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ABSTRACT

We demonstrate high efficiency wavelength conversion via four wave mixing in amorphous silicon carbide ring resonators with a loaded
quality factor of 70000. Owing to the high quality factor and high nonlinearity of amorphous silicon carbide, —21 dB conversion effi-
ciency is achieved with 15 mW pump power. Moreover, the thermo-optic coefficient (TOC) of amorphous silicon carbide is measured to be
1.4 x 107*/°C at telecommunication wavelengths. Taking advantage of the high TOC, we demonstrate optical bistability in the silicon carbide
ring resonator. This work presents amorphous silicon carbide as a promising platform for applications in optical signal processing.

© 2020 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/10.1063/5.0009692

INTRODUCTION

Advances in nonlinear integrated optics have boosted appli-
cations in areas such as all-optical signal processing, all-optical
switching, and quantum optics. Since the nonlinear process effi-
ciency is highly dependent on the material nonlinearity, materials
with high nonlinearity are sought after. Silicon has been assessed by
numerous groups to be disadvantageous for high speeds and energy
efficiency because of its nonlinear loss induced by two-photon
absorption (TPA) at telecommunication wavelengths.u Different
materials with wide bandgap energy to suppress TPA at telecommu-
nication wavelengths are proposed and studied for nonlinear inte-
grated optics, including Hydex,” Si3sNy,” AIN,” Ta,0s,’ TiO,,” SiC,”
Si;N3,” " and AlGaAs."

Recently, silicon carbide has emerged as a promising platform
for integrated nonlinear optics because of its large refractive index,
Kerr nonlinearity, and wide bandgap. The large bandgap (larger
than 2.4 eV'’) suppresses TPA at telecommunication wavelengths.
High confinement in the waveguide core resulting from large

APL Photon. 5, 076110 (2020); doi: 10.1063/5.0009692
© Author(s) 2020

refractive index contrast between the silicon carbide (larger than
2.4"%) and the cladding material (1.44), combined with high Kerr
nonlinearity (on the order of 107 cm*/W'"""), leads to a high
nonlinear parameter (y) for the waveguide. The most extensively
studied silicon carbides are 3C SiC, 4H SiC, and 6H SiC, on which
different devices such as microdisk cavities, ' ring resonators, "'
and photonic crystal cavities'”*’ are investigated for applications in
linear and nonlinear integrated optics. In addition, single photon
emitters utilizing point defects in SiC make it a promising plat-
form for quantum optics.”’ ** In our previous work,’ we proposed
PECVD amorphous-silicon carbide (a-SiC) on SiO; as a platform
for integrated nonlinear optics. a-SiC exhibits a linear refractive
index of 2.45 and a higher Kerr nonlinearity of 4.8 x 10™* cm®*/W
at telecommunication wavelengths. With a bandgap of 2.3 eV,
TPA is also absent. The PECVD deposition temperature of 300 °C
makes it compatible with CMOS processes. Moreover, PECVD a-
SiC, which can be directly deposited on an insulator layer of a lower
refractive index offers easier fabrication processing than crystalline
SiC.

5,076110-1
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In integrated nonlinear optics, four wave mixing (FWM) pro-
cesses are fundamental to various applications, including wave-
length conversion,'' parametric amplification,'’ signal regenera-
tion,” optical demultiplexing,”” and more. Micro-cavity devices
have been used for enhancing the wavelength conversion efficiency
(CE) of FWM by augmenting the power intensity inside the cav-
ity. Enhanced FWM in SiC ring resonators has been demonstrated
before.'”'* However, limited by the low quality factor and high
waveguide loss, the conversion efficiency is very low, or very high
pump power is required to achieve a high conversion efficiency.

In this work, we demonstrate high efficiency four wave mixing
in an a-SiC ring resonator with a loaded quality factor of 70 000. A
conversion efficiency (CE) of —21 dB is achieved with 15 mW input
pump power. We further characterize a 35 dB enhancement in CE
using the ring resonator, compared to that achieved in a 12 mm long
waveguide. Compared with other work, we have achieved higher
CE with a lower input pump power due to the larger Kerr non-
linearity and higher ring resonator quality factor. In addition, the
thermo-optic coefficient (TOC) of amorphous silicon carbide is
measured to be 1.4 x 107*/°C at 1550 nm. Finally, optical bistability
is demonstrated in the same ring resonator.

RESULTS

Following the processes described in Ref. 8, we fabricated
cladded a-SiC ring resonators with waveguide cross sections of

350 x 1000 nm®. The ring resonator bus waveguide is 12 mm long.
The gap between the ring and bus waveguide is 400 nm. Figure 1(a)
shows the waveguide cross section of one such etched resonator as a
black rectangle with vertical sidewalls.

The ring resonator used for FWM is first characterized using a
tunable laser with a low output power, to avoid the thermo-optic
(TO) effect, and a normalized transmission spectrum of the TMy
mode is plotted in Fig. 1(b). By applying a Lorentzian fit to the mea-
surement results, the loaded quality factor of the ring resonator is
extracted to be 70 000, corresponding to an intrinsic quality factor of
160 000. The ring resonator is operated in the over-coupled regime,
and a waveguide loss of around 3.2 dB/cm is obtained. The free spec-
tral range is 2.7 nm from which the group index of the waveguide is
derived to be 2.88 at 1550 nm. Using equation D = % %, the average
waveguide dispersion D in the wavelength region at 1550 nm is cal-
culated to be —2700 ps/km nm, as shown in Fig. 1(c). However, the
dispersion of the waveguide can be easily engineered by engineering
the geometry of the waveguide. In Fig. 1(d), the simulation results
show that anomalous dispersion can be achieved by increasing the
waveguide thickness to 600 nm.

The experimental setup for FWM measurements is sketched
in Fig. 2. The pump and signal are generated by two continuous-
wave (CW) tunable laser sources (TLS). The pump is amplified by an
erbium-doped fiber amplifier (EDFA) and combined with the sig-
nal using a 50:50 coupler. The light is coupled into and out of the
devices using lensed fibers and on-chip inverse tapers. The output
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FIG. 2. FWM experimental setup. TLS, tunable laser source; EDFA, erbium-
doped fiber amplifier; DUT, devices under test; TEC, thermoelectric cooler; PD,
photodetector; and OSA, optical spectrum analyzer.

light is collected into a photodetector (PD) and an optical spec-
trum analyzer (OSA) using a 90:10 coupler. The PD measures the
transmitted power enabling alignment, while the OSA records the
FWM transmission spectrum. Both the signal and the pump waves
generated by the CW TLS are linearly polarized and aligned to the
transverse magnetic (TM) polarization of the waveguide. All the
fibers used in the setup are polarization-maintaining optical fibers,
ensuring the match of polarizations of both the signal and the pump
wave to maximize the conversion efficiency of FWM. The devices
under test (DUT) are placed on a thermoelectric cooler (TEC) that
is maintained at a constant temperature of 25 °C, thus avoiding a
shift in resonance of the ring resonator caused by environmental
temperature fluctuations.

Figure 3(a) shows the FWM spectra when the input pump
power is 15 mW. For the ring resonator, the FWM CE is calculated

by the ratio between the on-resonance signal power right before cou-
pling into the ring resonator (Pj,sgna) and the on-resonance idler
power coupling out of the ring resonator (Pousidier). Pinsignat i the
same whether it is on-resonance or off-resonance, and it can be
calculated bY Pin;ignul = apoutput,signal,off’ in which a is the power
attenuation from the ring resonator to the output coupling fiber
and Pousput signalof is the off-resonance signal power collected by the
output coupling fiber. In addition, P,z can be calculated by
Pout,idler = upoutput,idler,om in which Poutput,idler,on is the on-resonance
idler collected by the output coupling fiber. Then, we can get the
equation for CE as follows:

_ Pout,idler _ Poutput,idler,on (1)

Pin,signal Pnutput,signal,oﬁ

As shown in Fig. 3(a), the CE, we achieved is —21 dB. Com-
paring with the previous FWM experimental results with SiC plat-
forms,'”'* we have achieved a higher CE of —21 dB with a lower
pump power of 15 mW, owing to the higher quality factor and Kerr
nonlinearity of our a-SiC ring resonator.

FWM experiments are also performed in a 12 mm long
a-SiC waveguide with the same cross sectional dimensions of
350 x 1000 nm?, whose results are plotted as blue dots in Fig. 3(b).
Comparing the CE for the ring resonator (formed by a 314 ym
long waveguide) and the 12 mm long waveguide, 35 dB CE
enhancement is achieved for the ring resonator, as shown in
Fig. 3(b).

(a) 20 T T T T T T T
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The FWM CE for the ring resonator is calculated by’

CE = y° P, Ly FE,FE, FE;, )
: 2
B 1- e—otL+]AkL
L2 _ L2 aL , 3
o =5 | TaL - jakL 3)
K
FE= ‘ 1 — re—ol/24akL | S

where y is the waveguide nonlinear parameter. P, is the pump
power, and L. is the effective length of waveguide. L is the circum-
ference of the ring.  is the waveguide loss. Ak is the phase mismatch
defined as 2k, — ks — ki, where kj, ks, and k; are the propagation con-
stants of the pump, signal, and idler inside the waveguide, respec-
tively. FE is the field enhancement factor inside the ring resonator.
« and T are related by the expression, |«|* + |7* = 1, and refer to
the ring’s coupling and transmission coefficients, respectively. Com-
pared with a waveguide whose conversion efficiency is determined
by CE = szﬁLgff, the CE of the ring resonator is enhanced by the

factor of FE." For our ring resonator, while the phase mismatch is
0 in the case that both the signal and the idler are placed very close to
the pump, the field enhancement FE is calculated to be 6.3, leading to
40 times power enhancement in the ring resonator. This explains the
35 dB CE enhancement in the 314 ym long ring resonator compared
to the 12 mm long normal waveguide.

It is also observed in Fig. 3(b) that the CE saturates slightly
with the pump power. In our previous work,” we find that the
three photon absorption is only noticeable while the light power is
more than several watts. In this work, the maximum pump power
is only 15 mW, whereas the maximum power in the ring resonator
is less than 1 W when considering the resonator enhancement effect.
So this slight saturation should not be caused by three photon
absorption. In the experiments, while the pump power is high, we
were not able to locate the pump exactly on resonance due to the
instability caused by the thermo-optic effect. Thus, all three wave-
lengths are not exactly on resonance, causing the field enhance-
ment factor to be lower compared to that at a lower pump power.
As a result, a slight saturation of CE is observed with the pump
power.

FWM wavelength conversion bandwidth in the waveguide is
also analyzed by measuring CE as a function of signal-idler separa-
tion in a 12 mm long waveguide with dimensions of 350 x 1000 nm?.
For these experiments, the pump wavelength is fixed at 1550 nm
and the CE is measured, while the signal wavelength is tuned away
from the pump wavelength. As shown in Fig. 3(c), the experimen-
tal results have a very good match with the simulation results. In
Fig. 3(c), a decrease in the CE is observed as the signal-idler separa-
tion increases from 0 nm to 30 nm. The 3 dB conversion bandwidth
is around 20 nm. Since the waveguide exhibits very strong normal
dispersion (-3000 ps/km nm), the CE at larger signal-idler detun-
ing is eliminated by the large phase mismatch arising from strong
normal dispersion, as expressed in Eqs. (2)-(4). When the signal-
idler detuning exceeds 30 nm, an increase in CE is observed. This is
caused by the presence of higher order dispersion, which serves to
reduce the phase mismatch.

We continue our experiments to characterize the TOC of a-SiC
by measuring the temperature induced spectral shift of the ring res-
onator’s resonance. The same a-SiC ring resonator and TM, mode
as the FWM experiments are used. Figure 4(a) shows the ring res-
onator spectra measured at different temperatures ranging from
25°C to 45 °C; the red shift in the resonant wavelength with tem-
perature implies a positive TOC for a-SiC. By extracting the data
from Fig. 4(a), the resonant wavelength of the ring resonator at dif-
ferent temperatures is plotted in Fig. 4(b). From the linear fit to data
in Fig. 4(b), we get the spectral shift in response to temperature
change, d\/dT = 0.0627 nm/°C for the ring resonator. The rela-
tionship between the spectral shift with temperature d\/dT and the
effective index change, dn,;/dT may then be extracted as follows:"”

a dng \ A
diT = (ﬂﬂeﬁf + dT ;g, (5)

where a = 2.6 x 107%/°C is the expansion coefficient of the silicon
dioxide substrate in response to the temperature change, .y = 1.83
is the effective index of the waveguide, and n, = 2.88 is the group
index of the waveguide at 1550 nm. It follows from Eq. (5), that
dn,y/dT for the waveguide is 1.12 x 107*/°C. dng/dT is calculated
in COMSOL simulation using TOC of a-SiC as a fitting parame-
ter. We extract the TOC using the measured value of dny/dT (1.12

x 107*/°C). The calculated TOC of a-SiC is around 1.4 x 107%/°C

® Measurement
s |_inear Fit

FIG. 4. (a) Spectral shift of the ring
resonator in response to temperature
change around 1550 nm. As the tem-
perature is increased gradually, the ring
resonator’s resonance has a red shift.
(b) Measured ring resonator resonance
wavelength with respect to temperature.
Blue dots are the experimental data
extracted from (a), and the green line is
the linear fit, which allows us to extract a
value of d\/dT = 0.0627 nm/°C.
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at a wavelength of 1550 nm, which is slightly higher compared to
a previously reported value.”’ This can be the result of different
deposition conditions and, therefore, the composition of the a-SiC
films. In this measurement, the uncertainty in the measured waveg-
uide dimension is around +10 nm, resulting in an uncertainty of
+0.05 x 107*/°C for TOC of a-SiC.

Taking advantage of the high TOC of the a-SiC, we demonstrate
optical bistability in the a-SiC ring resonator. Ring resonator device
parameters used in the FWM experiments are used for the demon-
stration of optical bistability. In addition, the TMy mode is used.
The power-dependent transmission spectrum of the ring resonator
is measured using a tunable laser source at different laser output
powers. The tunable laser wavelength is scanned in two opposite
directions—up-scan and down-scan directions. The up-scan direc-
tion means the wavelength is scanned from blue side to the red side
of the resonance wavelength, while the down-scan direction is oppo-
site. The spectra of the ring resonator for the two opposite directions
with different laser powers are plotted in Fig. 5(a); The spectra mea-
sured in the up-scan and down-scan directions are plotted using
solid and dashed lines, respectively. When the laser power is very
low, the spectra of two scan directions are the same. However, when
the laser power is higher, the difference between the two spectra
becomes larger. It is observed that, for some wavelengths, the trans-
mitted power is different for two opposite scan directions. In many
popular platforms for integrated optics such as silicon, the optical
bistability may be a combined result of the thermo-optic effect and
the free carrier dispersion effect.””’! However, in the a-SiC, TPA
is absent. So the optical bistability is mainly caused by the thermo-
optic effect. In the up-scan mode, with the tuning of the wavelength
toward the resonance, light is coupled into the ring resonator and
this causes the temperature of the ring resonator to increase. As the
optical wavelength approaches the resonance wavelength, more heat
is introduced inside the ring resonator, causing a red shift of the
resonance wavelength. The closer the laser wavelength is to the res-
onance wavelength, the greater the extent of the resonance red shift.
There is one point where the laser wavelength is exactly on reso-
nance and the transmission is minimum in the spectrum. Once the
light wavelength exceeds this point, the laser wavelength is not on
resonance any more. The light intensity and the heat inside the ring
resonator will decrease, causing a blue shift of the resonance wave-
length. The blue shift of the resonance causes the laser wavelength

C
Z

to move further out of resonance. As a result, the ring resonator
temperature will further decrease, causing a further blue shift of the
resonance. Finally, the laser wavelength will be totally off resonance,
resulting in close to 100% transmission in the spectrum. As shown in
Fig. 5(b), when the input power increases from 0.2 mW to 2 mW, the
resonance wavelength increases from 1550.7 nm to 1550.8 nm with
a resonance shift rate of 58.3 pm/mW, as a result of a-SiC’s positive
TOC.

CONCLUSION

In this work, we fabricate PECVD-deposited amorphous SiC
with a loaded quality factor of 70 000, in which high efficiency wave-
length conversion via FWM is demonstrated. A conversion effi-
ciency of —21 dB is achieved with a pump power of 15 mW. Due to
the high quality factor of the ring resonator (70 000) and high Kerr
nonlinearity (4.8 x 107 cm?/W) of a-SiC, we achieved the highest
wavelength conversion efficiency on a SiC platform, despite using
a low pump power. In addition, by measuring the spectral shift in
response to temperature change, the TOC of a-SiC is extracted to be
1.4 x 107*/°C at a wavelength of 1550 nm. Finally, optical bistability
is demonstrated in the ring resonator.

The a-SiC platform with high Kerr nonlinearity and low loss
is sought after for another interesting application—optical paramet-
ric oscillator (OPO). Two main limitations for achieving OPO on
a-SiC are studied carefully. One limitation is the normal disper-
sion. However, as we discussed earlier, anomalous dispersion can be
achieved for the waveguide with 600 nm thickness. Another limita-
tion is the existence of three-photon absorption. The three-photon
absorption in our deposited a-SiC films was previously characterized
to be ~0.01 cm’/GW? at the 1550 nm region.” There is no two-
photon absorption. Silicon is dominated by two-photon absorption
at 1550 nm and is, therefore, not ideal for oscillation. We compare
the three-photon absorption of amorphous silicon carbide with that
of AlGaAs, where the three-photon absorption coefficient has been
characterized to be ~0.04 cm>/GW?,” and parametric oscillation has
been shown to be possible.”* Our a-SiC films have four times lower
three-photon absorption coefficient than AlGaAs. Consequently, the
three-photon absorption coefficient should not be a showstopper for
achieving oscillation.

T 1550.8

10 &= FIG. 5. (a) Spectra of the ring resonator
o £ 1550.78 for two opposite scan directions with dif-
2 15 [ et B ferent laser input powers. The solid line
= : 2 1550.76 L/ represents the up-scan direction spectra
'g ( g and dashed line represents the down-
o -20 ‘g‘ 1550.74 scan direction spectra. (b) Resonance
E o wavelength shift with an increase in the
c -25 2 1550.72 input laser power. The gray dots are
E 1 S the experimental results. The resonance
-30 3dBm o 1550.7 shift rate is extracted using the linear fit

4 dBm E to the experimental data (green line) to

1550.68 1550.7 1550.721550.74 0 1 2 be 58.3 pmimW.
Wavelength (nm) Power (mW)
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To sum up, this work shows the great potential of a-
SiC for applications in CMOS-compatible, on-chip optical signal
processing.
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