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A B S T R A C T

High-Q whispering gallery mode (WGM) microspherical resonators made in rare earth (RE) doped glasses are an 
ideal platform to implement compact and low threshold laser sources and represent a simple tool for the 
characterization of laser glasses and an ideal platform for several sensing applications. In the case of Erbium- 
doped glass, the conventional pumping is performed at 980 nm or at 1480 nm. In this work on erbium doped 
tellurite glass microspheres, we demonstrate WGM lasers with resonant pumping in the C telecom band using 
pump frequencies for which the absorption cross section is smaller than the emission cross section. Reduced 
thermal effects are observed, with laser emissions above 1600 nm.

1. Introduction

WGM microspherical lasers made in RE doped glasses have been 
studied extensively in the last decades since the first work of Sandoghdar 
et al. [1] on neodymium-doped silica glass, which followed the pio
neering papers on CaF2:Sm++ crystals by Garett et al. [2], and on dye 
doped ethanol droplets by Tzeng et al. [3]. A recent review on RE doped 
glass microlasers was published by Frigenti et al. [4], where the vast 
literature is summarized, including resonators with different shapes, RE 
dopants and glass matrices. These coherent, compact, and low threshold 
light sources, besides being a simple platform to test laser glasses −
given their small size and ease of fabrication − came out to have their 
main applications in sensing [5] and biosensing [6]. Indeed, considering 
that the main sensing principle is based on monitoring the shift of the 
WGM resonance position, the strong narrowing (up to a few order of 
magnitude [7,8]) of the laser line compared to the cold cavity resonance 
linewidth translates into a corresponding significant improvement of the 
transducer sensitivity.

We recently proposed a simple fabrication method based on arc 
discharge to make microspheres in erbium doped tellurite glasses [9]. 
WGM microlasers in the wavelength region from 1.5 μm to 1.61 μm were 
then demonstrated by conventional pumping at 980 nm and at 1480 nm 
[9]. In this work we show that comparable results can be obtained by 

resonant pumping in the C telecom band (1530 nm ÷ 1565 nm), and 
particularly using pump wavelengths above 1550 nm, beyond those 
already exploited in similar glasses [10–12]. Importantly, high quality 
laser sources operating in this wavelength range are easily available and 
convenient. Compared to 980 nm pumping but also compared to 1480 
nm, this approach allows improved mode and phase matching of the 
pump and signal WGMs, and strongly reduces heating effects. In fact, 
depending and the glass matrix and the related non-radiative transi
tions, conventional pumping of Erbium ions can strongly increase the 
microsphere temperature up to its melting point [9,13]. More generally, 
strong thermal effects can be detrimental for some applications like in 
case of biosensing when, for instance, DNA hybridization is performed 
on the resonator while it is lasing, and care has to be taken to avoid 
reaching temperature that can denaturate DNA [14].

2. Experimental

The experimental setup for the characterization of the Erbium-doped 
microspheres is shown in Fig. 1. A fiber pigtailed tunable laser (semi
conductor external cavity laser NetTest TUNICS-Plus CL) operating in 
the C and L band (1530 nm ÷ 1625 nm) is used as pump source as well as 
to measure the cold cavity WGM quality factor. A polarization controller 
allows selecting the input polarization state while an attenuator is used 
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to change the pump power without affecting the laser wavelength. In 
fact, if the pump power is increased by raising the current, we observe a 
wavelength shift up to 8 pm/mW (when operating in the sweeping 
mode) even if the wavelength value set in the benchtop mainframe is 
kept fixed. The input power P1 is monitored using a 1/99 power splitter 
by sending the 1 % output to a power meter. The light is evanescently 
coupled to the resonator using a home-made fiber taper of about 3 μm 
fabricated in a standard SMF-28 fiber and with typical transmission 
losses of about 1.5 dB. The same taper is also used to collect the laser 
signal and the photoluminescence from the microsphere. A 1550 nm 
fused tap coupler (optical ratio 95/5) at the output section is followed on 
the low power branch by a 50/50 splitter. One output of the splitter is 
sent to a power meter to measure the 1550 nm residual pump power 
while the other output is sent to a photodiode to monitor the presence of 
a resonance when the pump laser is used in the scanning mode. When a 
high Q resonance is observed it is then possible to thermally lock the 
pump to the same resonance [15] and the scanning mode can be 
terminated to proceed with the measurements. The 95 % branch of the 
tap coupler is sent to a 1550 nm fused fiber power splitter that acts as 
wavelength division multiplexer (WDM) for the fundamental modes 
[16] to separate the photoluminescence and lasing in the C and L band −
which are sent to an Optical Spectrum Analyzer (AQ6317B from Ando, 
600 nm–1750 nm range) − from the upconversion emissions (at wave
length below 1000 nm [10,17]), which are sent to a CCD spectrometer 
(SPM-002-XT64 from Photon Control).

3. Results and discussion

The zinc-tellurite glass (75TeO2-20ZnO-5Na2O, mol%) doped with 1 
mol % of Erbium was fabricated by melting batches composed of 
analytical grade of the constituents with a process similar to that 
described in Ref. [18]. In a previous paper we have shown that of the 
three concentrations we used (0.5 %, 1 %, 2 %), the 1 % concentration 
produces the best results [19].

Differential scanning calorimetry was performed on zinc-tellurite 
glass and on zinc-tellurite glass doped with 1 mol% Erbium to deter
mine the thermal properties and glass stability. DSC signal was 
measured during heating and cooling cycles in the temperature range 
from 293 to 773 K in an extra pure nitrogen environment at a rate of 10 
K min− 1. Erbium doping has a significant influence on the increase of the 
glass transition temperature (Tg = 583 K compared to 574 K for undoped 
glass) and the crystallization temperature (Tc = 758 K compared to 725 
K for undoped glass) of 75TeO2-20ZnO-5Na2O glasses. In addition, the 
doped glass shows better stability against devitrification with Tc–Tg =

175 K.
After crushing the glass in powder of submillimeter grains, the mi

crospheres were then synthetized using the plasma torch method 
described in Ref. [9], obtaining diameter sizes in the range between 11 

μm and 88 μm. Using this method, larger spheres came out somewhat 
irregularly shaped and therefore they were not suitable for WGM lasing. 
A tapered fiber tip covered with glue was then used to pick up the 

Fig. 1. Experimental setup for the characterization of the microsphere lasers. TLD: tunable laser diode; PC: polarization controller; PM: power meter; WDM: 
wavelength division multiplexer; OSA: optical spectrum analyzer.

Fig. 2. WGM resonance of an Erbium-doped tellurite glass microsphere of 41 
μm in diameter showing a loaded Q factor of 5 × 105 (red curve). The mea
surement was performed around 1611 nm, i.e. outside the absorption band of 
Erbium. The blue line is the taper transmission before being placed in contact 
with the microsphere. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Maximum net cross section of Erbium-doped tellurite glass calculated 
for different pumping wavelengths. The grey line assumes 80 % of the 
maximum inversion level when pumping at 1555 nm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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spheres one by one for easy handling and characterization. Spheres 
smaller than 20 μm were not used because they were too difficult to glue.

The refractive index of the glass is 1.996 at 1550 nm [18]. Because of 
the big difference in refractive index of the silica fiber, higher order 
WGM were coupled [20]. Moreover, part of the light was radiated out of 
the fiber when the taper got in contact with the microsphere, as shown in 
Fig. 2. The same figure also shows a typical resonance measured around 
1611 nm (outside the absorption band of the Erbium ions), with a loaded 
Q factor of 5 × 105. The microsphere diameter is 41 μm.

The pump laser could be easily thermally locked to a similar reso
nance within the C band and wavelength in the range between 1550 nm 
and 1561 nm were considered. In this wavelength range absorption 
cross section is smaller than emission cross section [18]. The maximum 
in band pumping inversion rate Nmax between the 4I15/2 level and the 
4I13/2 level of Erbium ions corresponds to the transparency condition at 
the pump wavelength λp, i.e. Nmax = σa(λp)/(σa(λp)+ σe(λp)), where σa(λp) 
and σe(λp) are the absorption and emission cross sections, respectively 
[21]. For glass with similar composition as the one used in our experi
ment [18] Nmax = 0.38 when pumping at 1550 and Nmax = 0.33 when 
pumping at 1561 nm, and the corresponding maximum net cross sec
tions are shown in Fig. 3. The wavelength range with the highest positive 

cross section is around 1600 nm but if maximum inversion rate is not 
reached then it further shifts toward larger wavelengths as shown in 
Fig. 3 for 1555 nm pumping (for 80 % of the maximum inversion rate). 
Indeed, it was in the band between 1600 nm 1611 that lasing could be 
consistently obtained both in single mode and multimode regimes.

The characteristic curve for a microsphere laser with a diameter of 
42 μm is shown in Fig. 4. The pump wavelength is 1555 nm and the 
single mode emission is around 1611 nm. Pump power refers to the 
power coupled to the microsphere or more correctly to the difference 
between the pump power at the taper output before and after contact 
with the microsphere. This latter is sometimes called ‘absorbed’ power, 
but it also includes power radiated outside the sphere (and not coupled 
to it, as shown in Fig. 2). In this case, when the pump is locked to the 
resonance, the absorbed power is about one third of the launched one 
and the threshold for laser emission is about 160 μW for the curve in 
Fig. 4. During the measurements the taper is kept in contact with the 
microsphere to improve the system stability. Laser output power refers 
to the laser signal collected by the taper in the forward direction. The 
error bars are standard deviation from measurements performed every 
15 s for 5 min after each pump power increase. The emission is single 
mode up to a pump power of 400 μW when it becomes multimode as 
shown in the laser spectra of Fig. 5 taken for increasing pump power. As 
expected, the single mode laser wavelength slightly shifts because of 
thermal effects and the consequent temperature increase of the micro
sphere. As shown in Fig. 6, a red shift is observed, consistently with the 
values of the thermal expansion coefficient (αR = 1/R ⋅ dR/dT ~ − 11.5 
× 10− 6 K− 1) and the thermo-optic coefficient (dn/dT ~ 16.2 × 10− 6 K− 1) 
around room temperature of tellurite glasses having the same compo
sition [22], and according to the formula dλr/dT = λr(αR+1/n⋅ dn/dT), 
where λr is the resonance wavelength, R is the sphere radius, and n is the 
refractive index [23]. From the calculated value of the resonance 
wavelength shift with temperature (dλr/dT = 12 pm/K) and the 
measured overall shift of the laser wavelength (270 pm for pump power 
increasing from 0.17 mW to 0.41 mW, corresponding to 1.1 pm/μW), we 
can assume a corresponding temperature increase of the microsphere of 
22 K when the pump increases from the laser threshold to the multimode 
behavior (0.24 mW of pump power increase). A similar shift (1 pm/μW), 
also shown in Fig. 6, is obtained if slightly adjusting the thermally locked 
pump wavelength for maximizing the laser output.

Monitoring the thermal effects from the laser wavelength shift allows 
assessing the temperature increase in the microsphere. In RE-doped 
glasses a well-known method to sense temperature is based on the 
fluorescence intensity ratio (FIR) technique [24,25], which, in the case 
of Erbium ions implies measuring the intensity ratio of the two 

Fig. 4. Characteristic curve of an Erbium-doped tellurite glass microsphere (42 
μm in diameter) showing the taper coupled output power vs the absorbed pump 
power. The laser is single mode up to about 400 μW of absorbed pump power 
and then it becomes multimode.

Fig. 5. Laser spectra from the same microsphere of Fig. 4 collected between 
1601 nm and 1612 nm with an OSA (0.1 nm wavelength resolution) at the 
output of the coupling fiber taper for different pump power values at 1555 nm 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 6. Laser wavelength shift with increasing pump power (red line). Optimal 
pump wavelength can be adjusted for maximum laser emission, resulting in an 
almost identical shift (blue line, ~1 pm/μW). The microsphere is the same as 
Fig. 4. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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upconversion green emission lines centered at 525 nm and 550 nm [26,
27]. However, in our system, when pumping above 1550 nm and with 
rather low power (below 0.5 mW, as shown in Fig. 4), the detected green 
upconversion was too weak to reliably perform FIR measurement, as 
shown in Fig. 7. In fact, in the green upconversion process, three pump 
photons at 1550 nm are involved to reach the 2H11/2 and 4S3/2 levels. 
Moreover, as expected, the very poor efficiency of the evanescent 
coupling from the microsphere WGMs to the taper modes at visible 
wavelengths (the evanescent field decay constant in the radial direction 
goes with the inverse of the wavelength [28,29]), strongly reduces the 
collected signal in that portion of the spectrum. In order to more clearly 
identify the contributions to upconversion luminescence of the various 
energy levels we also used an additional pump at 1480 nm and the re
sults are presented in Fig. 7. Green luminescence could be collected with 
or without lasing around 1600 nm, but there was no evidence of a green 
upconversion laser as in Refs. [10,17,30].

4. Conclusions

WGM lasers emitting above 1600 nm in Erbium-doped tellurite glass 
microspheres with diameters around 40 μm were demonstrated by in 
band resonant pumping in the region 1550 nm ÷ 1560 nm. Thermal 
effects due to nonradiative decays are strongly reduced compared to 
pumping at 980 nm and 1480 where similar glasses can rise their tem
perature up to their transition value Tg. By monitoring the single mode 
laser wavelength shift we showed that our system had a temperature 
increase limited to 20 K. Such a limited temperature rise would allow, 
for instance, the implementation of ultra-high resolution WGM DNA- 
based biosensors operating at temperatures well below DNA 
denaturation.
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tualization. Stefano Pelli: Writing – review & editing. Daniele Farnesi: 
Writing – review & editing. Silvia Soria: Writing – review & editing. 
Hrvoje Gebavi: Investigation. Alessandro Chiasera: Writing – review 
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