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Abstract—Traditional optomechanical research is rarely studied
in compound glass, especially chalcogenide glass. In this paper, the
forward and backward Stimulated Brillouin Scattering (SBS) is
demonstrated for the first time in a chalcogenide glass microsphere
resonator. A high-purity chalcogenide glass microsphere with a
high quality (Q) factor of 2.1 × 107 is investigated using a 1550 nm
tunable laser. In the experiment, the resulting mechanical vibration
frequencies caused by forward and backward SBS are measured at
80 MHz and 7.8 GHz, respectively. The triply resonant Stimulated
Brillouin scattering process greatly enhances the light–acoustic
interactions, enabling the threshold power to be 344 µW. The work
demonstrated in the chalcogenide microresonator is important for
the potential applications of chalcogenide glass, which has higher
nonlinearity and low absorptions at mid-infrared band.

Index Terms—Microsphere, Brillouin scattering, chalcogenide
glass.

I. INTRODUCTION

S TIMULATED Brillouin scattering (SBS) is a non-linear
acoustic/optical phenomenon resulting from the interaction

between an electromagnetic (optical) wave and a mechanical
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(acoustic) wave, first proposed by Brillouin in 1922 [1]. Elec-
trostriction occurs in the medium due to the presence of the pump
light, and the resulting generated acoustic field then scatters the
incident light at optical frequencies red-shifted or blue-shifted
to generate a Stokes or an anti-Stokes optical signal. The beat
frequency between the scattered and incident signals is the
acoustic frequency. SBS is widely used in ultra-narrow linewidth
lasers, distributed sensors, optical amplifiers, optical cooling,
slow light, optical isolator, non-reciprocal optics and optical
phase conjugation [2]–[11]. Specifically, SBS has also been
realized in optical microresonators, such as silica microspheres,
disks, microbottles, crystalline cylinders and nanoparticles [7],
[12]–[16], in which the optical and acoustic waves circulate
along the equatorial surface, forming optical and mechanical
whispering-gallery modes (WGMs) with ultrahigh quality (Q)
factors.

The SBS process can become triply resonant when the pump,
the Stokes/anti-Stokes and the acoustic waves are all resonant
with the relevant optical and mechanical modes. These three
fields therefore satisfy the conservation of energy and momen-
tum in the microcavity. To date SBS in WGM microcavity was
predominantly investigated utilizing silica [17], [18] and crystal
resonators [13], or silicone oil droplets [19], [20]. However, the
use of microspheres made from chalcogenide glasses, initially
investigated 60 years ago [21], allows to study SBS in the
mid-infrared region, as well as to exploit the relatively strong
nonlinear optical characteristics of this materials. Chalcogenides
are mainly composed of group VIA elements (excluding oxy-
gen) in the periodic table, which results in their unique property
of relatively high transmission in the infrared region, as well as
suitability to form integrated waveguide optics and optical fibers
in this spectral region [22], [23]. In addition, their phonon energy
is extremely low compared to quartz, thus facilitating relatively
easy fabrication of mid-infrared lasers, generally achieved by
doping the chalcogenide glass with rare earth ions [21]. The use
of chalcogenide glass microresonators reported in the literature
has so far been confined mainly to temperature sensing [24],
integrated waveguide devices and Raman scattering [22], [23],
[25]. It should be noted that the chalcogenide glass purity is
crucial to the successful fabrication of microresonators. The
presence of oxygen and hydrocarbon results in a significant
absorption peak in the near-/mid-infrared spectral regions [5],
[26].

In this work, a high purity chalcogenide glass fiber has been
used to obtain compound chalcogenide microspheres with a

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-2480-097X
https://orcid.org/0000-0003-1070-2498
https://orcid.org/0000-0002-5730-0499
https://orcid.org/0000-0002-9408-6102
https://orcid.org/0000-0001-9321-3395
mailto:yu20131164@hrbeu.edu.cn
mailto:merak@hrbeu.edu.cn
mailto:shenzhen@ustc.edu.cn
mailto:chunhua@ustc.edu.cn
mailto:yangzhiyong@jsnu.edu.cn
mailto:1243725293@qq.com
mailto:gb2@orc.soton.ac.uk
mailto:pengfei.wang@tudublin.ie


3011505 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Fig. 1. The interaction of pump light (red), acoustic field (green) and scattered
light (blue) in the microsphere with forward (a) and backward (b) scattering SBS,
respectively. And the arrows represent the momentum conservation between the
pump laser, Stokes signal and acoustic wave in chalcogenide glass for different
SBS process.

quality factor as high as 2.1 × 107. In the case of the microres-
onators of this investigation, an opto-mechanical phenomenon
induced by SBS has been observed for the first time. The
threshold power of the backward SBS was measured to be as
low as 344 μW. This optomechanical phenomenon in chalco-
genide microspheres can be exploited to realize non-reciprocal
photonics devices, light storage, wavelength conversion, espe-
cially in the mid-infrared region, analogue to electro-optics and
optomechanical systems [8], [9], [18], [27], [28].

II. NUMERICAL SIMULATION OF OPTICAL AND

MECHANICAL MODES

SBS originates from the interaction between the electric and
the acoustic fields in chalcogenide microspheres, i.e., the in-
teraction between photons and acoustic phonons. In the work
presented in this article, SBS generation is due to the influence
of the electric field of the propagating optical wave on the
electrostriction of the chalcogenide medium. So that the vari-
ation of the period density and the dielectric constant occurring
within the microsphere are accompanied by the generation of
the acoustic field, resulting in coherent light scattering between
the pump light and the acoustic field. A schematic diagram field,
as shown in Fig. 1 below.

The fundamental condition for SBS generation in the mi-
crosphere requires that energy and momentum conservation is
obeyed [29]. In this case the energy conversation requires ωp =
ωs+ωb, while momentum conservation requires βp = βs+βb,
where ωp, ωs and ωb are the angular frequency of the pump,
Stokes, and acoustic signals respectively, while βp, βs and βb

are the corresponding propagation constants.
According to the condition of momentum conservation

matching between the pump signal, acoustic signal and Stokes
signal, the SBS is divided into forward and backward SBS. These

are shown schematically in Fig. 1. In the experiment of this
investigation, the microcavity comprises the chalcogenide glass
microsphere with a diameter of 70 µm, and then a tunable laser
with the wavelength of 1.55 µm resulted in an acoustic frequency
ωb of 80 MHz and 7.8 GHz for forward and backward Brillouin
scattering, respectively.

In the process of generating SBS, the pump signal, the Stokes
signal and the acoustic signal need to simultaneously support the
occurrence of resonance in the microsphere, resulting in integer
azimuthal mode numbers [14]. If the azimuthal mode number of
the pump and Stokes signals are mp and ms respectively, and the
frequency of the acoustic wave is several orders of magnitude
smaller than the light signal, it is reasonable to assume mp≈ms.
According to the formula of the resonant frequency in the micro-
sphere [30], an azimuth mode number mp≈ms≈333 and the first
order radial order can be used to separately satisfy the radial and
azimuthal conditions. The azimuth number of the acoustic signal
mb indicates the number of mechanical modes that propagate
inside the microsphere, which satisfy the following condition:

mb =
2πrωb

V
. (1)

where V is the propagation speed of sound in chalcogenide glass,
V≈2200 ms−1. As the acoustic frequency generated by forward
SBS is 80 MHz, the forward mode number mb is calculated
to be 8, and according to the momentum conservation in the
microsphere, mp = ms+mb, the earlier assumption that mp≈ms

is thus validated.
If the polar direction is not considered in the microsphere, the

formula of the resonant frequency is simplified to obtain [31]:
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where k represents p or s, np and ns are radial order of the pump
and Stokes light, respectively,α represents the Airy function and
r represents the radius of microsphere. The radial relationship
between the pump and Stokes signals in the forward SBS is:

mb =

[
(αns

− αnp
)
(ms

2

)1/3
]
. (3)

Substituting the values of mb = 8, ms = 333 and n0 = 2.435
into equation (2), when the Stokes light is in the first-order radial
direction ns = 1, the solution of the equation αns-αnp cannot
be obtained as in reference [20]. By increasing ns to 2, ms is
changed to 322 [30], and equation (3) is satisfied when np is 3.
This indicates that the momentum conservation of forward SBS
can be achieved based on coupling between the two different
high radial adjacent optical modes. The acoustic mode field
pattern in the chalcogenide glass microsphere was calculated
using the frequency domain and solid mechanics modules in the
commercial software COMSOL Multiphysics, thus obtaining a
radial mode distribution as described in the reference [17], [32].
An acoustic mode with a frequency of 80 MHz is shown in
Fig. 4. Since the azimuth number mb is 8, only the rotating body
with an angle of θ = 360/mb degrees is shown in this case. In
the simulations, the following parameters were used: Young’s
module E = 16 GPa, refractive index n0 = 2.435, density ρs =
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Fig. 2. (a) Microscope image of chalcogenide microsphere. (b) Typical WGM
resonance spectrum of the chalcogenide glass microsphere with Lorentz fitting
(red line), corresponding to the loaded Q of 2.1 × 107. (c) Blue: Transmission
spectrum of the chalcogenide glass; Red: Dispersion curve of chalcogenide glass.

Fig. 3. Experimental setup for the measurement of forward and backward SBS
in the chalcogenide glass microsphere. The green line represents the optical path,
while black dash lines are the electrical connections. FG, function generator;
EDFA, erbium doped fiber amplifier; ISO, isolator; PC, polarization controller;
TOA, tunable optical attenuator; OC, optical coupler; ESA, electrical spectrum
analyzer; PD, photo detector; PM, power meter.

3200 kg m−3, Poisson’s ratio νs = 0.305, speed of sound V =
2200 ms−1 and diameter D = 70 µm.

III. CHALCOGENIDE GLASS MICROSPHERE

The chalcogenide microsphere was fabricated from a bulk
As0.39S0.61 glass, synthesized by melting a mixture of 6N-purity
sulfur and 7N-purity arsenic in a flamed-sealed low-OH quartz
tube with an internal vacuum pressure of <10−3 Pa. The sulfur
particles were pre-sublimated 4 times under vacuum to elim-
inate carbon and S-H impurities, and the arsenic lumps were
preheated under vacuum at 210 °C for 1 hour to remove the
volatile oxide impurities which resulted in high-purity glass. To
further improve the glass purity, a chemical distillation technique
was applied. Ultra-dry GaCl3 (5N-purity) and Al (5N-purity)
were used as the C/H scavenging agent and oxygen getter,
respectively. The detailed description of the fabrication process
is included in reference [33]. At the final stage, the compound

Fig. 4. Many mechanical modes are observed when the pump laser is scanned
slowly from 1530 to 1620 nm at low power. The deformation patterns are
the theoretical simulation of the mechanical modes that satisfy the resonant
frequencies, and the rotating body with an angle of θ = 360/mb degrees is
shown here.

in the quartz tube was rehomogenized at 800 °C for about 12
hours in a rocking furnace, and the furnace temperature was
then lowered to 450 °C. The tube containing the melt was finally
quenched in water and the formed glass was annealed at 195 °C
for 3 hours. Two discs were cut from the glass rod (15 mm
diameter × 100 mm height) for optical quality assessment. The
remaining part was drawn into coreless fibers with a diameter of
∼300 µm using a dedicated in-house constructed drawing tower.

The prepared chalcogenide fiber was then mounted vertically
on a three-axis displacement stage, and a weight was attached at
the bottom. A tapered fiber with a diameter of 20 µm was fabri-
cated using a CO2 laser. However, chalcogenide glasses have
relatively high transmittance in the mid-infrared wavelength
region and absorb less power after being drawn, which makes
it impossible to continue heating the end of the tapered fiber to
form microspheres using a CO2 laser. The prepared half tapered
chalcogenide fiber was thus placed close to a ceramic heater op-
erated at 300 °C, which is higher than the softening temperature
of the chalcogenide glass. Finally, the chalcogenide microsphere
was formed due to surface tension [34], [35]. Fig. 2(a) shows
the typical image of the fabricated chalcogenide microsphere.

The transmission spectrum of the glass was recorded on a
double-side polished disc using a PerkinElmer Lambda 950
spectrophotometer in the 0.5–3 µm range, and a Fourier trans-
form infrared (FTIR) spectrophotometer (Bruker Tensor 27) for
the 3–20 µm region, as shown in Fig. 2(c). And the refractive
indices of the glass in the 1.7–20 µm spectral range were also
measured using a J. A. Woollam infrared variable angle spec-
troscopic ellipsometer. The measurement details are reported in
reference [36]. The transmission loss of the fibers was measured
using the cut-back method. A 1.55 µm continuous wave (CW)
laser diode and an InGaAs detector were used to perform the
measurement and the resulting loss was found to be 0.86 dB m−1.
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IV. STIMULATED MECHANICAL VIBRATION

To characterize the fabricated 70 µm chalcogenide glass mi-
crosphere, the experimental setup is shown in Fig. 3. A tunable
laser operating around the wavelength of 1550 nm was coupled
into the microresonator through a tapered fiber, and the diameter
was controlled to be ∼1.5 µm. A fiber polarization controller
(PC) was used to control the polarization of the input beam. A
fraction of the output light was monitored using a low noise
photo-detector (PD1&4) and digital oscilloscope (DSO). The
remaining output light was measured by the high frequency
detector (PD2&3, 25 GHz) and electrical spectrum analyzer.

First of all, the optical modes of the chalcogenide glass
microsphere were studied by fine scanning the frequency of
the tunable laser, as shown in Fig. 2(b). It should be noted
that the power of the laser in the experiment was kept low, to
avoid resonance broadening due to thermal effects within the
microsphere during the frequency up-scanning process [37]. The
loaded Q factor of the chalcogenide microsphere was calculated
as being circa 2.1 × 107, which is very close to the theoretical
absorption-limited Q factor [38] of 5 × 107, and we can also
infer that it has a high Q value in the mid-infrared region.

To study the stimulated mechanical vibration by the forward
or backward SBS of the chalcogenide glass microsphere, the
forward acoustic signal and transmission of the microsphere
were detected using PD3 and PD4, and the remaining PD1
and PD2 were used to measure the backward signal through
the circulator. The mechanical modes shown in Fig. 4.

It was observed by slowly scanning the tunable laser (TL)
from 1520-1630 nm. The recorded mechanical frequency range
was set to 0-500 MHz. The theoretical simulation is in good
agreement with the corresponding measured resonant frequency
of the mechanical modes, as described in the previous section
on numerical simulation.

The signal at the frequency of 80 MHz in Fig. 5. represents
the beat frequency between the pump and the Stokes signals,
and no cascaded signals were observed on the ESA. A tunable
Fabry–Pérot (FP) spectrum analyzer (Thorlabs SA200-14A) was
used to verify that the mechanical vibration was generated by the
Stokes signal. The inset in Fig. 5(a) shows that the mechanical
linewidth measured at a low pump power is about 170 KHz. In
addition, there is a breath mode induced by light pressure at the
peak of ∼20 MHz.

On the other hand, the backward SBS of the chalcogenide
glass microsphere was observed using the ESA via the circulator
in the optical path. The beat signal was generated by the inter-
action of the backscattered pump signal with the Stokes signal,
and a portion of the pump signal was additionally introduced to
amplify the beat signal. The radio frequency spectrum measured
in the experiment is shown in Fig. 5(c). The result shows that a
beat signal with a frequency of 7.82 GHz is generated.

Finally, the threshold of the optomechanical vibration gen-
erated by backward SBS was experimentally determined. The
pump laser is thermally locked at the optical mode due to the high
Q chalcogenide glass microresonator possess stronger thermal
effect. When the pump power coupled to the microsphere was
changed, the resonant wavelength was shifted by a few picome-
ters. The pump power in the microsphere is calculated through

Fig. 5. (a) Frequency domain diagram of forward acoustic signal; the inset
shows the mechanical linewidth, which is about 170 KHz at low input pump
power. (b) A single sideband with a frequency of 80 MHz was detected using
FP interferometer. (c) Radio frequency spectrum of the chalcogenide glass
microsphere induced by the backward Brillouin, in which the frequency is
7.82 GHz. (d) Relationship between the coupled pump power and the backward
Stokes power, where the threshold is 344 µW.

monitoring the transmission on the DSO. Fig. 5(d) shows that
the oscillation threshold was 344 µW. This point indicates that
the mechanical mode in the microcavity is optically excited,
and the acoustic signal is amplified to be larger than the loss of
the material. Moreover, when the coupled pump power exceeds
the threshold, the conversion efficiency of the Stokes light is
7.72%.

V. CONCLUSION

In conclusion, a high-purity compound chalcogenide glass
microsphere has been successfully fabricated, and its optome-
chanical behavior induced by SBS in the microcavity has been
studied. In the theoretical simulation, the mode field of the
pump, Stokes and acoustic waves were calculated when the
phase-matched triply resonant interaction was satisfied. The
microsphere was pumped using a TL in the band of 1550 nm
which yielded a Q value of 2.1 × 107. The beat signal generated
by the interaction between the pump signal and forward SBS
was 80 MHz, while the backward signal was 7.82 GHz. In
addition, the threshold of the backward SBS in the microsphere
was measured by changing the coupled pumped power, and
was measured to be 344 µW. This research could have a major
impact on optomechanics in integrated chalcogenide waveg-
uides, non-linearity in chalcogenide microcavities, and general
investigation of SBS phenomena in the mid-infrared.
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