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[bookmark: OLE_LINK4]Abstract. This work reports a microsphere laser at ~ 2.0 μm in a Tm3+-doped ZrF4-BaF2-YF3-AlF3 (ZBYA) fluoride glass. The ZBYA glass microsphere was fabricated by reflowing the tip of a 1.0 mol% Tm3+-doped ZBYA glass fiber with a CO2 laser. By using a fiber taper for input and output coupling in the Tm3+-doped ZBYA microsphere, single and multi-mode laser outputs at around 2.0 μm were observed under 808 nm laser excitation. The radiation lifetime and emission cross-section of Tm3+ ions in ZBYA glass were calculated to be 6.42 ms and 5.86×10-21 cm2, respectively. Our results indicate that the Tm3+-doped ZBYA fluoride glass has potential applications for 2.0 µm lasers.
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1. Introduction

[bookmark: OLE_LINK12][bookmark: OLE_LINK18]Recently, lasers at wavelengths around λ~2.0 μm have attracted extensive interest because of their applications in medical surgery, remote sensing, and eye-safe lidar [1-4]. Common rare earth ions capable of producing a 2.0 μm laser include Thulium (Tm3+) and Holmium (Ho3+) [5, 6]. The 3F4 → 3H6 transition in Tm3+ is often employed for the laser emission in the spectral region around λ~2.0 µm, as it can be excited by λ~793 nm or λ~808 nm light sources, which are inexpensive, common and readily available commercially. Extensive research has been conducted on Tm3+-doped 2.0 μm fiber lasers [4, 7]. Additionally, high optical quality (high-Q) Whispering-Gallery Mode (WGM) microcavities have been a subject of intense study because of their potential applications, including low-threshold and narrow-linewidth lasers [8] and Raman light sources [9]. Microsphere resonators have the potential to realize lasers with low threshold and high coupling efficiency due to their strong light confinement [10], with modal volumes of the order of 100 μm3. Microsphere lasers have mainly focused on tellurite [11], phosphate [12], silica [13], and fluoride glasses [14]. Compared with other glasses, fluorozirconate glass has the advantages of low phonon energy, wide transparency window, high solubility to rare earths, large stimulated emission cross section, resulting in a high gain effect. Additionally, microspheres can be prepared at low temperatures because of its low glass transition temperature. 
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK53][bookmark: OLE_LINK56][bookmark: OLE_LINK62][bookmark: OLE_LINK40]Currently, mid-infrared luminescence can be observed in a few glass such as fluorozirconate, fluoroaluminate [15], fluoroindate [16], fluorotellurite [17] fluorophosphate [18], germinate [19] glass. While, although fluorotellurite, fluorophosphates and germinate glass have good chemical stability, it has not yet achieved mid-infrared laser output in these matrix glass fibers because of their high phonon energy. Up to now, mid-infrared fiber laser output is obtained only in fluoroaluminate [20], fluoroindate [21], and fluorozirconate [22] fibers with low phonon energy, among them, ZBLAN fiber has the best performance in the mid-infrared range [23]. ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) is a well-known fluorozirconate glass that has been extensively studied in the context of mid-IR fiber lasers due to its wide transparency window (λ~0.22-6 μm) and low phonon energy (565 cm-1) [24]. ZBLAN fibers have been commercialized and ZBLAN fiber-based mid-infrared lasers have been widely researched [25-27]. ZBLAN microspheres have been fabricated to realize microcavity lasers: in 1999, W. von Klitzing reported a 120 μm diameter Er3+ doped ZBLAN microsphere laser at 540 nm with very low threshold, with only 30 μW of absorbed power [28]; F. Lissillour reported an Er: ZBLAN microsphere laser with several narrow bandwidth (50-100 kHz) laser lines around λ~1.55 μm [29]; in 2012, B. Way demonstrated a simple and reliable method for fabricating high-Q WGM optical microcavities from ZBLAN glasses using cylindrical electrical heating [30]. Yet, the chemical stability of ZBLAN glass is often considered poor, which greatly limits the practical application of ZBLAN glass devices [31]. 
ZBYA (ZrF4-BaF2-YF3-AlF3) fluoride glass, an alternative type of fluorozirconate glass, has better chemical stability and thermal stability than ZBLAN glasses [32-36]. Since NaF is not part of the composition, ZBYA fluoride glass is expected to show better resistance to water compared to the ZBLAN (ZrF4-BaF2-YF3-LaF3-AlF3-NaF) glass, and its transition temperature (Tg) can reach 330 oC, so that is able to withstand higher laser powers [37]. Many studies on rare-earth doped ZBYA glasses have been reported in the literature: F. Huang observed fluorescence at λ~2.7 μm at high Erbium-doping concentrations [38]; H. Ebendorff-Heidepriem investigated the upper limits of the HoF3 and EuF3 concentrations supported by ZBYA glass [34]. However, there is no demonstration of ZBYA fluoride glass lasers. 
In this letter, a Tm3+-doped ZBYA glass was prepared, and a Tm3+-doped microsphere was obtained by reflowing the glass of a Tm3+-doped ZBYA fiber with a CO2 laser single mode and multi-mode microsphere lasers at λ~1.897 μm were observed by using a laser at λ~808 nm as the pump source. This is the first report on the ZBYA fluoride glass microsphere laser in the λ~2.0 μm region.


2.Experiments
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK48][bookmark: OLE_LINK1]The glass samples of Tm3+-doped ZBYA were prepared by using high-purity ZrF4, BaF2, YF3, AlF3 and TmF3 powders in the molar ratio 50 ZrF4 – 33 BaF2 – 9 YF3 – 7 AlF3 -1 TmF3. The raw materials were weighed and mixed in dry air, and then melted within platinum crucibles in an electric furnace at the temperature T~850 oC in a glove box. The melts were then poured onto a preheated copper plate and glass filaments were from this glass. The tip of a glass filament was heated by a CO2 laser beam until it softened and a microsphere was created on account of the surface tension of the glass, as shown in Figure 1(a). The micrograph image of the ZBYA microsphere sample with a diameter of 63.27 µm is shown in Figure 1(b). 
[image: ]
Fig.1. (a) Glass microsphere fabrication set-up; (b) Optical microscope image of the ZBYA glass microsphere.
[image: ]
Fig.2. Experimental setup for characterizing the Tm3+-doped ZBYA glass microsphere laser.
A microsphere laser based on the Tm3+-doped ZBYA fluoride glass at λ~2 μm was obtained by using a micro-nano fiber taper for input/output coupling through the evanescent field. By changing the relative coupling position of the tapered fiber with respect to the microsphere cavity, different modes can be excited in the microsphere cavity. Figure 2 shows the schematic representation of the experimental setup used to achieve the ZBYA microsphere laser. The microsphere was coupled with a tapered fiber, fabricated by heating a strand of 1060XP single-mode fiber using a ceramic microheater (CMH-7-19, NTT-AT) and simultaneously stretching it at both ends [39]. The waist diameter of the tapered silica fibers used was in the range 1.0 to 1.5 µm. 
A laser diode at λ~808 nm was used as the excitation source and was connected to one end of the tapered silica fiber, while the other end of the fiber was connected to an optical spectrum analyzer (OSA) (AQ-6375, Yokogawa, Japan), which could monitor the output spectrum from the Tm3+-doped ZBYA microsphere. The coupling position between the tapered fiber and microsphere was observed from two directions using two 20× microscope eyepieces attached to CCD cameras.
3. Results and Discussions
[bookmark: OLE_LINK26]To characterize the optical properties of the Tm3+-doped ZBYA fluoride glass (10mm×10mm×1.4 mm), absorption and luminescence spectra were recorded. Figure 3 shows the absorption spectrum of a 1.0 mol% Tm3+-doped ZBYA glass at room temperature in the range λ~200-3000 nm. Absorption bands of Tm3+ are observed at 686, 793, 1211, and 1665 nm, due to the corresponding transitions from the 3H6 ground state to the 3F2, 3H4, 3H5 and 3F4 levels. The energy-level diagrams of Tm3+ are shown in the inset. The broadband emission around λ~2.0 μm belongs to the transition 3F4→3H6. In this work we used a λ~808 nm pump to excite Tm3+ ions from the 3H6 ground state to the 3H4 level. 
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Fig.3. Absorption spectrum of 1.0 mol% Tm3+ ZBYA glass at room temperature. The inset reports the energy-level diagram of Tm3+ ions.
[bookmark: OLE_LINK29][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Figure 4 displays the transparency measurements on a 1.5 mm thick undoped ZBYA glass. A maximum transmittance as high as 90% is observed in the region λ~1000-6000 nm, with an infrared cutoff edge at ~9 μm. The ultra-wide transmission spectrum indicates that ZBYA glasses have a great potential for applications in UV-visible and infrared laser devices. The presence of absorption near λ~3 μm, associated to the vibration of OH- groups, is attributed to the fabrication process used in the glove box. The OH- content in a 20 mm×12 mm×9 mm ZBYA glass (in ppm, parts per million) was determined using the following equation [40]:

                              (1)
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]where d is the glass thickness, T0 is the maximum transmittance of the glass, T is the transmittance at λ~3.0 µm (the peak wavelength of OH- absorption) and the factor 1000 includes the conversion factor between molar absorption at λ~3 µm and the OH- concentration. Results show that the OH- content is ~0.43 ppm, which is significantly lower than that commonly recorded in fluorophosphate glasses (~26.4 ppm) [40], germanate glasses (50-420 ppm) [41] and silicate sol-gel glasses (40-1200 ppm) [42].
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Fig.4. Transmittance spectrum of the 1.5 mm thick ZBYA glass in the range 200-10000 nm. ( The inset image shows the amplification of the absorption of OH- at 3.0 µm.)

The fluorescence spectra in the λ~2.0 μm regions under excitation at λ~808 nm is shown in Figure 5. A relatively broad NIR emission in the range λ~1500 nm to λ~2100 nm is observed. The center wavelength is located at λ~1816 nm, and the FWHM of the emissions is about 200 nm. 

 [image: ]
[bookmark: OLE_LINK74][bookmark: OLE_LINK34][bookmark: OLE_LINK35]Fig.5. Emission spectrum of the Tm3+-doped ZBYA glass in the λ~2.0 μm region.

[bookmark: OLE_LINK22][bookmark: OLE_LINK9][bookmark: OLE_LINK10]The fluorescence spectra in the λ~2.0 μm regions under excitation at λ~808 nm is shown in Fig. 5. A relatively broad NIR emission in the range λ~1500 nm to λ~2100 nm is observed. The center wavelength is located at λ~1816 nm, and the full width at the half maximum (FWHM) of the emissions is about 200 nm. 
[bookmark: OLE_LINK59][bookmark: OLE_LINK17][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Figure 6 presents the fluorescence decay at λ~2.0 μm corresponding to the 3F4→3H6 emission band, resulting in a fluorescence lifetime of 6.42 ms. Compared to other glasses such as ZBLAN (7.93 ms) [43] and silicates (460 μs) [44], the lifetime of the 3F4→3H6 transition in ZBYA is a little shorter than that in ZBLAN while much longer than that in silicates. The mean reason may be that the phonon energy of ZBYA (~580 cm-1) (as shown in Figure 6(b)) is a little higher than ZBLAN (~565 cm-1) [24] while much lower than silicates (~1080 cm-1) [44]. Generally, the relatively longer radiation lifetime is beneficial to reduce the laser oscillation threshold.
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Fig.6(a). (Color on line) Decay curve of the Tm3+-doped ZBYA sample. Squares show the experimental data, while the solid red line indicates the fitting curve. (b). Raman spectrum of ZBYA-fluoride glass sample.
  
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Assuming that the time to establish thermal equilibrium in the energy level multi-configuration is less than its radiation lifetime, according to the McCumber theory [45], the absorption cross-section σabs and the emission cross-section σemi of rare earth ions in ZBYA glass can be calculated by the following formulas:

              (2)

                                  (3)
where I0(λ) and I(λ) represent the light intensity before and after light passes through the tested sample, respectively. N is the density of the rare earth ions, D(λ) is the material absorbance, d represents the sample length, and h, ν, K, and T represent the Planck constant, photon frequency, the Boltzmann constant, and the room temperature, respectively. ε is the temperature-dependent excitation energy corresponding to the peak frequency of the absorption spectrum. The calculated absorption cross-section and emission cross-section spectra are presented in Figure 7. The peak value of the emission cross-section is estimated to be 5.86×10-21 cm2 at λ~2.0 µm, indicating that the ZBYA glass can achieve high laser gains.

[image: ]
Fig.7. The absorption σabs and the emission σemi cross-sections of the optical transition Tm: 3F4→3H6.

As shown in Figure 8(a), a multi-mode laser at λ~ 2.0 μm was observed when the pump power of the λ~808 nm laser was set as 5.8 mW. The spectrum was recorded by the OSA with a spectral resolution of 0.05 nm. By adjusting the coupling position of the Tm3+-doped ZBYA microsphere with respect to the silica fiber taper, single-mode lasing emission was generated (Figure 8(b)). The center wavelength of this single-mode laser is λ~1897.76 nm, with a peak power of 18.87 nW and a linewidth of 0.05 nm when the pump power reached 5.6 mW. 
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Figure 9 presents the relation between laser output power and pump power of the single-mode laser at λ~1897.76 nm. During the measurements, the microsphere was kept in continuous contact with the fiber taper to reduce the power variations due to coupling gap instabilities. The emission presented as spontaneous radiation when the power is below the threshold power of 4.5 mW. The pump power reported here is the value of the pump source setting, and it includes both contributions of absorbed and scattered powers, so the actual threshold pump power is lower than 4.5 mW. The low threshold power indicates that this kind of laser is suitable as a miniaturized optical source for a large number of applications including gas sensing and surgery in medicine. In order to improve the power conversion efficiency, the coupling efficiency between the Tm3+-doped ZBYA microsphere and the silica fiber taper requires further improvement and optimization.
[image: ]
Fig.8. (a) Laser emission spectra from the Tm3+-doped ZBYA glass microsphere when the pump power was set to 5.8 mW; (b) Single mode laser emission spectrum from the microsphere when the pump power reached 5.6 mW. The inset is the enlargement of the laser peak.
[image: ]
Fig.9. Output power of the single-mode laser at λ~1897.76 nm as a function of the λ~808 nm pump power.
5. Conclusion
In conclusion, a Tm3+-doped ZBYA fluoride glass microsphere laser in the λ~2.0 μm wavelength regions was investigated. The λ~2.0 μm spectral properties of Tm3+-doped ZBYA glass were characterized and analyzed. By using a traditional fiber taper-microsphere coupling method, single mode and multi-mode laser operation at λ~2.0 μm were observed, with a low threshold power of ~4.5 mW. Results demonstrated that the Tm3+-doped ZBYA fluoride glass could find applications into integrated optics and fiber laser devices in the λ~2.0 μm region.
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