second harmonic conversion efficiency calculated per intensity and square of
interaction length is ~10™"" W™, which exceeds the previously achieved value for a silicon metamaterial by two orders of magnitude.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037428

I. INTRODUCTION

Second-order nonlinear optical processes are of considerable
importance for laser technologies, quantum optics, material charac-
terization, spectroscopy, and imaging. Over the last decade, a sub-
stantial effort has been focused on developing plasmonic'* and
dielectric’ > metamaterials'® with large nonlinearities for second
harmonic generation (SHG). In particular, in silicon-based pho-
tonics, second-order optical nonlinearities are required in vari-
ous information processing schemes.'*!" In silicon, second-order
optical nonlinearity can be imposed by strain, electric field, and
interfaces and has been observed in waveguides,'** nanoparti-
cles,”” nanowires,”*”° nanopillars,”® photonic crystal nanocavities,””
metamaterials,”® *’ and multi-material stacks with silicon.’’*? Sil-
icon metasurfaces have also been used to enhance the nonlinear
response of materials with strong natural second-order nonlinear-
ity.”>** Here, we report a fiber-integrated metamaterial manufac-
tured from amorphous silicon that achieves two orders of magni-
tude higher normalized conversion efficiency than previous silicon
metamaterial.”®

Il. SILICON METAMATERIAL ON A FIBER TIP

The all-dielectric metamaterial reported here supports a reso-
nant response at wavelength Ao = 1.5 ym. It is an array of chevron

APL Photon. 6, 036110 (2021); doi: 10.1063/5.0037428
© Author(s) 2021

groove pairs, with unit cell dimensions of 1.1 x 1.0 ym?, milled
into the core of a silica fiber and subsequently coated with a 90-nm-
thick amorphous silicon layer; see Fig. 1. The metamaterial geometry
was chosen by considering that SHG normal to a two-dimensional
structure—that is pumped at normal incidence—is permitted for
structures with either threefold or absent rotational symmetry,**°
while resonant enhancement of SHG may be expected from Fano
resonances that occur in pairs of slightly different resonators.”” A
chevron—two identical lines forming an angle—is arguably the sim-
plest structure lacking rotational symmetry. Chevrons can be easily
fabricated and combined into a compact unit cell that is smaller than
its resonant wavelength. The point symmetry group of the meta-
material is D; [see Figs. 1(b) and 1(c)], limiting the allowed com-
ponents of the second-order nonlinear susceptibility tensor to X)S;y) ,

Xﬁf,g ,and ng) = X:E)%J? , where the first index indicates the polarization

of the second harmonic photon and the other indices indicate the
polarizations of the pump photons.

Within the double-V unit cell, the V-elements have differ-
ent sizes for the structure to support an anti-symmetric Fano-type
closed mode at 1.5 ym wavelength [Fig. 1(d)] coupled to free-
space radiation with linear polarization oriented along its symmetry
axis” " [y axis in Fig. 1(c)]. The metamaterial has been manufac-
tured on the tip of a cleaved silica optical fiber (Thorlabs SM980-5.8-
125, single mode at pump wavelengths) that collects and guides light
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FIG. 1. Nonlinear silicon metamaterial on a fiber tip. (a) Artistic impression of the experimental characterization of the metamaterial’s nonlinearity. (b) SEM image of the
nonlinear metamaterial fabricated on the end-facet of a single-mode optical fiber. The metamaterial covers the core of the cleaved optical fiber and consists of pairs of
chevron grooves in silica, coated with an amorphous silicon layer. Inset: a magnified view of a metamaterial section. (c) Magnified view of the entire metamaterial. (To
prevent charging, SEM imaging took place with an additional gold coating that was subsequently removed.) (d) Modeled and (e) measured linear transmission spectra of
the metamaterial as a function of wavelength for x (red) and y (black) polarization. The inset in (d) shows the y component of the linear polarization density distribution at

the resonance.

transmitted or radiated by the metamaterial; see Figs. 1(a) and 1(b).
The fiber’s numerical aperture of 0.13 implies that only the Oth-order
diffraction of generated second harmonic radiation will be collected.
During fabrication, to reduce gallium deposits,*’ the fiber tip is first
coated with a thin layer of gold, and then, the V-shaped grooves are
created by milling with a focused gallium ion beam through the gold
layer to the depth of about 256 nm into silica. After removing the
sacrificial gold layer, a 90-nm layer of amorphous silicon is deposited
by plasma enhanced chemical vapor deposition on the entire pat-
terned fiber tip. The metamaterial covers the entire core of the fiber,
which has a nominal diameter of 10 ym. The metamaterial’s thick-
ness, from the lowest point of the silicon layer at the bottom of the
chevron grooves to its highest point at the silicon/air interface in
between the chevron pairs, is L = 346 nm.

The metamaterial’s transmission spectra were modeled (Com-
sol Multiphysics 5.4) assuming a plane wave normally incident onto
a unit cell with periodic boundary conditions, Fig. 1(d). The sim-
ulations assume a real refractive index of 1.44 for glass and the
complex refractive index of the silicon layer according to ellipsome-
try measurements on an unstructured area (supplementary material,
Fig. S1). The transmission spectra of the structure were measured
by illuminating the fiber tip with normally incident linearly polar-
ized white light and detecting the transmitted light with an optical
spectrum analyzer (Ando AQ-6315E), using an unstructured cleaved
fiber without the silicon film as a reference, Fig. 1(e). Experimen-
tal and modeled transmission spectra of the metamaterial are in
qualitative agreement. The closed-mode resonance is seen at a wave-
length of 1.5 ym, only under y-polarized illumination [along the
symmetry axis; see Fig. 1(c)]. According to our simulations, the
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electric field at the silicon interfaces is up to 8x larger than the
incident field (supplementary material, Fig. S2). The experimentally
observed quality factor of this resonance is about 30, calculated by
Q = Ao/AM, where Ag = 1.5 ym is the resonance’s central wavelength
and A is the resonance’s full width at half maximum (FWHM).
Compared with the modeling, the measured resonance is wider due
to fabrication-related residual contamination with gallium and inho-
mogeneous broadening (i.e., slight variations in sizes of key features
across different unit cells).

IIl. SECOND HARMONIC GENERATION

Considering that second harmonic generation by unstruc-
tured interfaces vanishes at normal incidence’' and in order to
detect SHG caused by the metamaterial structure, we measure
SHG with a normally incident pump beam, which also ensures
that Oth order SHG diffraction is within the acceptance angle
of the optical fiber. The second harmonic response of the meta-
material was characterized in the pump wavelength range from
1440 to 1610 nm with linearly polarized 200fs optical pulses of
up to 35 mW average power (~9 GW/cm® peak intensity) and
an 80 MHz repetition rate from an optical parametric oscillator
(Spectra Physics Inspire HF 100). Transmitted pump light was
filtered out. As control experiments, the same nonlinear mea-
surements were conducted with a bare fiber tip and on a tip
of fiber covered by an unstructured 90-nm-thick layer of CVD-
silicon. Strong second harmonic emission is observed only for y-
polarized pump light at 1510 nm wavelength with the metamaterial-
bearing fiber [Fig. 2(a)], while control experiments detected no
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FIG. 2. Observation of second harmonic generation. (a) Detected spectral dependence of second harmonic (SH) emission by a metamaterial on a cleaved fiber (green),
an unstructured silicon film on a cleaved fiber (red), and an unstructured bare cleaved fiber (black) alongside the metamaterial’s linear transmission spectrum (purple) for
y-polarized pump light. (b) Power dependence of second harmonic generation by the metamaterial (black dots) with a quadratic fit (red curve) at 1510 nm pump wavelength
for y-polarized pump light. The inset shows the generated second harmonic power as a function of the azimuth of the linear pump polarization at 1510 nm pump wavelength

(the resonance). Dots indicate measurements, and the blue curve shows a fit.

second harmonic above the noise level. The second harmonic nature
of the signal is confirmed by its dependence on the average pump
power at 1510 nm wavelength; see Fig. 2(b). The second harmonic
spectral peak coincides with the metamaterial’s absorption reso-
nance, as expected from microscopic theory of second harmonic
generation.*’

2.9 pW second harmonic power (Psy) has been observed for
35 mW y-polarized average pump power (Ppump), corresponding
to a SHG power conversion efficiency of at least 7 = Psg/Ppump =
0.8 x 1071, which is comparable with efficiencies in metallic struc-
tures*** and exceeds that of previously reported silicon metamate-
rial by four orders of magnitude.”® We note that the fiber’s refractive
index of about 1.45 implies that some diffraction will occur into the
fiber at free-space wavelengths shorter than 1.6 ym, while diffrac-
tion into air occurs at wavelengths shorter than 1.1 ym. The fiber’s
numerical aperture of 0.13 implies that only radiation propagating
close to normal to the metamaterial will be collected. Therefore, the
calculated efficiency of our structure only accounts for Oth order
diffraction of SHG into the fiber. Diffraction of SHG up to the first
order into air and up to the second order into glass implies that
the metamaterial’s true SHG efficiency may be a few times higher.
To allow for comparison with other materials, we need to con-
sider that phase-matched—sufficiently thin films are always phase-
matched—SH conversion efficiency increases linearly with pump
peak intensity I and quadratically with interaction length L. With
L = 346 nm, we arrive at a normalized efficiency of #/(IL*) = 8
x 107 GW™! corresponding to Xﬁyz}? ~0.3 pm/V, which is compa-
rable to KDP.” The normalized efficiency reported here exceeds
that of previous silicon metamaterial®® by two orders of magni-
tude. This improvement is largely due to resonant enhancement of
second harmonic generation at the closed-mode resonance of the
double-chevron structure.

According to symmetry analysis,*® this metamaterial—and any
other 2D structure of D; symmetry with symmetry axis y—has three

APL Photon. 6, 036110 (2021); doi: 10.1063/5.0037428
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allowed components of the second-order susceptibility: X)Ejy) , X;f,?,

and X)(QQ = X,Ef} However, second harmonic detection through the

standard single-mode fiber, which hosts the nonlinear metamate-
rial and does not maintain polarization, does not allow for direct
polarization measurements on the generated second harmonic light.
In order to probe the relative strengths of the allowed susceptibil-
ity tensor components, second harmonic power was detected with
left-circularly, right-circularly, and linearly polarized pump light at
several orientations relative to the metamaterial’s symmetry axis.
The inset in Fig. 2(b) shows generated second harmonic power
as a function of the azimuth of the linear pump polarization at
1510nm pump wavelength. The second-order susceptibility ten-
sor components were extracted by fitting the pump-polarization-
dependent intensity of the generated second harmonic signal, giving

x,(gz,,z /x}(,;; =0.2 and ’x}(,iz /x}(,jy)

X,é}%y) is the dominant susceptibility tensor component. More details
are provided in the supplementary material, Sec. SI.

Beyond symmetry considerations and the observed Fano res-
onance, we note that the structure may also support guided modes
within the metamaterial layer,"”*® which could play a role in cou-
pling resonators and SHG. Furthermore, while diffraction above the
0Oth order will not be guided by the fiber and thus cannot contribute
directly to the detected SHG, it could affect the conversion efficiency
indirectly.

Our results show how pumping at an anti-symmetric Fano-
type resonance of a structure lacking inversion symmetry yields
substantial second harmonic generation in an amorphous sili-
con metamaterial. We believe that the second-order nonlinear-
ity can be increased further by increasing the Q-factor of this
resonance and by engineering a second resonance at the SHG
wavelength. This may be achieved by adjusting the metamaterial
design, more accurate nanofabrication (to avoid inhomogeneous
broadening), and by avoiding gallium ion implantation during

= 0.2 at this resonant wavelength.
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nanofabrication (e.g., by using electron beam lithography or imprint
techniques).

IV. CONCLUSIONS

In summary, we have demonstrated second harmonic gener-
ation in an amorphous silicon metamaterial with a power conver-
sion efficiency of ~107', an efficiency improvement of four orders
of magnitude over previous silicon metamaterials. This improve-
ment is achieved by exploiting the double-chevron structure’s
closed-mode resonance. Our findings demonstrate how mesoscopic
structuring—that combines closed-mode resonances with a suit-
able choice of point group symmetry—enables the fabrication of
metamaterials with quadratic optical nonlinearity from amorphous
dielectrics. Second harmonic generation by the double-chevron
metamaterial of D; symmetry is most efficient for pump light polar-
ized along its symmetry axis, and all allowed net second-order non-
linear susceptibility tensor components have been determined. Ease
of deposition of amorphous materials shall enable the fabrication of
nonlinear elements of nanoscale thickness on complex non-planar
platforms, such as end-facets of optical fibers and silicon photonics
waveguides.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complex refractive
index of the silicon layer, the metamaterial’s modeled electric field
enhancement at the silicon interfaces, and the details of the nonlin-
ear tensor characterization.
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