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In this paper, we demonstrate Er>" doped tellurite single and multi-mode microlasers in 1.5 pm-1.6 pm wave-
length range fabricated via the plasma torch method. It is a simple and cost-effective method to produce mi-
crospheres with diameter ranges from 11 to 88 ym. Single mode laser output were observed with 0.98 pm and
1.48 pm pump, respectively. In addition, the quality factor of the fabricated microsphere is measured.

1. Introduction

Over the past two decades whispering gallery mode microcavities
garnered considerable interest in many fundamental research areas
including sensors, lasers, amplifiers and telecommunications [1-3].
Light in whispering gallery modes is spatially confined by total internal
reflection along the equator of the microsphere resonators which makes
these systems of interest appropriate for fiber optics and photonic ap-
plications. Distinctive properties of microspheres such as high quality
factor and low mode volume makes them indispensable candidates for
laser and telecommunication applications. The lasing properties of
microsphere resonators have been widely reported in the literature over
the past few years [4-6]. Glasses made of tellurite, phosphate, fluoride,
and oxide glasses are desirable building blocks for microsphere lasers
[7-11]. Glasses made up of these materials are effective hosts for rare
earth ions which makes them suitable for lasing and telecommunication
applications. As such, compared to other glasses, tellurite glass is a good
host for rare earth ions because of its low phonon energy which leads to
a broad and strong emission cross section. Moreover, their wide trans-
parency window allows operation in the spectral range beyond 2 pm
which enables the possibility of achieving longer wavelength generation
compared to other glasses [9]. Possibilities of achieving longer wave-
length generation in comparison with silica glasses by introducing rare
earth ions such as Er’*, Tm®*, Ho®t, Nd®* and Yb®" in tellurite host
have led to a considerable increase in the production of tellurite glass
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microlasers [10-19]. The first report of tellurite glass microsphere
production was reported in 2002 [10] using a two step method: first a
tellurite glass rod was drawn from molten tellurite glass after which the
tip of the rod was melted using a resistive heater. Because of surface
tension the melted tip solidifies into a spherical shape. The two-step
method described remains the most commonly used method to pro-
duce tellurite glass microspheres, where the final local heating can be
done using a focused CO3 laser [11-13], a resistive microheater [10,14]
or a butane torch [15]. While the microspheres produced using the
two-step method have the advantage of being attached to a fiber stem
which is convenient for subsequent manipulation, the two-step method
remains costly and time consuming since it includes an additional fiber
drawing step. A simpler method is to produce the microspheres directly
from powdered glass by melting individual glass powder grains, which
was already reported using a focused Ti-saphire laser [16], a centrifugal
spin-method [17] or by droping the powder through a vertical furnace
[18]. In this paper, we used the plasma torch method to fabricate tel-
lurite doped whispering gallery mode microspheres which is an effective
and easy method for the fabrication of microspheres diameters ranging
from 11 to 88 pm. While the plasma torch method was already used
successfully to produce microspheres made of flouride glasses [20], in
this paper we present the successful production of tellurite glass
microspherical lasers using the plasma torch method. This makes
possible the production of a large numbers of high-quality microsphere
very quickly and using very affordable and cost-effective equipment.
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Er’* doped tellurite microspheres have gained significant attention for
broadband applications because of the possibility of achieving wave-
length selective amplification. Recently, single mode and multimode
laser generation of Er>" doped tellurite microspheres was achieved in C-
band and L-band under in-band pumping [14]. Furthermore, fiber taper
coupled Er®" doped microlasers at 1.5 pm region with 975 nm pump
laser by novel spin method was reported [17]. Here, we report Er’*
doped tellurite whispering gallery mode microlaser using both by 980
nm and 1480 nm pumping.

2. Experimental

Er’t doped tellurite microspheres were fabricated using the plasma
torch method. 15Na025W0360TeO, glass doped with 0.5 mol% Ers*
powder is used for the fabrication of microspheres [22]. The glass is
ground into a powder and then dropped between two electrodes through
which an electrical discharge has been produced by applying a high AC
voltage. Glass grains melt when passing through the electric arc and
upon cooling acquire a spherical shape due to surface tension, after
which they fall down on to a microscope slide. The distance between
electrodes and microscopic slide is approximately 1 cm. Micrograph of
the fabricated microspheres is shown in Fig. 1. A tapered fiber covered
with UV curable glue is used to pick up the fabricated microsphere from
the microscope slide (gluing process shown in Fig. 2 (a) and (b)). Fig. 3
shows the schematic of the plasma torch method used for the fabrication
of Er®" doped tellurite microspheres. Our experimental setup was real-
ized with standard optical components spliced or connected using APC
connectors. The pump lasers are multimode fiber coupled laser diodes at
980 nm (maximum power 600 mW) and 1480 nm (maximum power
200 mW) which are used to excite Er" ions in tellurite glass micro-
spheres. The pump is connected through a multiplexer and a variable
optical attenuator (VOA) to the input of the 95:5 coupler. The 95%
splitter output is connected to the coupled microsphere system, while
5% of the coupler output is connected to a power meter.

A full tapered fiber made from standard SMF28 fiber was used to
carry out the pumping of the microsphere and outcoupling of the
generated radiation. The co-propagating light from the microsphere is
analyzed using an optical spectrum analyzer (Anritsu MS9740B OSA).
The schematic of experimental setup is shown in Fig. 4(a). Fig. 4(b)
represents the micrograph of the green light upconversion in Er®* doped
tellurite microspheres. The green upconversion comes from the subse-
quent excited state absorption of: two photons in the case of 980 nm
excitation (4115/2->4111 /2->4F7/2); three photons in the case of 1480 nm
excitation (4115/2->4113/2->419/2->4F7/2). Intense green up conversion

Fig. 1. Micrograph of fabricated Er>* doped tellurite microsphere using the
plasma torch method. The inset shows a microsphere with diameter 40.55 pm.
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Fig. 2. (a) Micrographs of a tapered fiber and a microsphere in line with the
tapered fiber. (b) Fabricated microsphere glued to the tip of the tapered fiber.
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Fig. 3. schematic of plasma torch method used for the fabrication of Er*
doped tellurite glass microspheres.

was always visible by eye in the case of both pump wavelengths and was
used as an indication of efficient coupling. Furthermore, we measured
the quality factor (Q) of the fabricated sphere. Fig. 5 depicts the
experimental set up used for the Q factor measurement. Emission of a
tunable laser is sent to the microsphere coupled to a standard silica-
tapered fiber. Other end of the microsphere coupled system is con-
nected to an InGaAs detector (Thorlabs DETO8CFC/M). A sawtooth
signal generator is used to detune the tunable laser. An oscilloscope
syncronised to the signal generator is used to analyse the signal from the
detector.

3. Results and discussion

The Er®* ion has an absorption band at 980 nm. The simplified en-
ergy level diagram of Er®* for optical pumping in 980 nm and 1480 nm
wavelength is shown in the Fig. 6. 980 nm pump excites the ground state
radiation from level “I15/> to higher energy level *I;; 5. In the case of
tellurite glasses non-radiative transition from 4111 s to 4113/2 is possible
(2.7 um). Subsequently, the level *I;3,, is populated, the transition from
*113/2 to *I15/5 takes place, and lasing is accomplished in 1.53 pm-1.6 pm
range [9,17]. Hence, tellurite glasses are a good host for Er’* to achieve
lasing in 1.5 pm-1.6 pm wavelength region. Furthermore, in-band
pumping is possible with 1480 nm pump and it is used to achieve
laser emission at 1.5 pm. In our experiment we used 0.98 pym and 1.48
pm to obtain single and multimode lasing. Multimode lasing is observed
beacuse many modes achieve lasing threshold condition. Fig. 7(a) shows
the single mode lasing spectra with peak observed at 1558 nm with
maximum laser intensity 23 nW using 980 nm pump. Fig. 7 (b) shows the



S. Thekke Thalakkal et al.

(a)
- |
@ I:I | Pump
Multiplexer
P
WGM Microsphere Coupler 95:5 Power meter
(b)

Fig. 4. (a) Schematic of the set up used for the Er*>* doped tellurite microsphere
microlaser experiment (b) Green light up conversion observed with Er®* doped
tellurite microsphere while coupled to a full tapered fiber. (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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Fig. 5. Schematic diagram of the setup used for the Q factor measurement of
Er®* doped tellurite microspheres.

multimode lasing observed with 980 nm laser in the wavelength range
1560 nm-1600 nm. Fig. 8 (a) and (b) shows the multi mode lasing in
1590 nm-1610 nm range and single mode lasing of Er3* doped tellurite
microspheres achieved at 1565.41 nm with 1480 nm pump laser
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Fig. 6. Simplified Energy levels diagram of Er®* doped tellurite glass for optical
pumping in 980 nm and 1480 nm wavelength bands.

respectively. We can generate single and multimode lasing in Ertt
doped tellurite microsphere by adjusting the coupling strength by
varying the contact position between the tapered fiber and the
microsphere.

The measured laser output power versus absorbed pump power using
1.48 pm and 0.98 pm pump is shown in the Figs. 9 and 10 respectively.
We examined the lasing intensity of the mode at the far end of the L-band
(1600 nm) while increasing the pump power using a 1.48 pm laser in
order to determine the lasing threshold. We confirmed that lasing output
power is linearly increasing with the pump power. The lasing threshold
is calculated for 1.48 pm and 0.98 pm pump lasers by linear fitting the
laser output power in respect to the pump power. From the experiments
we observed that the lasing threshold for 0.98 pm pump is greater than
1.48 pm pump. Calculated value of lasing threshold for mode at 1600 nm
using 1.48 pm and 0.98 pm pump lasers are 12 mW and 16.58 mW
respectively. Note that the threshold powers reported above all corre-
spond to the pump power that is injected into the fiber taper that is used
to couple the pump into the sphere and not to the power that is coupled
into the sphere itself. The actual pump power coupled into the sphere is
actually much lower than the power injected into the taper, however it is
difficult to estimate how much exactly.

When the pump power is increased, the lasing mode is shifting to
higher wavelengths. The observed mode shift from 1565.30 nm to 1566
nm is shown in the Fig. 11. The shifting range we observed is 0.7 nm. We
hypothesize that the wavelength shift is due to the change of sphere size
and refractive index [4,17,21]. From the equation (1), for the two
consecutive modes,

2mnesr R = mA, m is an integer e))

neg is the effective refractive index, R is the radius of the sphere, A is
the wavelength of the mode. The radius and refractive index together
determine the wavelength of the whispering gallery modes according to
equation (1). With increasing the pump power the temperature in the
microsphere also increases. This subsequently alters the refractive index
and radius of the microsphere. Hence, the effective optical path length
changes which causes the shift of the wavelength of the lasing modes.
For very low pump power, (just above the lasing threshold) we observed
that the lasing mode is always located around 1.6 pm. Upon further
increase of the pump power the modes around 1.6 stop lasing while the
modes around 1565 pm start lasing. This is shown in Fig. 12 where we
detected a peak at the far end of the L-band (1600.96 nm) for low pump
powers while for higher pump powers we detected a lasing peak at lower
wavelength (1566.77 nm). The absorption spectra at room temperature
using a double beam spectrometer (resolution 1 nm) and the emission
spectra at 1.5 pm for the glass composition we used is reported in
Ref. [22]. The gain properties of the Erdt doped tellurite glass determine
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Fig. 7. (a) Single mode lasing spectra obtained at 1558 nm with maximum laser intensity 23 nW using 0.98 pm pump (b) Multimode lasing spectra obtained in the

range 1560 nm-1600 nm using 0.98 pm pump.
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Fig. 9. Measured microsphere laser output versus absorbed pump power with
1.48 pm pump.

the L-band lasing wavelength of the microsphere laser. The ratio of
absorption and emission cross-sections is crucial for determining the
gain of the Er®" doped tellurite glass for a given population inversion
[17,21].

Gx[o,(N, / N) —06,(Ny /N)] 2)

Where o, and o, are the emission and absorption cross section respec-
tively, G is the gain, N is the Er>" density of the tellurite glass, Ny is the

1.4
= Experimental
980 nm pump Linear fit ,
(]
1.2+
_ /\'
3 !
©
~1.0 1
2
7]
c
]
= 0.8
£
[
8
—1 0.6 1 /'
0.4

T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Pump power (mW)

Fig. 10. Measured microsphere laser output versus absorbed pump power with
0.98 pm pump laser.

lower level population density and N is the upper level population
density. No/N is the inversion rate which is proportional to the pump
power. Tellurite glass has a high refractive index, which results in a high
emission cross section (o,) for Er®* in tellurite glasses. The measured
refractive index of the sample (WNT 05) used for the experiment is
2.0450 [22]. Moreover, the effective emission cross section bandwidth is
very large in tellurite glasses. When the ratio N2/Nj is small, G is positive
in the longer wavelength end of the L-band (1600.96 nm). We confirmed
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Fig. 12. Lasing mode at 1600 nm shifted to shorter wavelength while increasing the 1.48 pm pump power.

that the gain is positive in this region since we observed microspheres
lasing in this region.

When increasing the pump power above a certain level the mode
around 1600 nm stops lasing and the mode at 1565 nm starts lasing. This
is because when increasing the pump power the inversion rate also in-
creases, and then the gain become positive in the shorter wavelength
region. Therefore, microsphere will lase in the shorter wavelength re-
gion (1566.77 nm) [17,21]. Although a further increase in the pump
power and a consequential increase in the population inversion should
lead to a further change of the preferred lasing wavelength down to
1530 nm where the maximum of Er®* emission is located, in practice we
have been unable to observe lasing at such low wavelengths. In fact,
upon increasing the pump power we have found that the spheres tended
to melt before full population inversion could be reached. When the
pump power is increased, spheres with diameters less than 30 pm melt
quickly. This is due to the fact that the breakdown temperature of a
microsphere changes with size. The smaller the diameter, the easier it is
to melt..

Furthermore, the quality factor of the microsphere is measured using
the set up shown in Fig. 5. Q factor is calculated by Lorenz fitting to a
whispering gallery mode measured at 1.63 pm wavelength (Fig. 13)
where we expect the absorption of the Er®* jons to be minimal. The full
width at half maxima of the fitted peak is 134.59 MHz (shown in the
inset of Fig. 13) and the calculated value of the Q factor is 1.36 x 10°.

Table 1
Parameters after the Lorentz fitting of the Q factor measurement.
Model Lorentz
Equation y =y0 + (2*A/pi)*(W/(4*(x-xc)"2 + W"2))
Plot of
yo 174.93487 + 0.77047
XC 6964.27456 + 3.0173
w 134.59019 + 9.71079
A —16193.61337 + 934.51514
Reduced Chi-Sqr 74.2134
R-Square (COD) 0.79271
Adj. R-Square 0.78964

4. Conclusion

In conclusion, we have reported Er*t doped tellurite glass micro-
sphere single and multimode lasers generated by pump lasers at 1.48 ym
and 0.98 pm wavelength using a home made plasma torch. The sug-
gested plasma torch approach is used to fabricate microspheres with
diameters 11-88 pm simultaneously. With a 0.98 pm as pump laser, we
were able to achieve a 23 nw single mode laser. The lasing threshold for
1.48 pm pump is 12 mW which is less than the measured value of the
lasing threshold for 0.98 pm pump (16.58 mW). When the 1.48 pm
pump laser power is increasing, the lasing peak at 1565.30 nm shifts to a
higher wavelength region because of cavity length changes due to heat
deposition in the microsphere. In addition, we studied the preferred
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Fig. 13. Lorenz fitting of the transmittance of the fabricated microsphere laser
for the Q factor measurement. Table 1 shows the parameters after fitting.

lasing wavelength in the L -band by observing peaks at 1.6 pm and 1565
nm, and we found that both can lase depending on the inversion
dependent positive net cross section in the shorter wavelength region.
The measured value of the Q factor of the fabricated microspheres in this
work reaches 1.36 x 10°.
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