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Chapter

Tellurite Glass and Its Application
in Lasers

Pengfei Wang, Shijie Jia, Xiaosong Lu, Yuxuan Jiang, Jibo Yu,
Xin Wang, Shunbin Wang and Elfed Lewis

Abstract

This chapter provides expert coverage of the physical properties of new
noncrystalline solids—tellurite glass and the latest laser applications of the
material—offering insights into innovative applications for laser and sensing
devices, among others. In particular, there is a focus on specialty optical fibers,
supercontinuum generation and laser devices, and luminescence properties for laser
applications. This chapter also addresses the fabrication and optical properties and
uses of tellurite glasses in optical fibers and optical microcavities, the significance of
from near infrared (NIR) to mid-infrared (MIR) emissions and the development of
tellurite glass-based microcavity lasers. The important attributes of these tellurite
glasses and their applications in lasers were discussed in this chapter.

Keywords: tellurite glass, fiber lasers, supercontinuum sources, specialty fibers,
microcavity lasers

1. Introduction of tellurite glass

Tellurite glasses are noncrystalline solids with many applications in photonics,
appear in a wide range of compositions, and can be operated over a large tempera-
ture range [1-4]. Tellurite glasses have been studied for more than 150 years [5],
but more recent versions have been produced with purities exceeding 98.5% [6].
They are characterized by a low melting point and the absence of hygroscopic
properties, and hence tellurite glasses have limited the application of phosphate and
borate glasses and aroused widespread interest in the field of photonics and associ-
ated technologies. Moreover, they have high density and a low transition tempera-
ture [7, 8]. Their optical properties include relatively high refractive index, high
nonlinear refractive index, high dielectric constant, as well as good chemical stabil-
ity and a wide infrared (IR) transmission range (1-6 pm) [9-11].

In 1952, Stanworth [1] conducted preliminary research on the formation and
structure of tellurite glass. The main raw material is TeO, and at that time this was
relatively expensive, and hence tellurite glass was considered to be of low practical
value and had not been further studied. Since the late 1980s to the mid of 1990s
[12, 13], considerable progress had been made in the advancement and under-
standing of the optical and physical properties of new tellurite glasses, including
their molecular structure and bonding properties.

Research in tellurite glass-based broadband fiber amplifiers was initially
concentrated around erbium-doped tellurite fibers. This was primarily due to its
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relatively broadband gain spectrum, which led to it attracting a great deal of
research attention which has persisted up to the present. Currently, many world-
class university-based research institutions and industrial companies have investi-
gated the potential of tellurite glass for use in fibers, and this has resulted in rapid
progress. In this section, the composition, structure, and thermal stability of
tellurite glasses will be considered.

1.1 Composition of tellurite glass

The selection of tellurite glass components when used in binary combinations
with other materials is very important. It directly affects the glass-forming ability,
thermal stability, refractive index, rare earth ion doping concentration, and spectral
characteristics. Table 1 lists the range of TeO, glass formation in several binary
tellurite glass systems. Table 1 shows that TeO, exhibits the largest glass formation
range in the case of the three binary systems TeO,-ZnO (100-52 mol%), TeO,-WO;
(94.7-61.3 mol%), and TeO,-TiO, (100-52 mol%).

The structure of tellurite glass is always generally based on binary systems. The
ternary and multivariate tellurite glass systems have been generally used as rare
earth-doped substrates for the investigation of the waveguide spectral properties.
The diversity of components has helped to improve the chemical and thermal
stability of tellurite glass-based devices. Table 2 [14] includes the composition of
the tellurite glass systems that have been reported in recent years. In all cases TeO,
was used as the glass-forming material, and its content was generally higher than
50 mol% (as shown in Table 1). Other oxides were generally used as modified
bodies. From Table 2 [14], it can be seen that the research objects of the binary
system were more diversified. In addition to the common monovalent alkali metal
oxides and divalent alkaline earth metal oxides, many other oxide components were
involved, including CeO,, SmO,, V,0s, etc. It should be pointed out that in the case
of the ternary tellurite glass systems, the TeO,-ZnO-R,,,0,, and TeO,-WO3-R,,,0,,
glass systems were the most widely investigated, because these two systems pos-
sessed a wide range of glass formation regions and a wide range of adjustable
components.

1.2 The structure of tellurite glasses

Early research was reported to suggest that the molecular structure of pure
tellurite glass molecules comprised TeO, double triangular bipyramids (tbp’s) [36].

Composition Glass formation range Composition Glass formation range
TeO, mol% TeO, mol%
Cs,0 98.0-87.5 Zn0O 100-52.5
Rb,0O 96.5-73.0 CdO 60.0-48.0
K;0 95.5-77.0 PbO 60.0-48.0
Na,O 91.5-59.5 Bi,0; 66-60
Li,O 87.0-69.5 WO, 94.7-61.3
BaO 93.0-80.0 Nb,0s 100-73.2
TiO, 100-52.5
Table 1.

The formation range of binary system tellurite glass.
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Binary system Ternary system Multicomponent glass
system

TeO,-R,0 (R = Li, Na, K, Rb, Cs, Te0,-ZnO-R,0 (R = Li, Na, K) [16] TeO,-Zn0O-B,03-K,0 [10]
Ti) [15]

TeO,-MO (M = Zn [17], Ba, Pb)  TeO,-ZnO-RO (R = Ba, Mg, Sr) [19] TeO,-Zn0O-GeO,-Na,O

(18] [20]

TeO0,-M304 (M = Co) [21] Te0,-WO03-R,0 (R = Li, Na, K) [22] Te0,-Zn0-B,03-GeO,-
Na20 [23]

Te0,-M,03 (M = Sm, La) [21] TeO,-WO3-BaO [15] TeO,-Zn0-Na,0-Bi,03
[24]

TEOZ—CGOZ [21] TeOz—WO3—Bi203 [15] TCOZ—ZHO—WO:;—TiOZ—
Na,0 [25]

TeOz—MzOs (M =P [21], \' [26], T602—WO3—Nb205 [28] TCOZ—ZHO—szos—Nb203

Nb [27]) [29]

T602-MO3 (M =W [30], T602-B203-M203 (M = Al, Ga, SC, T602-Li20-Nb205-I<20

Mo [31]) La, Bi) [16] [32]

TEOZ-PbFz [33] TeOZ-I<20-L3.203 [34] TCOZ-ZDO-szos-Gdzo?,
(35]

Table 2.

Tellurite glass systems [14].

In this polyhedron, one Te atom is surrounded by four oxygen atoms, of which two
oxygen atoms O,q are at the equator position and the other two oxygen atoms O, at
the axial position. The Te atoms are linked by O, or O into Te—O—Te; an apex of
the tetrahedron on the equatorial plane remains unoccupied by oxygen atoms and is
occupied by Te's lone electron pair [16]. This special polyhedral structure and the
chemical bonding were different from the traditional glass-forming bodies (B,0Os,
SiO,, GeO,, and P,0s), which determined the specificity of the tellurite glass
structure.

Some scholars used various testing methods to conduct research and analysis on
tellurite glasses, especially binary system tellurite glass. Jha et al. [37] considered
that the main structural units of tellurite glass were TeO,4 double triangular bipyra-
mids (tbp’s) and TeOj3 bipyramids (bp’s) triangular pyramids. In 1995, Neov et al.
[36] were the first to perform neutron diffraction analysis on lithium tellurite glass
and pointed out that in addition to the TeOy, structural unit, a deformed double
triangular pyramid TeOs, existed in the glass network. One of the Te—O bonds
was significantly longer than the other three. Due to the short-range similarity
between the glass and crystal structures, the structure of tellurite glasses can be
studied and analyzed based on the structure of tellurite crystals with the same
composition. Sakida et al. [32] compared the Raman spectra of alkali tellurite crys-
tals, pure tellurite glasses, and alkali tellurite glasses. The resulting Raman spectra
were considered to correspond to structural elements in the glass. TeO,4 (tbp’s)
double triangular bipyramids were finally transformed into a TeO3 (bp’s) triangular
pyramid by TeOs, ;. Tatsumisago et al. [38] studied the change of tellurite glass
structure with temperature using Raman spectroscopy. Throughout the above
research, the general laws could be classified as follows:

1.1t was generally considered that there were two kinds of structural units that
form a tellurite glass network. One was TeO, (tbp’s) double triangular
pyramid in which the Te atoms were arranged as a four ligand, and the other
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was TeOj3 (bp’s) triangular pyramid in which the Te atoms were in a triple
coordination. It was considered that there were generally five kinds of
structural units in alkali tellurite crystals, as shown in Figure 1(a-e). Q"}, can
be used to represent the structural unit in Figure 1, where n is the number of
bridge oxygen molecules in the [TeO,4] group and m represents the number of
covalent bonds. Research on the distribution of various structural units (a—e)
in tellurite glass has become a significant focus of research in this field.

2.When an alkali metal oxide or alkaline earth metal oxide was introduced into
tellurite glass as a network modifier, the original glass network structure was
destroyed. TeO, (tbp’s) double triangular pyramid was finally transformed
into TeO; (bp’s) triangular pyramid by TeOs,;. Sekiya [39] investigated the
TeO,-MOy; binary system and considered that when the alkali metal oxide
content was low, the glass was composed of TeO, (tbp’s) double triangular
pyramid and TeOs,; polyhedron. When the alkali content was less than 20 mol
%, the number of TeO3,; polyhedra increased with the increase of the alkali
metal oxide content. When the alkali content was between 20 and 30 mol%,
TeO3 (bp’s) triangular pyramids with non-bridged oxygen bonds appeared in
the glass network structure, and the numbers of TeO, (tbp’s) and TeOs,4
decreased accordingly. When the alkali metal oxide content exceeded 30 mol
%, the Te;05~ polyhedron was formed in the network structure. When the
alkali metal oxide content was greater than 50 mol%, it was considered that the
glass network structure at this time was composed of TeO3 (bp’s) polyhedrons,
TeOs,, polyhedrons, and independent Te,05> and TeO5". At this time, the
number of TeOy, in the glass was very small, and the glass structure had
become extremely complex.

3.Temperature also affects the structure of tellurite glass. For example, when the
glass temperature was gradually increased and exceeded the melting
temperature, the TeO, (tbp’s) double triangular pyramid would also be
transformed into a TeO3 (bp’s) triangular pyramid. This is mainly due to the
fact that Te-O,y is caused by fracture with increasing temperature, and its
structural transformation process is shown in Figure 2.
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(a—e) Five basic structuval units in alkali tellurite crystals. (f) Deformed bitriangular cone TeOy, ,.
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Figure 2.
Transformation of glass structure during heating.

1.3 Thermal properties of tellurite glass

The thermal stability of tellurite glass is primarily dictated by composition and
the doping concentration of rare earth ions. The characteristic glass temperature
values include glass transition temperature T, incipient crystallization temperature
Ty, peak crystallization temperature T, and glass-melting temperature T,,.

The thermal stability of glass is usually expressed by AT, which is the differential
value between Ty and T,. A higher value of AT generally means that the glass has
good thermal stability. If the value of the Ty is close to Ty, it will lead to crystalliza-
tion during a fiber drawing process which leads to an increase in the loss (attenua-
tion) of the resulting glass fiber. Table 3 includes a listing of several kinds of
tellurite glass with good thermal stability together with their characterized glass
temperatures (Tg, Tx, and AT). In the case of TeO,-R,0 (R = Li, Na, K, or other
alkali metal) tellurite glass systems, as the content of the alkali metal oxide
increases, T, gradually increases, while Ty remains almost unchanged. Conse-
quently, the AT increases correspondingly, and the resistance against crystallization
of the tellurite glass also increases.

In addition, the introduction of rare earth ions also has an influence on the
thermal stability of tellurite glasses. For example, 1 wt% Pr,03 introduced to a

Glass component T, (°C) Ty (°C) Ty — Tz (°C)
85Te0,-15Na,0 277 447 170
70Te0,-10Zn0-20Li,0 265 392 127
70Te0,-20Zn0-10Ba0 [40] 339 495 156
82.5Te0,~7.5W03-10Nb,0s5 [41] 391 562 171
80Te0,-10WO;-10Nb,0s-1Yb,0; [42] 404 566 162
60Te0,-20Zn0-7.5B,05-7.5Ge0,-5K,0 200 £5 378 £2 178
Table 3.

Characteristic temperature of tellurite glasses.
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75Te0,-20Zn0-5Na,0 [43] system increases the AT value from 118 to 150°C, while
1 wt% Er,03 introduced to 90TeO,-10P,05 [44] system decreases the AT value
from 147 to 101°C. Furthermore, the concentration of the rare earth ion has a
significant influences on the AT value of the 75Te0,-20Zn0-5Na,0 [45] glass
system.

2. Fiber lasers and fiber amplifier based on tellurite glass fibers
2.1 Tellurite glass-based fiber lasers

Since the discovery of the first ruby laser (Maiman in 1960), the laser has
attracted worldwide attention for its excellent collimation, high brightness, and
monochromaticity [46]. Since then, the development of the laser has accelerated. In
1961, Javan et al. developed the helium-neon gas laser [47], and in 1962, Hall et al.
created the GaAs coherent light emission [48]. In 1963, Koester et al. first proposed
the idea of fiber lasers and amplifiers [49]. However, due to the shortcomings of the
optical fiber at that time, the development of the optical fiber laser was slow during
this period. In 1966, Gao et al. proposed the basic concept of optical fiber commu-
nication [50]. Subsequently, optical fiber communication underwent a major
research and development stage (1966-1976), a practical application stage (1976—
1986), and a large-scale optical fiber communication infrastructure construction
stage after 1986. With the rapid development of optical communication, optical
fiber manufacturing technology and semiconductor laser production technology
have matured, which formed the foundation for the subsequent development of
doped fibers, optical fiber lasers, and fiber amplifiers.

The tellurite fiber laser is based on a tellurite glass fiber which acts as a gain
medium. The first significant characterization of the optical properties of tellurite
glass in fiber form was reported in 1994 [12]. In 1997, Mori et al. realized that Er’*-
doped tellurite glass fiber could be used for broadband optical amplifiers [13].
Further research on tellurite fiber was initiated worldwide driven by the develop-
ment of the communication industry. Over the next few years, Japan’s NTT led the
research in this field. They fabricated tellurite fiber with a loss of 0.02 dB/m and
developed the first erbium-doped tellurite fiber amplifier (EDTFA) module for use
in commercial WDM systems [51]. Further subsequent significant contributions to
tellurite fiber laser development have been used by several university groups as well
as industry-based research institutions including American Corning corporation,
Fujitsu and Nippon of Japan, Korea’s ETRI, etc.

Tellurite glass has a broad transmission window in the infrared wavelength
range which extends up to 6 pm, a relatively low phonon energy of about 700 cm 2,
and high solubility of rare earth ions. It is therefore an excellent host material for
constructing single and high repetition frequency fiber lasers. Yao et al. measured
the transmission spectrum of 2-mm-thick glass samples after they were immersed
in deionized water for 12 days [52], and the results are shown in Figure 3. There was
no obvious change in the transmission spectra, and no hydrated layer was formed at
the end face of the tellurite glass, which proves its great resistance to water. Several
researchers have studied the reduction of water molecules and hydroxyl groups, in
order to further improve the performance of tellurite glass materials used in mid-
infrared fiber lasers. Specific test procedures included melting the glass in a dry
atmosphere, raw material dehydration, and the use of fluoride [52] or chloride raw
materials [53], as eliminating hydroxyl groups diminishes loss (at specific wave-

lengths) and is therefore favorable for the commercialization of tellurite glass
fibers.
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Figure 3.
Transmission spectra of two kinds of tellurite glasses before and after dipping in water [52].
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The relationship between the laser output power and the pump power (R, = R, = 11.9%) in Nd’*-doped
tellurite fiber. Considering that the laser output power at both ends of the fiber is the same, the total slope
efficiency should be 46% [12].

With the above advantages coupled with excellent thermal stability, tellurite
glass preforms could be handled with relative ease for casting [24, 53], drilling [54],
and extrusion techniques [55], providing precursors for tellurite fiber-based
nonlinear optical processing [56] and fiber lasers.

In 1994, Wang et al. successfully prepared a Nd**-doped tellurite single-mode
fiber for the first time. The numerical aperture of the fiber was determined as 0.21.
The laser resonator was formed as a consequence of multiple Fresnel reflection
(~11.9%) from the end surfaces of the fiber. A laser with a wavelength of 0.818 pm
was used as the pump source. A laser output with a wavelength of 1.061 pm was
obtained from a 0.6 m long fiber, with a laser threshold of ~27 mW. When only
single ended output is considered, the slope efficiency of the laser was 23%, as
shown in Figure 4 [12].

In 1998, Ohishi et al. used a 0.9-m-long Er’*-doped tellurite fiber as the gain
medium to construct a ring laser cavity. When the pump power was 300 mW, a
continuous tunable laser output covering 1529-1623 nm was obtained using a tun-
able filter. A 2.4-m-long Er**-doped tellurite fiber was used as the gain medium to
obtain laser output at ~1624.5 nm, with a slope efficiency of 3.6% as shown in
Figure 5 [57].

In 2011, Dong et al. demonstrated a high-performance Er**/Ce** co-doped
tellurite fiber amplifier and tunable fiber laser using a dual-pumping scheme.
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Figure 5.
Laser characteristics of a tellurite-based fiber laser operating in the 1625 nm band. The inset shows the lasing
spectrum of the fiber laser [57].

The short 22 cm fiber exhibits a net gain of 28 dB at 1558 pm, a wide positive net
gain bandwidth of 122 pm, and a noise figure of 4.1 dB. As shown in Figure 6, a
widely tunable Er**/Ce®" co-doped tellurite fiber ring laser with a tuning range of
83 pm was demonstrated [58].

In 2012, M. Oermann et al. fabricated Er**-doped tellurite microstructured fibers
with three air holes using an extruding method. The resulting fibers are shown in
cross section in Figure 7. The core diameter of the fiber was about 1.5 pm, the loss
was 1.3 dB/m, and the doping concentration of Er** was 0.022 mol %. A 2.2-m-long
Er’*-doped tellurite microstructure fiber was used as the gain medium to construct
the laser cavity and was pumped using a 976 nm laser source. As shown in Figure 8,
its threshold power is only 1.5 mW, and its slope efficiency reaches 13% [59].

In the same year, Chillcce et al. fabricated an Er**-doped tellurite microstructured
fiber using the stack-and-draw technique. They demonstrated laser emission using a
simple double-pump configuration with two sources at 980 pm. The fiber core had a
hexagonal structure as shown in Figure 9, the Er,0; doping concentration was
7500 ppm, and the background loss of the resulting microstructured fiber was 0.2 dB/
cm at ~1117 pm. Two short segments of fiber of 5 and 12 cm generated laser emis-
sions at 1532.3, 1536.3, and 1558.5 pm, as shown in Figure 10. The maximum optical
signal-to-noise ratio (OSNR) obtained was 21.2 dB [60].

In 2014, Yao et al. fabricated microstructured fibers consisting of a solid core
surrounded by six air holes using a rod-in-tube method. A maximum unsaturated
power of 9 mW laser operating at ~1872 pm was obtained in a Tm>*-doped 2.8 cm

8

(-]

8

Power (dBm)

&
Net gain (dB)

2

Wavelength (nm)

Figure 6.
Output spectra of the E Ev>*/Ce>* co-doped tellurite fiber ving laser [58].
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Figure 7.

Photographs of (a) stainless steel die exit used for the extrusion of the structuved preform and (b and c) the
extruded structured and jacket preforms, vespectively. SEM images of the (d) fabricated fiber cross section, (e)
enlarged SEM image of the fiber’s core and cladding, and (f) beam profile of the laser mode emitted from the
output of the fiber [59].
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Figure 8.
Fiber laser output plotted against the coupled pump power for a fiber length of 2.2 m (circles). The figure inset

is a plot of the laser output spectrum for 5 mW of coupled pump power into the 1 m (dashed) and 2.2 m (solid)
lengths of fiber [59].

long microstructure fiber with a slope efficiency of ~ 6.53% and a threshold power
of ~200 mW. The results shown in Figure 11 indicate that the Tm>*-doped tellurite
microstructure fiber is a promising material for achieving a compact 2 pm output
fiber laser [61].

In 2015, Meng et al. used a 22-cm-long Tm>*/Ho" co-doped tellurite fiber to
obtain a continuous laser output with a maximum output power of 8.34 mW and a
wavelength of 2065 nm when the pump power was 507 mW, as shown in Figure 12.
The slope efficiency was 2.97% [62].
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Figure 9.

(b)

(a) Preform with the first clad before eliminating the air trapped. The air vegions ave indicted with a white “a”.
(b) Preform without the air trapped. (c) Scanning electron microscope image of the microstructure fiber [60].
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Laser emission spectra. (a) 5 cm fiber segment. (b) A zoom of the emission region observed in (a). (c) 12 cm
fiber segment. (d) A zoom of the emission region observed in (c) [60].

2.2 Tellurite fiber-based supercontinuum light source

The supercontinuum (SC) light source is defined as a broadband laser source
whose output spectrum is greatly broadened through the interaction of nonlinear
effects and dispersion when a high peak power pulsed laser output (e.g., a soliton
pulse) propagates in nonlinear optical medium. The SC spectra generated in trans-
parent materials do not usually originate from a single nonlinear process—typically
the initiated self-phase modulation (SPM) modulates the phase of the input laser,
and then other nonlinear effects including cross-phase modulation (XPM), stimu-
lated Raman scattering (SRS), four-wave mixing (FWM), soliton self-frequency
shifting (SSFS), etc. broaden the output frequency (wavelength) spectrum [63].
The first observation and application of SC spectra were obtained in solids and
liquids [64-66], but recent investigations and applications of SC light sources have
utilized optical fibers including single-mode and microstructured fibers [67]. The
latter is a widely used medium due to its unique geometry and low transmission loss

10
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Figure 11.
Laser spectrum of fiber laser pumped by 1560 pm band fiber laser. The figure inset shows cross section of
Tm?*-doped TZNB micvostructure fiber [61].
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Figure 12.
Spectrum of the fiber laser pumped by 1560 pm band fiber laser [62].

that can accumulate the power intensity of pump sources and provide adequate
interaction length to facilitate the occurrence of the nonlinear processes. In 2005,
half the Nobel Prize in Physics were awarded for the development of optical fre-
quency combs that was generated from the SC coherent light source employing
microstructured silica fiber. SC light sources based on silica microstructured fiber
with outputs spanning from the ultraviolet to the near infrared spectral regions
have been widely commercialized by major optics firms, such as American Corning
corporation, Fujitsu and Nippon of Japan, Korea’s ETRI and so on.

The 2-5-pm-mid-infrared region is the typical wavelength range corresponding
to the “atmospheric optics window,” the “molecular fingerprint region,” and
“strong absorption band of hydroxyl and amino groups.” Therefore, SC light
sources in this region offer great possibilities for optical telecommunication, remote
sensing, atmospheric pollution monitoring, molecular spectroscopy, medical
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diagnosis, hyperspectral imaging, laser surgery, and IR opto-electric countermea-
sures [63, 68], all of which greatly attracted intense worldwide research interest
over the past two decades [69-71]. There are several requirements of nonlinear
fibers used for 2-5 pm SC light sources, e.g., they must be transparent within the 2-
5 pm window, they must have a relatively high laser damage threshold for poten-
tially high-power light transmission, they should have a high nonlinear refractive
index, and they need to be fabricated based on mature processing technology. Silica
is not a candidate material for generating SC spectra at wavelengths longer than

2.2 pm, due to its high intrinsic loss and relatively low nonlinear parameters. Alter-
natively, soft glass fibers, mainly including fluoride, tellurite, and chalcogenide
glass fibers, are being investigated to develop SC light sources in the 2-5 pm spectral
region and have achieved remarkable progress to date with their broad IR transpar-
ency range as well as prominent optical nonlinearity.

Among the soft glass materials investigated, tellurite glass provides many several
attractive features for use in high-power SC light sources. These include a broad IR
transmission window (0.3-7 pm) that can be matched with fluoride glass while
possessing lower intrinsic losses than chalcogenide glass and possessing the highest
optical damage threshold than other soft glass materials. Moreover, with outstand-
ing thermal and chemical stability, tellurite glass can be drawn as microstructured
fiber from a preform constructed using the rod-in-tube method or extrusion tech-
nique. The dispersion profile and nonlinearity of the fabricated fiber can be readily
optimized. In the past two decades, much effort has been concentrated on fabricat-
ing a microstructured tellurite fiber for SC generation.

Kumar et al. prepared low-loss tellurite microstructured fiber for the first time
using an extrusion and rod-in-tube method, whose minimum loss was 2.3 dB/m at
1055 nm [72]. Photographs of the fiber are shown in Figure 13. In such a
microstructured fiber with 1.02 m length, they studied the stimulated Raman scat-
tering generation pumped using a 1064 nm pulsed laser.

In 2008, Domachuk et al. generated a SC spectrum with a broad bandwidth
covering the spectral range 789-4870 nm in tellurite microstructured fiber pumped
using a1550 nm pulsed laser [73]. As shown in Figure 14, the fiber core was
surrounded by six large diameter air holes to achieve strong light confinement, and
the calculated nonlinear waveguide coefficient at 1550 nm was 596 km ' W™,

Figure 13.

(a) The cross section of the die used for extrusion. (b) Electron micrograph of an extruded tellurite preform,
with outer diameter 1 mm. (c) Electron micrograph of tellurite PCF. (d) Transmission view of a tellurite PCF
as seen in microscope [72].
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Figure 14.
Picture as seen in optical microscopy (a and c) and cross section profile of the tellurite PCF in electron
microscopy (b). Scale bar in (b) is 1 pm [73].

which broadened the SC spectrum spanning two and a half optical octaves in the
fiber having only a length 0.8. Such a short fiber length results in flatter SC spectra,
lower dispersion, and reduced material absorption at longer wavelengths.

In 2008, Feng et al. fabricated a large-mode-area tellurite holey fiber from an
extruded preform, with a core diameter of ~80 pm, attenuation of 2.9 dB/m at
1.55 pm, and zero-dispersion wavelength (ZDW) at 2.15 pm (Figure 15) [74]. Using
such microstructured fiber with a 9 cm length, a broadband SC spanning of
0.9-2.5 pm was achieved.

In 2009, Liao et al. fabricated the hexagonal core fiber (Figure 16) for the first
time [75]. They studied the SC generation in such a fiber of 6 cm length pumped by
a 1557 nm femtosecond laser and with a 30-cm-long fiber pumped using a 1064 nm
picosecond fiber laser. Additionally, they demonstrated that the holey region has an
important influence on the dispersion, nonlinear coefficient, and SC generation.

In 2010, a 36-cm-length tellurite microstructured fiber with four holes [76] was
used to generate a flattened SC spectrum spanning from 900 to 2800 nm
(Figure 17) and was pumped using a 1550 nm pulsed laser. The calculated nonlinear
coefficient at 1550 nm was 539 km * W1 [76].

In 2012, Savelii et al. prepared a low-loss suspended-core tellurite fiber, from
which they generated a 0.75-2.8 pm SC spectrum when pumped at 1745 nm [77].
And in 2015, Belal et al. generated SC spectra extending to 3 pm in a suspended-core
tellurite fiber. Their numerical study show that the structure of the fiber can have a
significant impact on the dispersion profile and hence the nonlinear processes and
SC broadening [78].

In 2013, Klimczak et al. reported a breakthrough in the design of optical fiber
transverse structure. They produced a novel, regular hexagonal-lattice tellurite
photonic crystal fiber (PCF) as shown in Figure 18 [79]. Pumping the 2-cm-long

100pm

Figure 15.
Optical photographs of the cross-sectional views of (a) the extruded tellurite preform and (b) the vesulting
tellurite holey fiber with 410 um outer diameter [74].
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Figure 16.
Scanning electron microscope (SEM) images of the fibers [75].
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Figure 17.
SC spectrum generated from the tellurite fiber when the peak power of the pump laser is fixed at 3.9 kW [76].

Figure 18.
Microstructure of tellurite PCF: close-up picture of the structure with propagating mode as seen in a CCD
camera, and SEM images of photonic structure [79].

PCF with 150 fs/36 nJ/1580 nm pulses, they achieved an output of 800-2500 nm SC
spectrum that is comparable to that generated in suspended-core tellurite PCF
pumped at wavelengths over 1800 nm.

Yao et al. proposed a novel fluorotellurite fiber with the composition 65TeO,-
25BaF,-10Y,03 (TBY) [80]; the authors claimed further improvement in the
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performance of tellurite fiber-based MIR laser sources. BaF, was included for the
purpose of reducing the OH— content, and the introduction of Y,03 was for better
thermal stability in fiber drawing process as well as providing a higher glass transi-
tion temperature raised by the high melting temperature of Y,05. In 2016, Wang
et al. achieved SC generation extending from 0.47 pm to 2.77 pm (zero-dispersion
wavelength at 1730 nm) using a tapered TeO,-BaF,-Y,03 (TBY)-based
microstructured fiber whose core was surrounded by six air holes [81].

Tellurite microstructured fibers with dispersion modification and nonlinear
coefficient enhancement have been widely studied and applied for SC generation,
and significant progress has been achieved over the last 10 years. However, the air
holes present in microstructured fibers readily accommodate moisture and dust
particles from the atmosphere, which lead to incremental losses, which act to
deteriorate the SC output. In addition, the performance of tellurite microstructured
fiber for high-power output in the mid-IR SC is not satisfactory, because the ther-
mal conductivity of the air holes and the core of microstructure fiber greatly differ,
and hence means that heat dissipation is a significant problem of high-power light
transmission in the fiber. Solid-state tellurite fibers (comprising a solid core and
cladding with no air holes) have therefore become the nonlinear medium of choice
for high-power mid-infrared SC light sources [82].

Hydroxyl ions have deleterious broad absorption peaks centered at ~3.3 pm and
~4.3 ym, which hinder the tellurite fiber from extending its spectrum to the multi-
phonon edge (5 pm). In 2013, Thapa et al. of NP Photonics Incorporation developed
ultra-low-loss solid-core tellurite fibers which eliminate almost all molecular spe-
cies, especially hydroxyl ions [83]. Using a 1922-nm all-fiber-based mode-locked
fiber laser oscillator, a 1-5 pm SC spectrum shown in Figure 19b was generated in a
tellurite fiber with a W-type (Figure 19a) index profile for strong light confine-
ment, and the ZDW shifted from 2.5 pm to ~1.9 pm. It was argued that the
broadened anti-Stokes wavelength portion originated from self-phase modulation
(SPM) and the long wavelength portion with increased power originated from the
generation of a Raman soliton because of the self-frequency Raman shift. In the
same year, Savelii et al. reported SC generation extending from 840 nm to 3000 nm
in a low-loss suspended-core tellurite fiber with different lengths (Figure 20),
pumped at its anomalous dispersion regime at 1745 nm [54]. It was found that the
introduction of fluoride ions into the tellurite glass reduced the OH— content and
resulted in a fiber that was still transparent at 4.1 pm.

The W-type index profile makes it possible to tailor the ZDW, and this fiber can
be fusion spliced to robust step-index silica fiber with relative ease. In 2016
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Figure 19.

(a) Cross section of the W-type tellurite fiber. (b) SC spectra in W-type proprietary tellurite fiber pumped by
3 Wof ~20 ps pulses from a 32 MHz repetition rate amplified mode-locked laser at 1.92 um. (Note: dotted line
is the transmission measured in the corresponding 1-cm-thick tellurite glass sample.) [83].

15



Advanced Functional Materials

Spectrum [10 dB/div]

1500 2000 2500 3000

Wavelength [nm]

(a) (b)

1000

80pm

Figure 20.

(a) SEM picture of the cross section of the fiber. (b) SC spectra generated from the suspended-core tellurite fiber
with different lengths [54].

Kedenburg et al. studied SC generation spanning 2.6—4.6 pm in low-loss W-type
index tellurite fiber with a length of 15 cm [84]. Additionally, they studied the
variation of spectral bandwidth with core diameter, pump wavelength, length of
fibers, and pump power. In 2017, Kedenburg et al. studied the effects of the core
size, pump wavelength, and fiber length on SC generation in a robust step-index
tellurite fiber, and they achieved broadband SC generation spanning 1.3-5.3 pm in
the fiber with a length of 9 cm and a core diameter of 3.5 pm, when pumped using a
2.4 pm femtosecond pulsed laser [85].

In 2016, Shi et al. prepared a solid-state tellurite optical fiber with a numerical
aperture (NA) of 0.21 and a core diameter of 12 pm [86]. Figure 21(a) shows a
micrograph of the end face of the fiber. They studied the SC generation in the fiber
which was 0.8 m-in length. Figure 21(b) shows the spectrum of the pump laser and
SC output in the fiber when different pump powers were used. When the pump
power was 9.8 W, the power spectral density of the SC spectrum in the wavelength
range of 1975-3000 nm is above 5 dBm/nm. In this investigation, the maximum
output power of the SC light source was 5.1 W, and the power of the spectrum at
wavelengths longer than 2.5 pm was about 2.1 W.

In 2017 Jia et al. obtained a stable 4.5 W SC output spanning 1017-3438 nm, using
a TBY-based 60-cm-long all-solid fluorotellurite fiber fabricated using the rod-in-
tube method. The fiber was pumped using a 2 pm femtosecond fiber 10.48 W output
power laser and thus demonstrated the capability of all-solid fluorotellurite fibers for
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Figure 21.
(a) Photograph of the tellurite fiber. (b) Spectrum of thulium-doped fiber amplifier (TDFA) and the SC
spectrum generated from the tellurite fiber, pumped by various power: 5.2 W, 7.1 W, and 9.8 W [86].
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Figure 22.

(a) Dependence of the measured SC spectra generated from 60-cm-long fluorotellurite fiber on the average
power of the 1980 nm femtosecond fiber laser. (b) The dependence of the SC average power on the pump power.
Inset: photograph of the power meter when the mid-IR SC laser source is operating at the output power of

10.4 W [52].

use as high-power mid-IR SC light sources [87]. The same authors used a tapered all-
solid fluorotellurite fiber with ultra-high NA to generate an SC output spectrum
covering the entire 0.4-5 pm transmission window and pumped using a 1560-nm
mode-locked fiber laser [88]. Yao et al. achieved stable 10.4 W SC generation in the
wavelength ranging from 947 to 3934 nm from a TBY-based all-solid fluorotellurite
fiber when pumped using a high-power 1980 nm femtosecond fiber laser [52]; when
the average pump power was increased to 1.1 W, large spectral broadening occurred
as shown in Figure 22(a). Because the fiber was pumped at anomalous dispersion
regime, the spectral broadening for a pump power of >1.1 W originated from the
SPM, the formation of higher-order soliton, soliton fission, soliton self-frequency
shift (SSFS), and the generation of blue-shifted dispersive waves. The average output
power of the SC laser source increases linearly with the average pump power
(Figure 22(b)), and the corresponding optical-to-optical conversion efficiency was
measured to be as high as 65%. The successful achievement of a 10 W output power
level represented a significant breakthrough in all-solid fluorotellurite fiber,
demonstrating its bright future for high-power MIR SC light sources.

3. Tellurite glass-based microcavity lasers
3.1 Experimental preparation of tellurite glass microcavities

Over the past few decades, research interest in microsphere resonators has
grown rapidly. For a microsphere resonator, the pump light can be coupled into the
microsphere through a tapered optical fiber or via free space. Most current micro-
sphere resonators are fabricated from the silica optical fiber, but it is also possible to
fabricate microsphere resonators from compound glass materials (such as tellurite
glass) other than silica. At present, the principal method used for making micro-
sphere cavities is based on melting of the glass materials, which uses the surface
tension of molten glass to form the microsphere when suspended at the tip of a
fiber. There are two common methods for the preparation of tellurite glass micro-
sphere cavities, one is to melt glass fiber and the other is a powder floating method.

3.1.1 Melting glass fiber method

Most glass microsphere cavities are prepared using a CO; laser, arc discharge, or
high temperature ceramics to melt glass fibers. These methods have also been
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widely applied for fabricating tellurite glass microsphere cavities and other com-
pound glass microsphere cavities resulting in a good shape and high Q factor. The
fabrication method using a CO, laser is described here.

A schematic diagram of the experimental setup for manufacturing a micro-
sphere resonator is shown in Figure 23. The main positioning and alignment
instrument used in the experiment was a precision three-dimensional (3D) transla-
tion stage, a continuous CO, laser with an output wavelength of 10.6 pm, and a
ZnSe lens for focusing. The experimental step for fabricating the tellurite micro-
sphere resonator was divided into three stages. In the first step, the tellurite fiber
was mounted vertically on the 3D translation stage and a weight hung at the end of
the fiber. The ZnSe lens was used to focus the laser beam on the tip of the tellurite
fiber, causing it to absorb the incident light which resulted in a temperature rise.
The glass softened and gradually stretched into a tapered fiber under the influence
of the weight. The heating was terminated when the waist diameter of the tapered
fiber reached around 30 pm. In the second step, the tapered fiber was accurately
cleaved at the waist region to obtain a half-tapered fiber. In the third step, using a
ZnSe lens once more to focus the laser beam on the end of the half-tapered fiber, the
tellurite microsphere was formed at the fiber end due to the surface tension acting

Figure 23.

Schematic diagram of the experimental setup for making a tellurite glass microsphere. (a) A ZnSe lens is used to
focus a CO, laser beam on the tellurite fiber. (b) The waist vegion of tapered fiber is cleaved. (c) A tellurite
microsphere is obtained by focusing a CO, laser beam on the end of the cleaved tapered [92].

Figure 24.
Microscope image of tellurite microsphere made with CO, laser.
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on the molten glass. A microscope image of a tellurite microspheres fabricated in
this manner is shown in Figure 24.

Although the resulting microsphere cavity made of molten glass fiber includes a
glass fiber attached at a pole of the sphere, the light field is mainly concentrated
around the equatorial plane of the microsphere cavity, and hence the loss induced
by the fiber to the whispering gallery mode (WGM) resonance is negligible
[89, 90]. In general, the fiber rods are only used to hold the microspheres in place
and to facilitate light coupling. However, in recent years, some other uses of fiber
rods have attracted increasing attention. In 2017, Murphy et al. [91] reported an
alternative method for precise coupling control using the fiber rod. In the experi-
ment, 980 nm laser light was input into the fiber rod, and the coupling distance
between the microsphere cavity and the tapered fiber was precisely controlled by
heating the connection between the microsphere and the fiber rod using the 980 nm
laser. The adjustment range of microsphere cavity position was from 0.61 £+ 0.13 pm
to 3.49 + 0.13 pm.

3.1.2 Powder floating method

The previously mentioned method for fabricating tellurite glass microspheres
was only capable of producing one microsphere at a time, and the powder floating
represents an alternative method for preparing glass microspheres in large quanti-
ties. In this method, the tellurite glass was ground into powder and poured into a
high temperature furnace, which was placed vertically with a proper protective gas
(nitrogen or inert gas) from the bottom to top. The tellurite glass powder melts and
forms into microspheres due to surface tension at high temperature. In addition, the
protective gas reduced the falling speed of the glass powder and increased the
exposure time of the powder to the high temperature in the furnace. Additionally,
the method isolates the glass powder from the atmosphere [93]. For some glass
materials with less stringent experimental requirements, the microspheres can be
formed without the use of protective gas [94].

Tellurite microspheres prepared using this method have no attached fiber rods,
which is different from melting glass fiber or sol-gel methods. Using the powdered
method, a large number of microspheres with different diameters can be prepared
simultaneously, which is beneficial to the selection of experimental size and enables
the integration and commercialization of the microsphere laser on a mass produced
basis. Figure 25 is a schematic diagram of fabrication of microspheres, and
Figure 26 is a microscope image of the microspheres fabricated using the powder
floating method.

3.2 Tellurite glass microsphere lasers

Tellurite glass has emerged as a promising material for use in microsphere
resonators in the near infrared wavelength region and tellurite glass microsphere
lasers have been widely reported. In 2002, Sasagawa et al. reported continuous-
wave oscillation in an Nd**-doped tellurite glass microsphere laser at 1.06 pm for
the first time [96]. Tellurite glass microspheres with diameters in the range of
50 pm to a few hundred micrometers were fabricated by melting using a Kanthal
wire heater. Resonances were excited in the microsphere pumped using a 800 nm
laser, the threshold of the output laser was measured as 81 mW, and the emission
spectrum is shown in Figure 27.

Later in 2005, an Er’*-doped tellurite glass microsphere laser was reported by
Peng et al. [97]. The threshold of 1561 nm microsphere laser with 0.5 wt% Er,03
doped was measured to be as low as 1.4 mW, and the maximum output power
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Figure 25.
Schematic diagram of fabrication of microsphere by powder floating method [95].

Figure 26.
Microspheres fabricated by powder floating method.

achieves 124.5 pW. Figure 28 shows the relationship between the output laser
power and the 1480 nm pump power.

The output wavelength of the laser around 1.9 pm, and 1.47 pm band is gener-
ated from the transition of Tm>* ions: °F, — *Hg and *H, — 3F, [98]. Wu et al.
proposed a microcavity laser based on a Tm>*-doped tellurite glass microsphere at
1.9 pm [99]. However, there are two problems in realizing a laser at the wavelength
1.47 pm. Firstly, the lifetime of the H, level is shorter than that of the 3F, level in
Tm?>* ions, so the transition is sometimes described as self-terminating [100]. Sec-
ondly, the glass host material should have very low phonon energy, as in the case of
silica and phosphate glass lasers, and amplification is essential. Tellurite and other
heavy metal fluoride glasses have been considered as key materials for thulium-
doped fiber amplifier operation in the S band, mainly due to their lower phonon
energies (~580 cm™ 1Y) [12]. In 2004, Sasagawa et al. solved the population inversion
problem in Tm?* ions and realized a cascade laser with output wavelengths in the
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Figure 27.

Emission spectra for *F3,, — *1,,,, transition of Nd>* ions in tellurite glass microsphere at various pumping

powers [96].
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The microsphere laser pumped by a 1480 nm laser. The Er,O; doping concentration is 0.5 wt%, and the
diameter of the micvrosphere is 32 pm. The maximum output power is 124.5 uW. The inset shows the single-
mode profile of this L-band microsphere laser [97].

1.47 pm and 1.9 pm bands using a tellurite glass microsphere [101]. The output
spectrum of the Tm>*-doped tellurite glass laser is shown in Figure 29, which shows
the laser emission in the S band and at 1.9 pm. The average output power is plotted
as a function of the average pump power in Figure 30. The threshold of the laser in
the S band is 4.6 mW, while the thresholds measured for 1.9 pm are 3.0 mW and
4.8 mW, respectively. The differential quantum efficiency in the S band and at
1.9 pm were calculated as 1.4% and 1.1% for bidirectional lasing.

In 2019 [3], Li et al. fabricated Tm>*-Ho>* co-doped tellurite glass samples to
solve the problem of the population inversion and obtained a 1.47 pm output using a
tellurite glass microsphere laser. Figure 31(a) shows the output spectrum at 1.47 pm
of Tm>*-Ho>* co-doped tellurite glass microspheres when pumped using a 802 nm
laser source. It is clear from Figure 31(b) that the lifetime of °F, energy level is
attenuated through the energy transfer process in Tm>*-Ho>* co-doped tellurite
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Figure 29.
Emission spectrum of a Tm>*-doped tellurite microsphere laser with diameter of 104 um. (Inset) OSA emission
spectrum [101].
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Figure 30.
Average laser output power against average pump power for a Tm?*-doped tellurite microspheve laser. (Inset)
Laser emission spectrum at average pump power of 4.0 mW [101].

glass. The Tm>* ions are excited from °F, to the *H, energy level by the 802 nm
pump laser, and the lifetime of Tm>*-doped and Tm>*-Ho”* co-doped material are
shown in Figure 32. The emission process originates from the Tm>*: *H, — 3F,
transition, and the energy transfer efficiency of the Tm>": °F, level to Ho>*: °I, level
is 34.9% in Tm>*-Ho>* co-doped tellurite glass sample.

3.3 Summary
The last two decades have witnessed significant progress of tellurite fiber-based
SC light sources, whose original progress was primarily implemented through the

development of microstructured and all-solid fiber devices. The microstructured
fiber demonstrated greater flexibility in tailoring the dispersion profile than the
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Figure 31.
(a) Laser emission spectrum from the Tm>*-Ho?* co-doped microsphere when the pump power was set to
2.5 mW. (b) Energy level diagram and energy transfer model in tellurite glass [3].
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Figure 32.
Fluovescence decay curves of Tm?*-Ho?* co-doped and Tm?*-doped tellurite glass samples at 1.9 pum. The inset
figure shows that the lifetime of Tm>* at 1.9 pm is 2.32 ms in Tm>*-doped tellurite glass samples [3].

all-solid version, which provided greater options for using different pump sources,
producing higher coherence. In the case of high-power output and stable MIR SC
generation, the all-solid tellurite fiber performed much better than the
microstructured one, and hence the fluorotellurite fiber is a promising candidate for
high-power Mid-IR laser emission. Potentially this technology could be expected to
reach the hundred-watt output level even after losses with careful design for heat
management, fiber structure, and pump parameter optimization.

Tellurite glass microsphere resonators have overcome the limitations associated
with traditional resonators in terms of glass materials. In the future, it is envisaged
that tellurite glass microsphere resonators will have wide-ranging applications in
photonics, having a high Q value and fast response. Meanwhile, doping rare earth
ions in different host materials is expected to achieve higher-power output and
more efficient lasers accessing different wavelength ranges, most notably in the
infrared band.
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