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ABSTRACT

We report second and third harmonic generation in photonic crystal cavities fabricated in a suspended silicon-rich nitride membrane under reso-
nant continuous-wave excitation at telecom wavelength. Two-dimensional photonic crystal cavities with a far-field optimized line-width modulated
design were employed. A quality factor at fundamental wavelength as high as Q= 1.3 x 10* and a coupling efficiency 7. ~ 30% enabled us to
exploit the cavity field enhancement to achieve the generation efficiencies pg;y = (4.7 £ 0.2) X 107 W 'and prgr= (59=03) x 10 > W 2 The
absence of saturation effects at high power and the transparency of the device at the second harmonic wavelength suggest the absence of two-
photon absorption and related detrimental effects.

© 2019 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/10.1063/1.5066996

One of the most prominent objectives of integrated photonics is
the generation and manipulation of light at the nanoscale, with appli-
cations ranging from industry to fundamental research and with
important benefits in the emerging field of optical quantum
technologies.'

In this framework, photonic crystal (PhC) cavities play a crucial
role as building blocks for the manipulation of light on-chip. These
structures have the unique capability to localize the optical field with
an ultra-high quality factor (Q) and diffraction-limited mode volume
(V).* Such tight confinement leads to the enhancement of the effective
light-matter interaction, which enables us to exploit nonlinear and
quantum optical effects in an integrated photonic platform with mini-
mum footprint. PhC cavities have indeed demonstrated to be suitable
to achieve low-power, on-chip frequency conversion, including four-
wave mixing’ and harmonic generation” '’ even in the continuous-
wave (CW) regime, nanolasers,'! all-optical switching,12 and strong
coupling to single quantum emitters."”

One of the most employed materials for the fabrication of PhC
structures has traditionally been silicon, * thanks to the large refractive

index contrast achievable, which eases the confinement, the high fabri-
cation quality, and the compatibility with the CMOS fabrication pro-
cess of the silicon-on-insulator (SOI) platform, which allows us to
include PhCs in the industrial framework of Silicon Photonics.”"
Moreover, despite that the centrosymmetric nature of crystalline sili-
con prohibits an appreciable second-order nonlinear response, this
material exhibits a pronounced third-order nonlinear response, with a
nonlinear refractive index of n, = 2.2 x 10~ m*/W,'° useful for fre-
quency conversion applications. Despite these advantages, the rela-
tively narrow bandgap of silicon presents several issues for nonlinear
operation at telecom wavelength. Specifically, two-photon absorption
(TPA) processes and related detrimental effects—such as free carrier
absorption (FCA) and free carrier dispersion (FCD)''—limit the
potential performance of these devices, even at coupled powers of few
microwatt.”

In order to overcome these limitations, several wide-bandgap
materials, such as indium phosphide (InP),'® gallium phosphide
(GaP),’ silicon carbide (SiC)," and gallium nitride (GaN),”"" have
been proposed and tested for frequency conversion applications in
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FIG. 1. (a) Schematic of the PhC cavity design. The red, yellow, and blue holes are shifted on the y-axis away from the line defect of an amount AA=15nm, AB=10nm, and
AC = 5nm, respectively. The holes marked by bold circles are characterized by a radius larger than the nearby holes of Ar = +12nm, in view of an optimized coupling to the free-
space excitation mode. (b) SEM image of the fabricated sample. Nominal parameters are specified in the main text. (c) Simulated near-field profile of the fundamental resonance mode
(in-plane electric field amplitude |E|, normalized linear scale). (d) Far-field projection of the simulated fundamental resonant mode (electric field amplitude |E|). The main lobe at 6 = 0
was optimized to match a focused Gaussian beam profile impinging orthogonal to the cavity plane. The grid ranges from 0° to 90°.

PhC cavities. The wide transparency range, combined to a negligible
TPA and, in some cases, a strong ,( ) response of the medium make
these materials good candidates for nonlinear applications in inte-
grated photonic devices.

In the last few years, silicon nitride has gathered increasing atten-
tion in the field of Silicon Photonics thanks to the compatibility of its
manufacturing process with standard CMOS fabrication, making it a
suitable alternative to silicon for nonlinear applications.'””’
Nonetheless, stoichiometric silicon nitride (SizN,) exhibits a nonlinear
response significantly lower than the one of silicon and a relatively low
refractive index. A possible pathway to overcome these limitations is
to employ specific deposition techniques to increase the relative con-
centration of silicon.”' The resulting hybrid material, Silicon Rich
Nitride (SRN), provides a Kerr response comparable to the one of sili-
con, negligible TPA, and increased refractive index.'® Recently, several
nonlinear applications of SRN were demonstrated,'®** as well as its
suitability for the fabrication of PhC structures, such as waveguides™
and ultra-high Q PhC cavities.”’

In this letter, we report the low-power generation of second (SH)
and third (TH) harmonics in a two-dimensional PhC cavity fabricated
in a suspended membrane of SRN under CW resonant excitation at
telecom wavelength.

For the demonstration here detailed, we employed a modified
designed originally proposed by Kuramochi et al.”” (also known as the
A1 cavity) which consists in the adiabatic modulation of the width of a
line defect (W1 waveguide), obtained in a hexagonal lattice of holes, as
depicted in Fig. 1(a). The lattice step of the PhC structure was chosen
a=>580nm and the hole radius r=0.304, in order to select a funda-
mental resonant mode in the telecom wavelength range (C-band,
Ao~ 1550 nm). Optical confinement was achieved by shifting the holes
marked in red, yellow, and blue by an amount of AA = 15nm,
AB=10nm, and AC = 5 nm, respectively, along the y direction.

The normalized efficiency of the nth order harmonic generation
process is expected to scale proportionally to (17.Q/V)", where
e = Peoupledl Pincident s the couphng efﬁc1ency for resonant excitation
from free-space, V = [ ¢|E|*d’r/max{e|E|’} is the mode volume,
and Q is the quality factor of the fundamental mode.””® Thus, our
design target was to maximize, for fixed V, the 5. x Q product, rather
than the Q factor alone. For this reason, we employed a far-field opti-
mization technique”” which consists in increasing the radius of specific
holes [denoted by bold circles in Fig. 1(a)] in order to engineer the cav-
ity far-field pattern to exhibit a nearly Gaussian profile. The

optimization resulted in a significant increase in the #, related to the
transverse mode of the impinging excitation laser, at the cost of a
reduced Q factor.

We validated our design via three-dimensional finite-difference
time-domain (FDTD) simulations. Employing a mesh cell size of
0.02a, x 0.02a, x 30nm, we calculated a Q factor as high as 21000
for the fundamental mode centered at 4, = 1577 nm and a mode vol-
ume V=0.73(A/n)>. The simulated near- and far-field profiles for the
fundamental mode are shown in Figs. 1(c) and 1(d).

We fabricated the samples in a 300 nm thick suspended mem-
brane of SRN, obtained by low-temperature Plasma Enhanced
Chemical Vapor Deposition (PECVD). For further details about the
fabrication process, please refer to the work by Debnath et al.** Figure
1(b) shows a scanning electronic microscopy (SEM) image of one of
the realized samples.

We performed a linear (low-power) characterization of the fabri-
cated samples by means of the Resonant Scattering (RS) technique.”®
Our experimental apparatus, consisting essentially in a cross-polarized,
confocal microscopy setup, is depicted in Fig. 2(a). We employed a tun-
able CW laser source (Santec TSL-510, range 1500-1630 nm) for the
excitation of the fundamental cavity mode. The collimated laser beam,
after passing a thin-film polarizer (TFP), was focused on the sample
using a high numerical aperture microscope objective (Nikon 50, NA
= 0.8). The optical cavity was placed in the focal plane and rotated at
45° with respect to the impinging polarization. The orthogonal polari-
zation was then collected via the same excitation pathway through a
second TFP, coupled to a single-mode optical fiber and finally sent to
an InGaAs-based photodetector. By scanning the input wavelength, we
were able to measure the spectral response of the cavities.

By employing lithographic tuning of the fabrication parameters
[Figs. 2(c) and 2(d)], we were able to select the sample which maxi-
mizes the figure of merit 7, X Q. We found the optimal value for a
cavity with modification of the holes’ radii Ar = +12nm, for which
we measured a resonance wavelength 1o = 1546.3 nm and a quality
factor Q = 13000, as retrieved from Fano fit of the measured RS spec-
trum,” presented in Fig. 2(b). The measured values of coupling effi-
ciency and figure of merit are reported in Figs. 2(c) and 2(d).

In order to evaluate the coupling efficiency, we compared the
peak RS signal at the resonance wavelength with the one measured by
replacing the sample with a reference mirror and aligning the polar-
izers in parallel directions.” We were, thus, able to estimate a coupling
efficiency from free-space to the cavity as high as 1, =~ 30%. We expect
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FIG. 2. (a) Schematic of the experimental apparatus. The collimated light from a CW tunable source is polarized (P) and focused through a microscope objective (MO) on the
sample, which is placed in the focal plane at 45° with respect to the laser polarization. The same excitation path is used to collect the RS signal and the generated SH and
TH, which are separated from the pump via a dichroic mirror (DM) and imaged on a CCD camera. The RS signal is then filtered by a crossed polarizer (A) and collected by an
InGaAs-based photodetector (PD). (b) RS spectrum and Fano fit for the fundamental (pump) resonant mode of the cavity. (c) Estimated coupling efficiency and (d) figure of
merit (7. x Q) for selected samples as a function of the radius variation Ar introduced to optimize the coupling to far-field.

this value to be limited mainly by (1) the mode mismatch of the
focused Gaussian beam with the far-field pattern and (2) the finite
numerical aperture of the optical system.
We then probed the nonlinear response of the selected cavity.

We employed the same apparatus to collect the generated SH and TH
signal and included a dichroic mirror (DM) and an appropriate
sequence of filters to separate it from the pump at fundamental wave-
length. We imaged the near-field of generated harmonics on a silicon-
based CCD camera (PI Acton, liquid nitrogen cooled). By increasing
the pump power, we were able to observe the generation of light at SH
and TH wavelengths ( ), which we later confirmed by spectro-
scopic measurements [ and ].

shows the generated SH emission from the sample.
The large modal area suggests transparency of the SRN material at Agy
= 773.2nm. As the material consists in an amorphous deposition,
we hypothesize that the intrinsic ® response of the medium is aver-
aged to zero on the ensemble. The physical origin of the observed phe-
nomenon relies on the breaking of inversion symmetry mainly
provided by the multiple interfaces between the bulk material and the
air holes. Since the structure is not resonant at the SH wavelength, the
signal here generated couples to the quasi-guided (leaky) modes of the
PhC slab and eventually radiates outside the membrane.

shows the generated TH. Because of the bulk nature
of the nonlinear process, the TH near-field profile mimics the one of
the fundamental mode, as one can notice by comparison with
A qualitative comparison between and suggests that the

Appl. Phys. Lett. 114, 131103 (2019); doi: 10.1063/1.5066996
© Author(s) 2019

material absorption at A7y = 515.4 nm is significant. This datum was
confirmed by ellipsometric measurements, which highlighted an
absorption band edge wavelength of 600 nm. The underlying physical
mechanism here is the following: the TH originates from the bulk 5
nonlinearity of the material, which is expected to be larger than the one
of stoichiometric silicon nitride, ” but it is soon absorbed by the mate-
rial itself. The small fraction of TH light which is not absorbed can be
then observed in the experiment and closely follows the near-field pro-
file of the fundamental (localized) mode.

illustrates the spectral response of the system for large
coupled power. The relatively large coupled power (Peyypeq = 1 mW)
induces heating of the cavity region, originated from the linear absorp-
tion of the material ™ at resonance wavelength. Thus, the measured
spectrum exhibits a markedly asymmetric, sawtooth-shaped response,
which is a characteristic signature of the regime of optical bistabil-
ity, in this case originated from the thermo-optic effect due to
residual linear absorption of the silicon-rich nitride material. The plot-
ted SH and TH spectra are acquired simultaneously with the funda-
mental (pump) RS spectrum and clearly follow the squared and cubed
trend of the latter, respectively, confirming the cavity-enhanced nature
of the nonlinear processes under investigation.

In order to confirm the validity of our observations, we character-
ized the power scaling trend of the nonlinear processes. The analysis is
presented in . By varying the input power to our setup and tun-
ing the wavelength of the excitation laser to compensate for the thermo-
optic shift of the resonance,” "~ we were able to scan the coupled power

max
FIG. 3. False color images of the gener-
ated (@) SH and (b) TH near-field profiles
(linear scale). The sample background
was artificially illuminated for the sake of
clarity.

0
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FIG. 4. (a) Sample spectrum of the resonantly generated SH and TH. (b) High power spectrum of the cavity resonance and comparison with the generated SH and TH signals.

The large coupled power (Pgoupeq = 1 mW) leads the system to operate in a regime of strong thermo-optic bistability,

%1 providing the characteristic sawtooth-shape to the

spectrum at fundamental wavelength. The generated SH and TH signals closely follow the squared and cubed trend of the fundamental RS signal, respectively, highlighting
the cavity-enhanced, nonlinear nature of the phenomenon under investigation. (c) Scaling trends of the (peak) generated SH and TH signals. The pump wavelength was sys-
tematically adjusted in order to compensate for thermo-optic shift of the resonance. Experimental deviations from the expected trends are mainly related to (1) strong back-

ground for points at low-power and (2) thermo-optic instability”*” for points at high power.

at the fundamental wavelength from few microwatt to 1.6 mW. We esti-
mated the total collected power by integrating over the region-of-interest
of our CCD detector. The plot shows with good confidence a quadratic
and cubic scaling trend for the generated SH and TH, respectively.
From the best fit of our results, we were able to estimate the normalized
generation efficiencies pg; = Psti/ P2, = (4.7%0.2) x 1077 W
and ppy = Py /P, ., = (5.9%0.3) x 10° W™ It should be
remarked that these results represent extrinsic values as they do not take
into account the fraction of generated power which is not collected by
the optical system as it is absorbed, coupled to the guided mode of the
membrane, or scattered outside the numerical aperture of the system.
However, these values provide a lower bound on the effective efficiency
of the process for practical applications, and we believe that they can be
significantly improved by engineering the extraction mechanism of the
generated signal from the cavity at the SH and TH frequencies.

To provide a term of comparison, generation efficiencies on the
order of pg; =~ 10> W' and pry ~ 10 W2 were reported in silicon-
based PhC cavities, while the relevant data for microring resonators
based on stoichiometric silicon nitride™ are pgy =~ 107> W' and pyy
~ 10~° W2 It should be remarked that the former platform exhibits a
tighter confinement than the one presented here due to the higher
refractive index contrast of the silicon/air interface, while the latter is
characterized by a weaker confinement due to the lower refractive index
and the significantly larger mode volume. It should be also noted that
the SH generation efficiency reported here is significantly lower com-
pared to materials exhibiting non-vanishing bulk second order nonline-
arity,”*'*"" with measured values of generation efficiency ranging from
psu A 2% 107> W to pgy &~ 4W . We remark that a quantitative
comparison between harmonic generation efficiencies in different reso-
nant photonic devices would require the knowledge of the second and
third-order nonlinear polarization in the presence of highly anisotropic
nanostructured surfaces as in the case of photonic crystal nanocavities.
This non-trivial task is, however, beyond the scope of the present work.

Remarkably, the data presented here highlight the absence of satura-
tion effects due to TPA,"” typical of silicon-based devices. A quantitative
comparison may be obtained by looking at the power-dependent genera-
tion efficiency curves reported by Galli et al.” for silicon PhC cavities

having a figure of merit 7. x Q= 4000 and a Q factor and mode volume
very similar to those presented in this work. Indeed, while silicon cavities
display a clear saturation of the SHG and THG signals for coupled power
of a few tens of microwatt, our SRN cavities do not show any evidence of
saturation even for coupled powers in the milliwatt range. This result con-
firms the suitability of SRN as a valid alternative to silicon for the fabrica-
tion of CMOS compatible integrated nonlinear optical devices.

In this work, we demonstrated the generation of SH and TH in
SRN PhC cavities, from a fundamental resonant CW pump at telecom
wavelength. By combining an optimized design for nonlinear opera-
tion with an established fabrication process, we demonstrated har-
monic generation for up to few microwatt of coupled pump powers,
without incurring in saturation effects related to TPA. Our results sug-
gest the suitability of SRN as a CMOS compatible material platform
for integrated low-power nonlinear optical applications.
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