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Chalcogenide glass (ChG) waveguides with sub-micrometer widths are fabricated by a hot melt smoothing and micro-trench filling method using
As,S7 glass and their properties on nonlinear optics are investigated. The third-order nonlinear optical property is measured by the experiment of
stimulated four-wave mixing, showing a nonlinear coefficient of 14.1 W~'m~". Stimulated Brillouin scattering amplification is also demonstrated in

the waveguide sample. The measured Brillouin shift and Brillouin gain coefficient are 6.25 GHz and 377 W' m

~1, respectively. The experiment

results show that the ChG waveguides fabricated by this method have high quality and good performance on optical nonlinearity.

© 2020 The Japan Society of Applied Physics

halcogenide glass (ChG) waveguides have large Kerr
nonlinearity as well as low two-photon absorption
and free-carrier absorption,'? which are preferred in
applications of nonlinear optics such as supercontinuum
generation,” ™ all-optical signal processing® and photon pair
generation.” On the other hand, because of the relatively
high refractive index and low sound velocity in ChG
materials, both optical and acoustic modes can be confined
in the ChG core of the waveguides,” providing a good
platform for integrated stimulated Brillouin scattering
(SBS).Q’IO) However, the fabrication of on-chip ChG wave-
guides with high quality is not easy due to the unique
mechanical and thermal properties of ChG materials.'"
Usually, the first step of ChG waveguide fabrication is to
deposit ChG films onto the substrates by thermal
evaporation'” or sputtering.'> Then, the patterns of wave-
guides are determined on the ChG films by lithography,
following by etching'® or lift-off process'” to fabricate the
waveguides. However, the alkaline developer used in these
processes may react to the ChG films and reduce the quality
of fabricated waveguides.'® Hence, extra steps are required
to protect the ChG films during lithography and etching
processes,' *'® which makes the fabrication procedure com-
plex and difficult to handle. Recently, several new fabrication
methods such as the solution-based method'” and
nanoimprinting®” are developed to fabricate ChG wave-
guides. However, the residual organic solution in the solu-
tion-based method may cause high transmission loss,”"” and
the fabrication process of nanoimprinting requires specialized
equipment and precise experimental condition control.****
In our previous work, we proposed and demonstrated a
fabrication method for on-chip integrated ChG devices based
on the material properties of low melting temperature and
good flowability when they are melted.”® The waveguide
structures were realized by melting the ChG films and
making ChG materials fill into micro-trenches. This method
avoids lithography, etching or lift-off processes on the ChG
films, providing a simple way to realize high quality ChG
waveguides. In this work, we fabricate long ChG waveguides
by this method and measure their properties on nonlinear
optics, including third-order nonlinear coefficient and
Brillouin gain coefficient.
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The fabrication process of the long ChG waveguide
samples is similar to our previous work.”® Firstly, micro-
trenches are fabricated on the silica substrate by electron
beam lithography (EBL) and inductively coupled plasma
etching. Here, EBL replaces photolithography in the previous
work since narrower waveguides are preferred to improve the
nonlinear optical properties. After the etching process, the
chip is dipped into buffered hydrofluoric acid for a few
seconds to reduce sidewall roughness. Then, a thin ChG film
is deposited onto the substrate by thermal evaporation. After
film deposition, the chip is heated to 180 °C on a hot plate
and the ChG film is melted in N, atmosphere to avoid
oxidation. During the melting process, the ChG material fills
into micro-trenches with a flat upper surface due to the self-
smoothing effect. By this way, a reverse ridge ChG wave-
guide is formed on the silica substrate. The ChG material we
choose in this experiment is As,S; due to the low melting
temperature and good flowability when it is melted. This
fabrication method could also be applied to other ChG
materials with good flowability if the heating processes are
controlled precisely.

Figure 1(a) shows the scanning electron microscope
(SEM) picture of the cross section of a typical waveguide
sample. The width and depth of the micro-trench are 910 nm
and 370 nm, respectively, and the thickness of As,S film out
of the micro-trench is 320 nm. It can be seen that the As,S;
glass fills into the micro-trench in the heating process and the
upper surface of As,S; film is flat due to the self-smoothing
effect. The inset picture shows the simulated electric field
profile of the fundamental quasi-TE mode in the waveguide
at 1550 nm. The refractive index of As,S; glass used in the
calculation is 2.22, which is measured by an ellipsometer. It
can be seen that the electric field is well confined by the
reverse ridge structure. The effective area (A.g) of the
fundamental quasi-TE mode is calculated to be 0.72 pm?

(J1FenE da)

S vy
25)

using the expression of Ay = , Where

F(x, y) is the transverse electric field of the mode.

Waveguide samples with different lengths are fabricated.
The probe light at 1550 nm is coupled into and out of the
waveguide by two lensed fibers, and the insertion losses of
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(Color online) (a) The SEM picture of the cross section of a typical waveguide sample. The inset is the simulated electric field profile of the

fundamental quasi-TE mode in the waveguide. (b) Measured results of the insertion losses of the fundamental quasi-TE mode in waveguides with different

—1

lengths. The red line is the linear fitting line, indicating an attenuation of 0.74 dB cm™ .

the fundamental quasi-TE mode in waveguides with different
lengths are measured. The results are plotted in Fig. 1(b), and
the red line in the figure is the linear fitting result. It can be
seen that the attenuation of the fundamental quasi-TE mode
in these waveguides is 0.74 dB cm ™', showing their good
transmission property. Since the optical loss of As-S glass
material is relatively low in the telecom band,26) the sidewall
roughness of silica micro-trenches is the main cause of
waveguide attenuation, which can be improved by better
etching process of the silica substrate. The fundamental
quasi-TM mode is also supported in this waveguide, but
the transmission loss is higher than the fundamental quasi-TE
mode. Meanwhile, the simulation also shows that no higher-
order mode is supported in the waveguide sample. Hence, in
the following measurement, only the fundamental quasi-TE
mode is considered.

The third-order nonlinear coefficient of these ChG wave-
guides is measured by the experiment of stimulated four-
wave mixing (FWM). The waveguide sample used in the
experiment is 5.7 cm in length, with an insertion loss of
18.6 dB. According to the measured waveguide attenuation
in Fig. 1(b), it can be estimated that the transmission loss of
the sample is about 4.2 dB and the coupling loss is about
7.2 dB/facet. The experimental setup of stimulated FWM is
shown in Fig. 2(a). The pump and signal lights are generated
from two CW tunable lasers, respectively. The pump light is
amplified by an Erbium-doped fiber amplifier (EDFA) before
it is combined with the signal light. A set of optical filters are
used to filter out the amplified spontaneous emission of the
EDFA and the lights generated by nonlinear processes in
optical fibers. Then, the pump and signal lights are injected
into the waveguide sample. An optical spectrum analyzer
(OSA) is used to measure the output lights from the
waveguide. In the experiment, an idler light with a frequency
of Wjdier = 2Wpump — Wsignal 18 generated by stimulated FWM
and observed by the OSA. To demonstrate that the idler light
is generated in the waveguide sample, an experiment for
comparison is carried out, in which the input and output
lensed fibers are coupled with each other directly. The
insertion loss is adjusted to the same value as that with the
ChG waveguide sample by tuning the space between them. In
this case, no idler light is observed, indicating that stimulated
FWM is generated in the waveguide sample, and the impact
of nonlinear processes in optical fibers in the setup can be
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neglected. On the other hand, it is well known that the
bandwidth and conversion efficiency of stimulated FWM are
influenced by the phase match condition among the pump,
signal and idler lights, which is related to the waveguide
dispersion. To show the phase match condition in FWM
process, the group velocity dispersion (GVD) parameter
D= —2”;%[: is calculated, and the results are plotted in
Fig. 2(b). It can be seen that the waveguide has normal
dispersion in the telecom band, with a peak GVD of —130 ps/
nm/km at 1.6 um, and the calculated conversion bandwidth is
~15 nm under the experimental condition. Then, the conver-
sion efficiency of FWM process under different wavelength
spaces between the pump and signal lights is measured
experimentally. Here, the conversion efficiency is defined as
n= 2?8 , i.e. the power ratio of the idler light at the output of
waveguide to the input signal light. In the experiment, the
pump wavelength and coupled power of pump light are set as
1550 nm and 10.8 dBm, respectively, and the coupled signal
power is lower than —5 dBm, ensuring that it can be treated
as a small signal in the stimulated FWM process. The results
are shown in Fig. 2(c). It can be seen that the 3 dB bandwidth
of the stimulated FWM process in the waveguide is ~20 nm.
The small bandwidth difference between the experiment
result and calculation may be due to the imprecise refractive
index of As,S; used in the calculation, which is measured by
an ellipsometer on another As,S; film sample.

In order to measure the third-order nonlinear coefficient -,
input pump light with different power levels are injected into
the waveguide. Under a small pump/signal wavelength space,
the power of idler light at the output end of the waveguide
can be calculated by P, = ('yP;DLeff)2R - e L where « is the
attenuation coefficient of the waveguide, L is the waveguide
length, P, and P, are the powers of pump light and signal
light coupled into the waveguide, respectively, and
Lt = (1 — e ®)/a is the effective length of the
waveguide.”” Figure 2(d) shows the measured FWM con-
version efficiency under different pump power levels with a
pump/signal wavelength space of 3 nm, and the third-order
nonlinear coefficient can be obtained by linear fitting in the
log scale, which is v =14.1 W' m™~'. This value is at the
same level as the third-order nonlinear coefficients of
reported high quality As,S; waveguides fabricated by tradi-
tional methods.”®*” The nonlinear index of the As,S; glass
can be estimated as n, =2.5 x 107"®* m* W' according to

© 2020 The Japan Society of Applied Physics
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(Color online) (a) Experimental setup of stimulated FWM in the ChG waveguide sample. The pump light is amplified by an EDFA, then combined

with the signal light and injected into the As,S; waveguide. The output light is measured by an OSA. (b) Simulation result of group velocity dispersion (GVD)
versus wavelength. (c) FWM conversion efficiency under different wavelength spaces between pump and signal lights under a coupled pump power of
10.8 dBm at 1550 nm. (d) FWM conversion efficiency under different coupled pump power levels with a pump/signal wavelength space of 3 nm.

v = naw /CAeff,3()) where w,, is the angular frequency of

pump wave and Ay is the effective mode area of the
fundamental quasi-TE mode [0.72 um® according to the
calculation shown in Fig. 1(a)].

Besides their good third-order nonlinearity, ChG wave-
guides are also preferred to realize on-chip SBS. Since the
sound velocities of As-S materials with different composi-
tions are close to each other,z(’) we can estimate the SBS
property of the fabricated waveguide sample by the sound
velocity of As,Se glass, which is ~2360 ms ™", far lower than
the sound velocity in the silica substrate (5960 m s~ 1.2
Hence, it can be expected that the acoustic waves can also be
confined in the waveguide, leading to on-chip SBS with high
efficiency. The Brillouin shift of the waveguide is estimated
to be 6.05 GHz according to vg = 2n,v,/\,, where n,, is the
effective refractive index of the optical mode, v, is the sound
velocity in the material and )\, is the wavelength of pump
light.

Figure 3(a) is the experimental setup for the measurement
of Brillouin gain coefficient in the fabricated waveguide
samples. The pump light is generated by a telecom band
laser, with a wavelength of 1552.5 nm. It is amplified by an
EDFA and then coupled into the waveguide sample from the
left end through a circulator and a lensed fiber. The probe
light is generated by another narrow-linewidth tunable laser
and injected into the waveguide sample from the right end by
another lensed fiber. When the probe light propagates along
the waveguide, it would experience the amplification by SBS
if its frequency is lower than the frequency of pump light
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with a specific frequency difference, which is the Brillouin
shift. The amplified probe light outputted from the left end of
the waveguide is measured by heterodyne detection after it
passes through the circulator and an optical filter. The optical
filter is used to eliminate the reflected pump light from the
end surface of the waveguide sample. The optical local
oscillator in the heterodyne detection is extracted from the
pump light before it is amplified by the EDFA. A high-speed
photodetector and an electrical spectrum analyzer are used to
realize the heterodyne detection. In the experiment, the
frequency of probe light is tuned to measure the probe
amplification under different frequency spaces between the
pump and probe light. A typical result is shown in Fig. 3(b),
which is measured under a coupled pump power of
18.3 dBm. The power of the input probe light is lower than
0dBm, ensuring that it is a small signal in the Brillouin
amplification process. It can be seen that the signal is
obviously amplified when the frequency difference between
the pump and signal lights is around 6.25 GHz, which is close
to the estimated Brillouin shift (6.05 GHz). The red curve is
the result of Lorentzian fitting, showing a FWHM of
150 MHz, which is relatively large compared to some
reported results of SBS in ChG waveguides.”? It may be
due to the open boundary of acoustic wave on the upper
surface of As,S; film, which could cause acoustic wave
leakage into the upper As,S; film out of the micro-trench.
Numerical simulations show that applying a silica upper-
cladding on the As,S; film would provide better acoustic
confinement, and the Brillouin gain would also increase

© 2020 The Japan Society of Applied Physics
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(Color online) (a) Experimental setup for the measurement of Brillouin gain coefficient. (b) Measured Brillouin gain spectrum and the result of

Lorentzian fitting. (c) Peak on—off gains of the probe light under different pump power coupled into the waveguide sample.

because of the higher overlap between the acoustic and
optical modes.”” On the other hand, reducing the thickness
of the upper As,S5 film is also an effective way to make the
acoustic mode more confined in the micro-trench structure.

The amplification of probe light can be indicated by the
on—off gain due to SBS in the waveguide, which is denoted
by Gon_ofr- According to the theory of SBS, the small signal
on—off gain can be calculated by Gy, of(in dB) =
4.343GgPyL.sr, where Gy is the Brillouin gain coefficient,
Py is the pump power and L. is the effective length of the
waveguide.’” To obtain the Brillouin gain coefficient G of
the waveguide sample, on—off gains of the probe light under
different pump power levels are measured and plotted in
Fig. 3(c). The red line is the linear fitting result, which
indicates that the measured Brillouin gain coefficient is
Gy =37TW! m !, using L. = 3.65 cm in the calculation.
This value is comparable with reported As,S3 glass wave-
guides and suspended silicon waveguides for Brillouin
scattering.***”

In conclusion, we fabricated high quality As,S; glass
waveguides by the hot melt smoothing and micro-trench
filling method and investigated their nonlinear optical proper-
ties. The transmission property of the fabricated waveguide
samples with sub-micrometer widths are measured by cut-
back method, showing a low attenuation of 0.74 dB cm™! for
the fundamental quasi-TE mode. The third-order nonlinear
optical property is demonstrated by stimulated FWM in a
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waveguide sample of 5.7cm in length. The experiment
results show that the third-order nonlinear coefficient y is
14.1 W' m~'. SBS amplification is also demonstrated in the
waveguide sample. The Brillouin gain spectrum is obtained
by a pump-probe method. The measured Brillouin shift and
FWHM of the Brillouin gain spectrum are 6.25 GHz and
150 MHz, respectively. By the measurement of on—off gains
of the probe light under different pump power levels, the
Brillouin gain coefficient of the waveguide sample is
obtained, which is 377 W~' m™!. These experiment results
show that the waveguides fabricated by the hot melt
smoothing and micro-trench filling method have high quality
and good performance on optical nonlinearity, which have
great potential in developing integrated nonlinear optical
devices.
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