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ABSTRACT

A new kind of Erbium doped heavy 
uoride glass Er:ZBLALiP has been studied. Mi
rospheres were fabri
ated
with this 
uoride glass. Whispering Gallery Mode laser spe
tra around 1550 nm were analyzed for di�erent
sphere diameters and Erbium 
on
entrations (from 0.01 % to 0.2 % by mole) under pumping by a �ber taper at
1480 nm. Red-shift e�e
t on the frequen
ies of both 
uores
en
e and laser spe
tra is experimentally observed
when the pump power is in
reased, originating from thermal e�e
ts. A spe
tros
opi
 te
hnique based on
the green up
onversion 
uores
en
e is used to 
ompute a loading e�e
tive temperature for the Er:ZBLALiP
mi
rosphere and this further allows us to 
alibrate the properties of the mi
rosphere laser in terms of the thermal
expansion as well as the variation of the refra
tive index.

Keywords: Whispering Gallery Mode lasers, Erbium doped 
uoride glass, Erbium 
on
entration , Temperature
e�e
t, Line shift

1. INTRODUCTION

With re
ent breakthrough in terms of output power, the Erbium 3 �m �ber laser has be
ome an obje
t of
intense s
ienti�
 resear
h and an in
reasingly attra
tive tool for appli
ations.1 In other respe
ts, sin
e a few
years opti
al mi
rospheri
al 
avities are subje
t to numerous studies.2 In diele
tri
 spheres light 
an be guided
through high-Q whispering-gallery-modes (WGMs). The unique 
ombination of strong temporal and spatial

on�nement of light makes these systems of interest for a number of appli
ations as diverse as quantum opti
s3

and opti
al 
ommuni
ations.4 Among these, rare earth doped glass have been demonstrated as potentially

ompa
t laser sour
e.5{7

In this frame, a new 
uoride glass 
omposition allowing easy in
orporation of rare earth ions and revealing an
improved stability with regard to 
lassi
al 
uorozir
onate glasses enabling easier shaping as �ber making or
mi
rosphere fabri
ation with a weaker nu
leation risk has been studied.
We present experimental results on mi
rospheri
al laser at 1550 nm pumped at 1480 nm using half-taper for
dire
t �ber 
oupling. Our experiments are fo
used on the transition 4I13=2 �!

4 I15=2 at 1550 nm of Er:ZBLALiP
spheres, whi
h o�ers potential appli
ations in tele
ommuni
ations. We have made experiments on di�erent glass
samples with doping rate in Erbium varying from 0:01 mol:% to 6 mol:%. Laser os
illations were obtained for
di�erent Erbium 
on
entrations (from 0:03 mol:% to 0:2 mol:%). Red-shift e�e
t on the wavelengths of both

uores
en
e and laser spe
tra was experimentally observed when the pump power was in
reased, originating
from thermal e�e
ts. A spe
tros
opi
 te
hnique based on the green up
onversion 
uores
en
e is used to pre
isely

ompute a loading e�e
tive temperature for the Er:ZBLALiP mi
rosphere, and this further allows us to 
alibrate
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Figure 1: Lifetime of the 4I13=2 level vs Erbium 
on
entration for bulk and powder

the properties of the mi
rosphere laser in terms of the thermal expansion as well as the variation of the refra
tive
index.

2. EXPERIMENT

2.1. Er:ZBLALiP glass

Glasses with 
omposition in mol:% 62:2ZrF4; 19:5BaF2; 6:1LaF3; 2:4LiF; 6:1PbF2 have been prepared by melt-
ing of the powders (
ommer
ial raw materials of purity higher than 99:99%) in a 
overed platinium 
ru
ible at
about 800ÆC for 45 min in a dry argon glove box with a water 
ontent lower than 5ppm. The melt was poured
in a preheated 
opper mould at 250ÆC and slowly 
ooled down to room temperature. The doping ion is added
in ex
ess to the formula +xErF3 where x is the Erbium doped 
on
entration in mol:%. Several 
on
entration
ranging from x = 0:01 mol:% to 11 mol:% were prepared, 
orresponding to 0:02 to 22� 1020Er ions=
m3. The
samples obtained are of good opti
al quality.
Di�erential Thermal Analysis (DTA) was done8 for 0:01, 2 and 11 mol:% of Erbium ions. The melting peak is

entered around 530ÆC independently of the Erbium 
ontent. The glass transition temperature lies respe
tively
at 247ÆC, 251ÆC and 268ÆC. The interval between Tg and Tx is equal to respe
tively 76, 88 and 86ÆC.
The 
uores
en
e de
ay of Er3+ ions were re
orded after ex
itation by a pulsed frequen
y doubled Nd:Yag laser
at 532 nm. The lifetime of the 4I13=2 level 
orresponding 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 signi�
ant di�eren
e
is dete
ted between the two measurements of a same 
omposition. However, when the doping rate rea
hes or
ex
eeds 2% an in
reasing lengthening of the lifetime measured on bulky samples is observed with respe
t to the
powdered samples when the 
on
entration is in
reased.
Absorption 
ross se
tion were re
orded on a double-beam Cary 17 spe
trometer with a resolution better than
0:1 nm. Figure 2.a presents the absorption 
ross se
tion for the 4I15=2 �!

4 I13=2 transition. This was ex-
perimentally measured in an Er:ZBLALiP bulk 
hip 0:05 mol:% Erbium doped and the emission 
ross se
tion
spe
trum was derived using the M
Cumber's theory.9 The absorption and emission 
ross se
tions are related
by

�a(�) = �e(�) �
ZL
ZU

exp[
h


kBT
(
1

�
�

1

�0
)℄ (1)
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Figure 2: (a) Absorption Spe
trum (b) Gain Spe
tra for ZBLALiP glass Erbium doped 0:05 mol%

where ZL, ZU are the partition fun
tions of the upper and lower levels, �0 the wavelength 
orresponding to
the two lowest Stark levels of the 4I13=2 and 4I15=2 levels. h is the Plan
k's 
onstant, 
 the light velo
ity,
kB the Boltzmann's 
onstant and T the temperature in degrees Kelvin. Computation of ZL, ZU needs the
spe
tros
opi
 values of both levels of Erbium ion, i.e. their degeneren
ies and Stark-level energies (see Eq.2 in
Ref. 9). In general, su
h Stark 
omponents of Er3+ doped glasses 
an be dedu
ed from the low temperature
absorption-emission spe
tra.10 Based on these absolute 
ross se
tion spe
tra, the net gain spe
tra G(�; p) 
an
be 
omputed in terms of the pumping level11 as the following:

G(�; p) = nEr � [p�e(�)� (1� p)�a(�)℄ (2)

where p is the fra
tional fa
tor of the ex
ited Erbium ions in the metastable level 4I13=2. It is important
to note that p is an ex
itation parameter averaged over temperature due to Stark e�e
ts of both the upper
and lower levels. G(�; p) represents the gain spe
tra at room temperature whi
h is appli
able to the lasing
threshold 
ondition where there is no signi�
antly in
rease of temperature. Figure 2.b represents the gain
spe
tra 
al
ulated for several values of p. We note a laser domain extending from 1533 to 1570 nm.
Spheres were produ
ed by fusion of 
uoride glass powders with a mi
rowave plasma tor
h. Powders are inje
ted
axially and melt when passing through the 
ame. Super�
ial tensions giving them their spheri
al form. Free
mi
rospheres with a diameter whi
h varies from 10 to 200�m are 
olle
ted a few 
entimeters below. Then, they
are glued at a stret
hed tip of opti
al �bers (20�m in diameter) whi
h allows to manipulate them easily and to
insert them in the opti
al setup.

2.2. Experimental Setup

A WGM is des
ribed by a polarization (TE or TM) and three quantum numbers (n; l;m) whi
h represent
the radial, angular and azimuthal mode numbers, respe
tively. To ex
ite High-Q WGMs (lowest n), light
has to be laun
hed from a phase-mat
hed evanes
ent wave in an adja
ent waveguide or a prism under total
internal re
e
tion. For mi
rospheri
al lasers, most of 
ouplings have been realized by free beams,5 prisms,6, 7

tapers12, 13 and half tapers.14, 15 Among the di�erent pumping wavelengths whi
h 
an be used with Erbium
doped glasses16 (810 nm, 975 nm and 1480 nm) we 
hose 1480 nm to obtain a good overlap between the pump
and laser mode volumes in the mi
rosphere and to optimize the lasing pro
ess in our system. It presents also
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Figure 3: Experimental setup

advantages when 
oupling is obtained using one single half-taper as the pump wavelength is 
lose enough to
that of the laser �eld, su
h 
oupling devi
e allows to 
ouple both �elds in and out the mi
rospheri
al laser. The
�ber 
oupling experiments were performed with half-tapered �ber, that we obtained by heating and stret
hing
standard tele
ommuni
ation �ber (single mode at 1.55 �m) until breaking, using a fusion opti
al spli
ing system.
The drawn length was typi
ally 850 �m, and the taper end redu
ed to 1.5 �m in diameter. The experimental
Setup (see Fig.3) was realized with standard �ber-opti
 
omponents spli
ed or 
onne
ted with APC 
onne
tors.
Mounting Er:ZBLALiP spheres on mi
rotranslations brought the equator region in 
onta
t with the evanes
ent
�eld surrounding the taper. The pump devi
e was based on a multimode-�ber laser diode (maximum outpout
power, 100 mW ) operating at 1.48 �m, an isolator that prevent feedba
k into the laser diode, and an X-
oupler
at 1.48-1.55 �m. The X-
oupler allowed us to use the same �ber to pump and to 
olle
t the 
uores
en
e or
the laser signal. The X-
oupler enabled us to have a pump referen
e that was separated from the laser signal,
whi
h was analyzed with a 0.1 nm resolution opti
al spe
trum analyzer (OSA).

2.3. Results

For any sphere diameter and doping 
on
entration, the opti
al spe
trum of the laser below the threshold show
an enhan
ement of the 
uores
en
e intensity and a higher peak density than those obtained with a prism as
demonstrated in a previous paper.14 More modes 
an thus be ex
ited in the sphere, whi
h qualitatively justi�es
the large number of lines (Fig.4). Nevertheless, for suÆ
iently large sphere diameter in respe
t to the wavelength
we 
an use an analysis similar to that used for ex
itation by a prism for the 
uores
en
e spe
tra7 on the basis
of asymptoti
 expressions17 for WGM size parameters. This standard analysis shows that these series of peaks

an be assigned to several families of modes instead of one predominant family when a prism is used, ea
h of
them having the same radial order n but di�erent polarizations and angular momenta l. When in
reasing the
pump intensity we obtained laser os
illation.
Figure 4 shows the evolution of WGMs spe
tra for a 0:05 mol:% Erbium doped mi
rosphere with a diameter
of 60 �m as the pump intensity in
reased (denoted by LD driven 
urrent). At 100 mA ex
itation, the emission
spe
trum exhibits a typi
al dis
rete WGMs feature (�g.4a), at threshold (110 mA (�g.4b) we observed laser
os
illation at 1550.2 nm (
orresponding to a maximum of the gain spe
trum) and for an high pumping rate
(�g.4
) we obtained multimode laser emission lines. For other doping rate, we obtained similar behaviour
di�ering by the threshold and the laser domain. We studied several samples with di�erent 
on
entration in
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Figure 5. squares- Main WGM laser line intensity. Dots- driven 
urrent of the diode pump at threshold vs Erbium

on
entration

Erbium. For every doping rate we tested about ten spheres. Laser os
illation was obtained for 
on
entrations
equal to 0.03 Mol:%, 0.05 Mol:%, 0.08 Mol:%, 0.1 Mol:%, 0.2 Mol:% with an optimal 
on
entration 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 �gure 5 (dotted lines are just guides for the eyes). Su
h 
on
entrations lead to : an extended laser
domain, a lower threshold and a better eÆ
ien
y than other 
on
entrations. Doping rate too low (0.01 Mol:%)
or too high (2 Mol:% and 6 Mol:%) does not allow laser os
illation.
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2.4. Red shift e�e
t on laser lines

The laser spe
tra were analyzed by an Opti
al Spe
trum Analyzer with a resolution of 0.1 nm as the pump power
was in
reased under 1480 nm pumping, and typi
al results are illustrated in Fig.6. The two wavelengths at
1542.6 nm and 1568.8 nm, when the pump intensity is under 380mA shift further to 1543.0 nm and 1569.2 nm,
respe
tively, under 840 mA ex
itation. Similar red-shift behaviours have also been observed for other lasing or
non-lasing WGMs as the pump intensities in
reased from 100 mA to 910 mA and this for every 
on
entration
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 se
tion is to develop the 
onne
tion between the temperature rise and the line shift whi
h
happens when the pumping is in
reased. For this purpose, we �rstly formulate the lasing wavelength shift in
terms of the 
avity temperature rise based on the lasing 
ondition; then the 
avity temperature is s
aled by
using the intensity ratio between two green up
onversion emission.

3.1. Basi
 formulation of 
avity thermal e�e
t

The mi
rospheri
al laser 
onsists of an a
tive 
avity within whi
h phonons asso
iated with the non radiative
de
ay between the manifolds of Erbium ions,e.g.,4I11=2 �!

4 I13=2, and between the intra-Stark levels of the
laser manifolds,i.e., 4I15=2 and 4I13=2, 
reate thermal deposition and thus heat the mi
rosphere. An in
rease of

avity temperature 4T results not only in a longitudinal expansion �d of the mi
ro
hip 
avity but also in a

hange of index of refra
tion �n. Both 
hanges then a�e
t the lasing 
ondition and the wavelength shift 4� of
every WGM as the 
avity temperature rises by 4T 
an be written as18

4� = � � (
1

n
�
�n

�T
+

1

d
�
�d

�T
) � 4T (3)

Here n and d are 
onstant values whi
h are referen
ed to the room temperature, or if one wants to be more
pre
ise, to the temperature 
orresponding to the threshold for os
illation. �n=�T ,�d=�T are 
hange ratio with
respe
t to temperature for the index of refra
tion and thermal expansion of the Er:ZBLALiP glasses.
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3.2. Thermal e�e
t

To Calibrate the 
avity temperature we use the up
onversion intensity ratio originated from the levels 4S3=2 (level
2) and 2H11=2 (level 3) whi
h are responsible for the green emission (Fig.7). Ea
h green 
uores
en
e spe
trum

an be de
omposed into �ve Gaussian pro�les by a Multi-Gaussian-Fit pro
edure. The peak wavelengths of
these �ve Gaussian pro�les remain quasi-independent of the in
ident pumping power, being 518:7 nm, 522:0 nm,
527:4 nm, 541:6 nm and 550:4 nm, respe
tively, while their height and area are di�erent as the pumping power
is in
reased. The physi
al me
hansim is the same as des
ribed in ref.18 The multiphonon relaxation rate is
inversely proportional to the number of phonons N ne
essary to span the energy gap between the 4S3=2 and
4F9=2. In reality, the energy gap between the levels of 2 and 3 is about 800 
m�1, 
omparable to the value of
kBT � 200 
m�1, and mu
h less than the energy gap between them and the nearest lower level 4F9=2, about
3200 
m�1(at least seven phonons to bridge this energy gap). This fa
t leads to a quasi-thermal population
distribution in the manifolds of 2 and 3 due to strong phonon intera
tion(typi
ally in
orporating one or two
phonons) between them. The ratio of the emission intensities originating from the levels 3 and 2 
an thus be
expressed by the following equation

I3
I2

=
A3g3h�3
A2g2h�2

� exp[�
E32

kT
℄ (4)

where �2 and �3 are green emission frequen
ies, g2 and g3 the degenera
ies (2J + 1) and A2, A3 the total
spontaneous-emission rates of the level 2 and 3. E32 is the energy gap between the levels 2 and 3. An e�e
tive
temperature T 
an now be evaluated in substituting spe
tros
opi
 data of Er:ZBLA glasses19 into Equ.4

T =
1152

ln(10:7)� ln[I3=I2℄
(5)

A 2 mol:% Er:ZBLALiP mi
rosphere 60 �m in diameter was used to s
ale 
avity temperature due to its intense
up
onversion emission. In Figure 8, the green emission spe
tra 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 910mA ex
itation. The

entral wavelengths of these two bands are 526 nm and 550 nm, respe
tively, whi
h are 
al
ulated by weighting
the Stoke's shifts. Introdu
ing the intensity ratio between them in equation 5 lead to mi
rosphere temperature
of 327.6 K and 394.5 K, respe
tively, 
orresponding to a temperature rise of 66.9 K. This results in a red-shift

7
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Figure 8: Green up
onversion spe
tra for Er :ZBLALiP glass under 200mA and 910mA diode driving 
urrent

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

(
1

n
�
�n

�T
+

1

d
�
�d

�T
) = 78� 10�7=K (6)

For most ZBLA glasses, �n=�T is only about one tenth of �d=�T and generally the former is negative. If this
hypothesis is assumed, �d=�T = 87� 10�7=K, and �n=�T = �9� 10�7=K, whi
h are similar to 84� 10�7=K
and �10� 10�7=K of QX-Kigre phosphate glass in the same temperature range.

4. CONCLUSION

A 
uoride glass with 
omposition revealing a high stability, with a weak nu
leation tenden
y, has been studied.
High opti
al quality mi
rospheres have been made using a plasma tor
h. Er:ZBLALiP mi
rosphere 1550 nm
lasers have been a
hieved for several doping rates under pumping at 1480 nm. Red-shift e�e
ts of WGMs in
Er:ZBLALiP mi
rospheres with an in
reasing pump power was observed. A simple model based on the intensity
ratio between two green up
onversion emissions is proposed to interpret the thermal e�e
t and to s
ale the 
avity
temperature rise. The result indi
ates that a 0.8 nm red-shift 
orresponds to 66.9 K temperature rise. Another
prospe
tive appli
ation is to 
onstru
t a point temperature sensor by tens mi
rometer-size with �ber-
oupled
mi
rospheres. Moreover, Von Klitzing20has re
ently demonstrated tuning ability of sili
a mi
rospheres by 1 nm
at 800 nm of WGMs with strain tuning method. In this paper we propose an alternative tuning te
hnique
based on inherent thermal expansion to realize a tunable range of 0.8 nm.
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