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ABSTRACT

A new kind of Erbium doped heavy fluoride glass Er:ZBLALiP has been studied. Microspheres were fabricated
with this fluoride glass. Whispering Gallery Mode laser spectra around 1550 nm were analyzed for different
sphere diameters and Erbium concentrations (from 0.01 % to 0.2 % by mole) under pumping by a fiber taper at
1480 nm. Red-shift effect on the frequencies of both fluorescence and laser spectra is experimentally observed
when the pump power is increased, originating from thermal effects. A spectroscopic technique based on
the green upconversion fluorescence is used to compute a loading effective temperature for the Er:ZBLALiP
microsphere and this further allows us to calibrate the properties of the microsphere laser in terms of the thermal
expansion as well as the variation of the refractive index.

Keywords: Whispering Gallery Mode lasers, Erbium doped fluoride glass, Erbium concentration , Temperature
effect, Line shift

1. INTRODUCTION

With recent breakthrough in terms of output power, the Erbium 3 um fiber laser has become an object of
intense scientific research and an increasingly attractive tool for applications.! In other respects, since a few
years optical microspherical cavities are subject to numerous studies.? In dielectric spheres light can be guided
through high-Q whispering-gallery-modes (WGMs). The unique combination of strong temporal and spatial
confinement of light makes these systems of interest for a number of applications as diverse as quantum optics®
and optical communications.* Among these, rare earth doped glass have been demonstrated as potentially
compact laser source.”””

In this frame, a new fluoride glass composition allowing easy incorporation of rare earth ions and revealing an
improved stability with regard to classical fluorozirconate glasses enabling easier shaping as fiber making or
microsphere fabrication with a weaker nucleation risk has been studied.

We present experimental results on microspherical laser at 1550 nm pumped at 1480 nm using half-taper for
direct fiber coupling. Our experiments are focused on the transition 4I13/2 — I15/5 at 1550 nm of Er:ZBLALiP
spheres, which offers potential applications in telecommunications. We have made experiments on different glass
samples with doping rate in Erbium varying from 0.01 mol.% to 6 mol.%. Laser oscillations were obtained for
different Erbium concentrations (from 0.03 mol.% to 0.2 mol.%). Red-shift effect on the wavelengths of both
fluorescence and laser spectra was experimentally observed when the pump power was increased, originating
from thermal effects. A spectroscopic technique based on the green upconversion fluorescence is used to precisely
compute a loading effective temperature for the Er:ZBLALiP microsphere, and this further allows us to calibrate
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Figure 1: Lifetime of the *I;3 /2 level vs Erbium concentration for bulk and powder

the properties of the microsphere laser in terms of the thermal expansion as well as the variation of the refractive
index.

2. EXPERIMENT
2.1. Er:ZBLALIP glass

Glasses with composition in mol.% 62.2ZrFy,19.5BaF,,6.1LaF3,2.4LiF, 6.1 PbF, have been prepared by melt-
ing of the powders (commercial raw materials of purity higher than 99.99%) in a covered platinium crucible at
about 800°C for 45 min in a dry argon glove box with a water content lower than 5ppm. The melt was poured
in a preheated copper mould at 250°C' and slowly cooled down to room temperature. The doping ion is added
in excess to the formula +xzErF3 where z is the Erbium doped concentration in mol.%. Several concentration
ranging from x = 0.01 mol.% to 11 mol.% were prepared, corresponding to 0.02 to 22 x 102°Er ions/cm?. The
samples obtained are of good optical quality.

Differential Thermal Analysis (DTA) was done® for 0.01, 2 and 11 mol.% of Erbium ions. The melting peak is
centered around 530°C independently of the Erbium content. The glass transition temperature lies respectively
at 247°C, 251°C' and 268°C'. The interval between T}, and T is equal to respectively 76, 88 and 86°C.

The fluorescence decay of Er3t ions were recorded after excitation by a pulsed frequency doubled Nd:Yag laser
at 532 nm. The lifetime of the 4I13/2 level corresponding to the 1550 nm transition has been measured on
bulky and powdered samples (Fig.1). For the low doping rate, i.e less or equal to 0.2% no significant difference
is detected between the two measurements of a same composition. However, when the doping rate reaches or
exceeds 2% an increasing lengthening of the lifetime measured on bulky samples is observed with respect to the
powdered samples when the concentration is increased.

Absorption cross section were recorded on a double-beam Cary 17 spectrometer with a resolution better than
0.1 nm. Figure 2.a presents the absorption cross section for the *I;; /2 —4 14 /2 transition. This was ex-
perimentally measured in an Er:ZBLALiP bulk chip 0.05 mol.% Erbium doped and the emission cross section
spectrum was derived using the McCumber’s theory.? The absorption and emission cross sections are related
by Z h

c 1 1
: Z_IL] eXp[kBT(X - )\—0)] (1)

ga(A) = 0e(N)
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Figure 2: (a) Absorption Spectrum (b) Gain Spectra for ZBLALIP glass Erbium doped 0.05 mol%

where Zj, Zy are the partition functions of the upper and lower levels, Ao the wavelength corresponding to
the two lowest Stark levels of the 4I13/2 and 4I15/2 levels. h is the Planck’s constant, ¢ the light velocity,
kp the Boltzmann’s constant and T the temperature in degrees Kelvin. Computation of Zp, Zy needs the
spectroscopic values of both levels of Erbium ion, i.e. their degenerencies and Stark-level energies (see Eq.2 in
Ref. 9). In general, such Stark components of Er®t doped glasses can be deduced from the low temperature
absorption-emission spectra.!® Based on these absolute cross section spectra, the net gain spectra G(\,p) can
be computed in terms of the pumping level'! as the following:

G\p) =ngr - [poe(A) — (1 = p)oa(N)] 2)

where p is the fractional factor of the excited Erbium ions in the metastable level *I;5 /2. 1t is important
to note that p is an excitation parameter averaged over temperature due to Stark effects of both the upper
and lower levels. G(\,p) represents the gain spectra at room temperature which is applicable to the lasing
threshold condition where there is no significantly increase of temperature. Figure 2.b represents the gain
spectra calculated for several values of p. We note a laser domain extending from 1533 to 1570 nm.

Spheres were produced by fusion of fluoride glass powders with a microwave plasma torch. Powders are injected
axially and melt when passing through the flame. Superficial tensions giving them their spherical form. Free
microspheres with a diameter which varies from 10 to 200um are collected a few centimeters below. Then, they
are glued at a stretched tip of optical fibers (20um in diameter) which allows to manipulate them easily and to
insert them in the optical setup.

2.2. Experimental Setup

A WGM is described by a polarization (TE or TM) and three quantum numbers (n,l,m) which represent
the radial, angular and azimuthal mode numbers, respectively. To excite High-Q WGMs (lowest n), light
has to be launched from a phase-matched evanescent wave in an adjacent waveguide or a prism under total
internal reflection. For microspherical lasers, most of couplings have been realized by free beams,> prisms,% 7
tapers'? '3 and half tapers.'* !> Among the different pumping wavelengths which can be used with Erbium
doped glasses'® (810 nm, 975 nm and 1480 nm) we chose 1480 nm to obtain a good overlap between the pump
and laser mode volumes in the microsphere and to optimize the lasing process in our system. It presents also
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Figure 3: Experimental setup

advantages when coupling is obtained using one single half-taper as the pump wavelength is close enough to
that of the laser field, such coupling device allows to couple both fields in and out the microspherical laser. The
fiber coupling experiments were performed with half-tapered fiber, that we obtained by heating and stretching
standard telecommunication fiber (single mode at 1.55 wm) until breaking, using a fusion optical splicing system.
The drawn length was typically 850 um, and the taper end reduced to 1.5 um in diameter. The experimental
Setup (see Fig.3) was realized with standard fiber-optic components spliced or connected with APC connectors.
Mounting Er:ZBLALiP spheres on microtranslations brought the equator region in contact with the evanescent
field surrounding the taper. The pump device was based on a multimode-fiber laser diode (maximum outpout
power, 100 mW) operating at 1.48 um, an isolator that prevent feedback into the laser diode, and an X-coupler
at 1.48-1.55 ym. The X-coupler allowed us to use the same fiber to pump and to collect the fluorescence or
the laser signal. The X-coupler enabled us to have a pump reference that was separated from the laser signal,
which was analyzed with a 0.1 nm resolution optical spectrum analyzer (OSA).

2.3. Results

For any sphere diameter and doping concentration, the optical spectrum of the laser below the threshold show
an enhancement of the fluorescence intensity and a higher peak density than those obtained with a prism as
demonstrated in a previous paper.'* More modes can thus be excited in the sphere, which qualitatively justifies
the large number of lines (Fig.4). Nevertheless, for sufficiently large sphere diameter in respect to the wavelength
we can use an analysis similar to that used for excitation by a prism for the fluorescence spectra’ on the basis
of asymptotic expressions'” for WGM size parameters. This standard analysis shows that these series of peaks
can be assigned to several families of modes instead of one predominant family when a prism is used, each of
them having the same radial order n but different polarizations and angular momenta /. When increasing the
pump intensity we obtained laser oscillation.

Figure 4 shows the evolution of WGMs spectra for a 0.05 mol.% Erbium doped microsphere with a diameter
of 60 um as the pump intensity increased (denoted by LD driven current). At 100 mA excitation, the emission
spectrum exhibits a typical discrete WGMs feature (fig.4a), at threshold (110 mA (fig.4b) we observed laser
oscillation at 1550.2 nm (corresponding to a maximum of the gain spectrum) and for an high pumping rate
(fig.4c) we obtained multimode laser emission lines. For other doping rate, we obtained similar behaviour
differing by the threshold and the laser domain. We studied several samples with different concentration in
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Erbium. For every doping rate we tested about ten spheres. Laser oscillation was obtained for concentrations
equal to 0.03 Mol.%, 0.05 Mol.%, 0.08 Mol.%, 0.1 Mol.%, 0.2 Mol.% with an optimal concentration between
0.05 Mol.% and 0.08 Mol.%. The evolution of the threshold and of the laser intensity are plotted versus the
doping rate on figure 5 (dotted lines are just guides for the eyes). Such concentrations lead to : an extended laser
domain, a lower threshold and a better efficiency than other concentrations. Doping rate too low (0.01 Mol.%)
or too high (2 Mol.% and 6 Mol.%) does not allow laser oscillation.
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Figure 6: Red-Shift of WGM laser spectra of Er:ZBLALIP (0.05 mol.%) 2a = 60 um.

2.4. Red shift effect on laser lines

The laser spectra were analyzed by an Optical Spectrum Analyzer with a resolution of 0.1 nm as the pump power
was increased under 1480 nm pumping, and typical results are illustrated in Fig.6. The two wavelengths at
1542.6 nm and 1568.8 nm, when the pump intensity is under 380 m A shift further to 1543.0 nm and 1569.2 nm,
respectively, under 840 m A excitation. Similar red-shift behaviours have also been observed for other lasing or
non-lasing WGMs as the pump intensities increased from 100 mA to 910 mA and this for every concentration
doping rate. It should be noted that all WGMs shift by 0.8 nm towards longer wavelength.

3. CAVITY TEMPERATURE EFFECT

The aim of this section is to develop the connection between the temperature rise and the line shift which
happens when the pumping is increased. For this purpose, we firstly formulate the lasing wavelength shift in
terms of the cavity temperature rise based on the lasing condition; then the cavity temperature is scaled by
using the intensity ratio between two green upconversion emission.

3.1. Basic formulation of cavity thermal effect

The microspherical laser consists of an active cavity within which phonons associated with the non radiative
decay between the manifolds of Erbium ions,e.g.,"I11/» —* I13/, and between the intra-Stark levels of the
laser manifolds,i.e., *I;5 /2 and 415 /2, create thermal deposition and thus heat the microsphere. An increase of
cavity temperature AT results not only in a longitudinal expansion Ad of the microchip cavity but also in a
change of index of refraction An. Both changes then affect the lasing condition and the wavelength shift A\ of

every WGM as the cavity temperature rises by AT can be written as'®
1 on 1 dd
A=\ (—=—=+===)-AT
A=hGoartaar) )

Here n and d are constant values which are referenced to the room temperature, or if one wants to be more
precise, to the temperature corresponding to the threshold for oscillation. On/0T ,0d/0T are change ratio with
respect to temperature for the index of refraction and thermal expansion of the Er:ZBLALiP glasses.
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3.2. Thermal effect

To Calibrate the cavity temperature we use the upconversion intensity ratio originated from the levels S /2 (level
2) and ?Hyy /5 (level 3) which are responsible for the green emission (Fig.7). Each green fluorescence spectrum
can be decomposed into five Gaussian profiles by a Multi-Gaussian-Fit procedure. The peak wavelengths of
these five Gaussian profiles remain quasi-independent of the incident pumping power, being 518.7 nm, 522.0 nm,
527.4 nm, 541.6 nm and 550.4 nm, respectively, while their height and area are different as the pumping power
is increased. The physical mechansim is the same as described in ref.18 The multiphonon relaxation rate is
inversely proportional to the number of phonons N necessary to span the energy gap between the 4S; /2 and
‘F, /2. In reality, the energy gap between the levels of 2 and 3 is about 800 em ™!, comparable to the value of
ksT ~ 200 cm™', and much less than the energy gap between them and the nearest lower level *F /2> about
3200 em~!(at least seven phonons to bridge this energy gap). This fact leads to a quasi-thermal population
distribution in the manifolds of 2 and 3 due to strong phonon interaction(typically incorporating one or two
phonons) between them. The ratio of the emission intensities originating from the levels 3 and 2 can thus be
expressed by the following equation

I3 N Azgshvs E3;

= oo expl- o (4)

2 292 NV3

where v» and v3 are green emission frequencies, g» and g3 the degeneracies (2J + 1) and As, A3 the total
spontaneous-emission rates of the level 2 and 3. F3, is the energy gap between the levels 2 and 3. An effective
temperature 7 can now be evaluated in substituting spectroscopic data of Er:ZBLA glasses'? into Equ.4

1152
T = 10(10.7) — T/ B5] )

A 2 mol.% Er:ZBLALIP microsphere 60 pum in diameter was used to scale cavity temperature due to its intense
upconversion emission. In Figure 8, the green emission spectra attributed to the transitions from the metastable
levels 3 and 2 to the fundamental level 4I15/2 of Erbium ions are shown for 200 mA and 910 mA excitation. The
central wavelengths of these two bands are 526 nm and 550 nm, respectively, which are calculated by weighting
the Stoke’s shifts. Introducing the intensity ratio between them in equation 5 lead to microsphere temperature
of 327.6 K and 394.5 K, respectively, corresponding to a temperature rise of 66.9 K. This results in a red-shift
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Figure 8: Green upconversion spectra for Er :ZBLALIP glass under 200mA and 910mA diode driving current

rate of 0.012 nm/K for Er:ZBLALIP glass. From equation 3, we yield

1 on 1 0d
22 2y = 1077 /K
(n 8T+d BT) 8x 107"/ (6)
For most ZBLA glasses, dn/JT is only about one tenth of 9d/0T and generally the former is negative. If this
hypothesis is assumed, dd/0T = 87 x 10~ 7/K, and On/0T = —9 x 10~ 7/K, which are similar to 84 x 10~ 7/K
and —10 x 10~7/K of QX-Kigre phosphate glass in the same temperature range.

4. CONCLUSION

A fluoride glass with composition revealing a high stability, with a weak nucleation tendency, has been studied.
High optical quality microspheres have been made using a plasma torch. Er:ZBLALiP microsphere 1550 nm
lasers have been achieved for several doping rates under pumping at 1480 nm. Red-shift effects of WGMs in
Er:ZBLALiP microspheres with an increasing pump power was observed. A simple model based on the intensity
ratio between two green upconversion emissions is proposed to interpret the thermal effect and to scale the cavity
temperature rise. The result indicates that a 0.8 nm red-shift corresponds to 66.9 K temperature rise. Another
prospective application is to construct a point temperature sensor by tens micrometer-size with fiber-coupled
microspheres. Moreover, Von Klitzing?°has recently demonstrated tuning ability of silica microspheres by 1 nm
at 800 nm of WGMs with strain tuning method. In this paper we propose an alternative tuning technique
based on inherent thermal expansion to realize a tunable range of 0.8 nm.
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