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We report the fabrication and characterization of germanium gallium antimony sulfide (Ge—-Ga—Sb-S or 252G, doped
with Tm3* ions) microsphere lasers operating at ~1.9-um spectral band. Compared to the chalcogenide glasses that
are used in previous microsphere lasers, this 2S2G glass has a lower transition temperature and a higher characteristic
temperature. This implies that 2S2G microspheres can be fabricated at lower temperatures and the crystallization problem
in the sphere-forming process can be alleviated. We show that hundreds of high-quality microspheres (quality factors
higher than 105) of various diameters can be produced simultaneously via a droplet sphere-forming method. Microspheres
are coupled with silica fiber tapers for optical characterizations. We demonstrate that Whispering Gallery mode (WGM)
patterns in the 1.7-2.0 um band can be conveniently obtained and that once the pump power exceeds a threshold, single- and
multi-mode microsphere lasers can be generated. For a typical microsphere whose diameter is 258.64 um, we demonstrate
its laser threshold is 0.383 mW, the laser wavelength is 1907.38 nm, and the thermal sensitivity of the microsphere laser is

29.56 pm/°C.

Keywords: chalcogenides, microspheres laser, whispering gallery modes

PACS: 77.84.Bw, 42.55.Sa, 42.82.Et

1. Introduction

Mid-infrared (MIR) lasers play an important role in many
modern industrial, military, and medical applications.!!=3! Re-
cently, MIR microsphere lasers have attracted special inter-
est because of their many desirable properties, such as low
pump thresholds, narrow linewidths, compact sizes, and low
fabrication costs. Novel infrared materials such as tellurite,
ZBLAN, and chalcogenide glasses are used to fabricate mi-
crosphere lasers operating in the MIR spectral region. For
instance, Sasagawa et al. used a Tm>*-doped tellurite glass
as the base material to build microsphere lasers operating
near 1.9 um.!* Vanier et al. improved the quality of tellurite
glass microspheres and reduced the laser thresholds to a few
microwatts.®] Yang et al. built ~2.1-um microsphere lasers
with a Tm3*—Ho** co-doped tellurite glass.®! Behzadi et al.
reported a 2.71-pum microsphere laser based on an Er’*-doped
ZBLAN glass. [’

Chalcogenide glasses are also promising base materi-
als for MIR microsphere lasers.[!%) Compared to the tellurite
and ZBLAN glasses, chalcogenide glasses have much wider
transmission windows and thus can potentially support more
operation wavelengths for microsphere lasers. Elliott ef al.
reported one of the earliest chalcogenide glass microsphere
lasers, which was based on a gallium lanthanum sulfide (GLS)
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glass. This microsphere laser used Nd>* ions as active dopants
and operated in the ~1.0-um band.l''! We previously pro-
posed using a germanium gallium sulfide (GGS) glass to build
microsphere lasers.!'? Compared to the GLS glass, the GGS
glass has a lower melting temperature and thus the sphere-
forming temperature can be reduced. Vanier et al. reported a
passive chalcogenide glass (As,S3) microsphere laser whose
operation was based on the nonlinear optical mechanism of
stimulated Raman scattering (SRS).[13]

In this work, we experimentally demonstrate that an alter-
native chalcogenide glass, germanium gallium antimony sul-
fide (Gep9GasSbSes, or 2S2G), can also be used to build mi-
crosphere lasers. Compared to the GLS glass, the transition
temperature of the 2S2G glass is considerably lower. 252G
microspheres can be formed at about 650 °C, whereas GLS
microspheres need to be formed at near 1000 °C.!'!l Com-
pared to the GGS glass, the characteristic temperature of the
2S2G glass is higher by ~40 °C, meaning that the crystal-
lization problem in the sphere-forming process can be effec-
tively mitigated. Compared to the As;Sz glass, this 252G
glass is more environmentally friendly and is more feasible
to dopant ions. We have reported the fabrication of active
252G microsphere resonators in a previous work. 'l However,
we were limited by the quality of microspheres and were un-
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able to obtain microsphere laser modes at that time. In this
work, we improve the quality of 252G microspheres by elon-
gating the length of the sphere-forming heating chamber. Ad-
ditional heating time is provided to glass powders to complete
their transformations into microspheres, so that larger and bet-
ter quality (higher quality factor (Q factor)) microspheres can
be obtained in this work. We present Q-factor measurements
and WGM characterizations of high-quality microspheres fab-
ricated in this work. We also demonstrate that once the pump
power exceeds a threshold, microsphere laser modes can be
generated. As a representative example, we demonstrate that
for a 258.64-um-diameter microsphere, the laser threshold is
0.383 mW, the laser wavelength is 1907.38 nm, and the ther-
mal sensitivity of the microsphere laser is 29.56 pm/°C.

2. Experiments and discussion

We employed a droplet sphere-forming method to form
282G microspheres in a previous work.['*l In the droplet
method, glass powders are dropped through a vertical heating
chamber, wherein those powders are melted and transformed
into microspheres by surface tension. For the case of forming
chalcogenide glass microspheres, the heating chamber needs
to be purged with inert gas, so that chalcogenide glass pow-
ders can be thermally processed without interacting with air
molecules. In our previous work, the vertical chamber was
built with off-the-shelf components in our laboratory. How-
ever, the design of that chamber was not ideal and its tem-
perature settings were difficult to adjust. In this work, we
customized a commercial furnace (Sante Inc., model num-
ber: STGK-40-12) to implement the droplet sphere-forming
method. Based on our previous experience with the droplet
method, we doubled the length of the heating chamber and
reduced the chamber diameter by 1/3. Consequently, the ther-
mal processing time of glass powders can be elongated and the
uniformity of the chamber temperature can be improved.

Figure 1(a) shows a microscopy image of a typical batch
of large (diameters larger than 200 um) 2S2G microspheres
and figure 1(b) shows an SEM image presenting a large micro-
sphere (diameter: 266.05 pm) along with a small one (diame-
ter: 87.57 um). The green circle in Fig. 1(a) represents an ideal
sphere. In these figures, we can visually evaluate that both the
large and small microspheres have good surface quality and
sphericity. Microspheres are then picked out and coupled with
silica fiber tapers for optical characterizations. Figure 1(c)
shows typical transmission spectra of the microsphere/fiber ta-
per coupling system, captured with a large microsphere (diam-
eter: 252.45 um, in dotted black line) and a small microsphere
(diameter: 80.63 pm, in solid red line) when coupled with a
1.83-pum waist-diameter silica fiber taper.

In Fig. 1(c), we can see that both the larger and small
microspheres generate transmission spectra that contain deep,

sharp, and periodic resonant dips. The arrows in this figure
point to resonant dips that have Q-factors higher than 10°.
Compared to microspheres fabricated in our previous work,
whose Q-factors are typically ~10*, we can see our current
2S2G microspheres generate transmission spectra containing
considerably more high-Q resonant dips, demonstrating the
superior quality of current microspheres to the previous re-
sults. In Fig. 1(c), we can also note that the large microsphere
generates a denser distribution of resonant dips than the small
microsphere. This phenomenon is in accordance with the the-
oretical model proposed in Refs. [15] and [16]. According to
that theory, within the same spectral range, large microspheres
generate more resonant dips than smaller microspheres. For
instance, for a 250-pum-diameter 2S2G microsphere in the
spectral band of 1550-1560 nm, seven resonating dips for fun-
damental TE WGMs (n = 1, m = [, where n, m, and [ repre-
sent the radial, azimuthal, and polar mode numbers of WGMs)
can be existent, whose / mode numbers are 1120 (resonating
at 1550.51 nm), 1121 (1551.87 nm), ..., 1126 (1558.73 nm),
respectively. However, for a 100-pum diameter microsphere,
only three resonating dips can be existent, whose / mode num-
bers are 442 (resonating at 1551.35 nm), 443 (1554.78 nm),
and 444 (1558.23 nm).
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Fig. 1. (color online) (a) Microscopy image and (b) SEM image of typical
2S2G microspheres fabricated in this work. The green circle in (a) rep-
resents the contour of an ideal sphere. (c) Transmission spectra obtained
with a 252.45-pum-diameter microsphere (black curve) and an 80.63-pum-
diameter microsphere (red curve) when coupled with a 1.83-um waist-
diameter fiber taper. Red and black arrows in Fig. 1(c) point to resonant
dips whose Q-factors are higher than 10°.
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3. Results

To excite fluorescence light in microspheres, an 808-nm
laser diode (Changchun New Industrial Optoelectronics Tech.
Co., model: MDL-III-808L/1-100 mW) is used as the pump
source, which facilitates Tm3" ions to transit from its base
energy level (*Hg) to a higher energy level (*Hy). Tm3*
ions then undergo spontaneous 3H4—F4 and 3F4—3H6 tran-
sitions, which result in fluorescence light in ~1.47-um and
~1.90-pm bands, respectively. The fluorescence light is then
evanescently coupled back into the fiber taper and is collected
by an Optical Spectrum Analyzer (OSA, Yokogawa, model:
AQ6375) and an infrared photodetector (Thorlabs, model:
PDA10CS-EC) for spectral and power analyses. A schematic
drawing of the experimental setup is shown in Fig. 2.
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Fig. 2. Schematic drawing of the experimental setup.

Fluorescence light caused by spontaneous transitions of
dopant ions propagates inside microspheres and forms WGM
patterns in the transmission spectrum of the microsphere/fiber
taper coupling system. Figure 3 shows the transmission spec-
tra of the coupling system when a 258.64-um diameter micro-
sphere (red curve) and a 96.23-pum diameter microsphere (blue
curve) are coupled with a 1.83-um waist-diameter fiber taper.
The same amount of pump power is employed when capturing
these two spectral curves.
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Fig. 3. (color online) Transmission spectra of the microsphere/fiber ta-
per coupling system captured when a 258.64-pm diameter microsphere
and a 96.23-pum diameter microsphere are coupled with a 1.83-um waist-
diameter fiber taper.

In the transmission spectra shown in Fig. 3, we can see
oscillating intensity peaks and valleys, indicating the occur-
rences of various WGMs in those microspheres. We can also

see that intensity variations in the red curve is less significant
than those in the blue curve. This happens because larger
microspheres generate WGMs with finer modal details than
smaller ones and those finer details are less accurately resolved
in spectral measurements due to the limited resolution of the
OSA (0.05 nm).'"® Tt can also be noted that the larger mi-
crosphere outputs WGMs with lower powers than the smaller
microsphere. This happens because the larger microsphere is
in a less ideal phase-match condition with the silica fiber taper,
which affects the efficiency of energy transfer between the mi-
crosphere and the fiber taper.[!”]

In Fig. 4, we show the threshold behavior of a typical mi-
crosphere, whose diameter is 258.64 um. In this figure, the
output power of the microsphere laser is plotted as a function
of the absorbed pump power. The absorbed pump power is
measured as Woyi—of—contact—Win—contact> Where Wou_of—contact
represents the pump power measured by the photodetector
when the microsphere is not in contact with the fiber taper
and Wi, _contact T€presents the pump power measured when the

microsphere is in contact with the fiber taper.
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Fig. 4. (color online) Relationship between the output laser power and the
absorbed pump power obtained with a 258.64-um-diameter microsphere.
The inset shows spectral measurements of the coupling system when the
pump powers are 0.322 mW (black curve) and 0.383 mW (red curve). (b)
Multi-mode microsphere laser obtained when the pump power increases
to 0.712 mW.
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In Fig. 4(a), we can see that as we increase the pump
power, a laser threshold appears at 0.322 mW. In the inset of
Fig. 4(a), we can see the onset of a single-mode laser when the
pump power increases beyond the threshold of 0.322 mW to
0.383 mW. As we increase the pump power further beyond the
laser threshold, the output power of the single mode laser in-
creases as a linear function. At the pump power of 0.712 mW,
the single-mode laser becomes a multi-mode one, as shown in
Fig. 4(b), wherein a secondary lasing peak at 1908.07 nm can
be noted.

To characterize the thermal response of 2S2G micro-
sphere lasers fabricated in this work, we install the micro-
sphere/fiber taper coupling system in a custom-made heating
chamber. The heating chamber is essentially a “U” shaped
copper plate equipped with metal ceramic heaters (MCHs) and
thermal couples. When implementing the heating experiment,
we carefully install the coupling system in between the two
arms of the “U” shaped copper plate and raise the temperature
of MCHs. A spectral shift from 1907.38 nm to 1909.39 nm can
be noted as we increase the chamber temperature from 27 °C
to 95 °C. Figure 5(a) shows microsphere lasers obtained at dif-
ferent temperatures and figure 5(b) shows the laser wavelength
as a function of the environmental temperature.
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Fig. 5. (color online) (a) Thermal shift of the 2S2G microsphere laser. (b)
Relationship between the laser wavelength and the environmental temper-
ature.

A thermal sensitivity (dA/dT) of 29.56 pm/°C can be

derived from this result. Theoretically, the thermal sensi-

tivity of microsphere lasers can be modeled as: dA/dT =
Ao(a+ B/n), where A is the laser wavelength of the micro-
sphere at room temperature, & and 3 are the thermal expansion
coefficient and coefficient of thermal refraction of the base
material,!'8] and 7 is the refractive index of the base material,
which is 2.258 for the case of 252G glass. The thermal sensi-
tivity of 2S2G microspheres was theoretically estimated to be
26 pm/°C in Ref. [14], which is similar to the experimentally
measured value. Compared to microspheres fabricated with
materials that have smaller thermal expansion coefficients or
coefficient of thermal refractions, such as silver iodide micro-
spheres (with a thermal sensitivity of 9.2 pm/°CI[!°]), the ther-
mal response of the 2S2G glass microsphere is more attrac-
tive for practical applications. The thermal resolution (AT, )
of the 252G microsphere laser can be determined as the ratio
between the linewidth of the microsphere laser (AAni,) and
its thermal sensitivity: ATpin = Amin/(dA/dT).2%! In this
work, AAdp, is determined by the spectral resolution of the
OSA, which is 0.05 nm. Therefore, the thermal resolution of
the current 2S2G microsphere laser is 1.69 °C. We can see that
the 252G microsphere laser is sensitive to temperature varia-
tions. Therefore, in real application settings, it is important to
utilize supplementary temperature controlling mechanisms to
maintain a stable operating temperature for 2S2G microsphere
lasers.

4. Conclusion

We demonstrate the fabrication and characterization of
chalcogenide glass microsphere lasers operating at the ~1.9-
um spectral band. A Tm>*-doped 2S2G glass is used as
the base material and a droplet method is employed to mass-
produce microspheres. Compared to our previous work, we
improve the quality of 2S2G microspheres by increasing the
length of the heating chamber, which provides additional
heating time for the glass powders to complete their sphere-
forming process. We demonstrate that both large and small
microspheres fabricated in this work generate high-Q (~10°)
resonant dips in their transmission spectra. For a typical
2S2G microsphere with a diameter of 258.64 pm, we demon-
strate that its laser wavelength is 1907.38 nm, the laser thresh-
old is 0.383 mW, and the thermal sensitivity of the laser is
29.56 pm/°C. This work implies that this 2S2G glass can be
considered as a promising base material for various active op-
tical/photonic devices that operate in the MIR spectrum.
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