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Enhanced 2.7 pm Emission from Er**/Tm>*/Pr** Triply Doped Fluoride Glass
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The 2.7 pm emission has been obtained using 980 nm laser
excitation in Er* " /Tm** /Pr** triply doped ZrF,~BaF,—LaF;—
AlF;-YF; glass. 2.7 pm emission characteristics and energy
transfer are investigated. Population inversion between the
411%2 and 411352 levels is significantly enhanced by way of
Tm>" and Pr’* co-doping into Er’*-doped fluoride glass.
These results indicate that this Er** /Tm>" /Pr®" triply doped
fluoride glass has potential applications in 2.7 pm laser.

I.

E r’ " -doped fiber lasers in the 2.7 pm band are generating
great interests due to various useful applications includ-
ing military, eye-safe laser radar, and medical surgery.'™®
Despite the considerable amount of work on 2.7 um laser
emission from Er’ " singly doped glasses, the laser characteris-
tics of the 2.7 pm (411 1/2—>4113/2) transition are not satisfactory
since the 4111/2 level is self-terminating. Fortunately, co-doping
of Pr*" or Tm>* with Er’* has been demonstrated to over-
come the population bottleneck.”™ It has been seen in a
number of cases that glasses triply doped with certain rare-
earth ions often results in increased intensity of the desired
emission.'®"" But few results have been reported on the
2.7 pm emission in Er* " /Tm** /Pr* " triply doped glasses.

Er®"-doped fluoride glass serves as a useful host for an
efficient laser around 2.7 pym due to minimal absorption in
the typical H,O absorption band at 3 um, low nonradiative
decay rates, and high radiative emission rates.>'> However,
the problem of obtaining high quality and stable fluoride
fiber has been raised, which stems from the nature of the
glass compositions.!® In this article, we report the 2.7 pm
emission properties and energy transfer mechanism between
Pr’", Tm®", and Er’* in a new kind of fluoride glass,
ZrF,—BaF,-LaF;-AlF;-YF; (ZBLAY) glass, under 980 nm
excitation. In addition, the spectroscopic investigation includ-
ing absorption, emission spectra, and lifetime measurements
has been performed for future applications in mid infrared
lasers.

Introduction

II.

The investigated glass has the following molar compositions:
50ZrF433BaF,-17(LaF; + AIF; + YF3)-1ErFs-1PrFs 1 TmF,
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In addition, 1 mol% ErF3, I mol% TmF;, 1 mol% PrFj; sin-
gly doped, 1 mol% PrF;/1 mol% ErF3, 2mol% PrF;/1mol%
ErF;, and 1mol% TmF;/lmol% ErF; co-doped ZBLAY
glasses were prepared for the comparison of absorption and
fluorescence spectra. Since YF3 can increase the viscosity of
the melt and so enhance the stability of the glass against crys-
tallization, YFj is introduced into the fluoride matrix.'* Sam-
ples were prepared by using high-purity ZrF,, BaF,, YFj,
AlF;, LaF;, PrF;, TmF;, and ErF; powder. Well-mixed 25 g
batches of the samples were placed in platinum crucibles and
melted at 900°C for 30 min. Then, the melts were poured onto
a preheated copper mold and annealed in a furnace around the
glass transition temperature. The annealed samples were fabri-
cated and polished to the size of 20 mm x 10 mm x 1 mm
for the optical property measurements.

Absorption spectra were recorded with a JASCO V-570
UV/VIS spectrophotometer (JASCO International Co. Ltd.,
Tokyo, Japan). in the range of 400-2000 nm and the emis-
sion spectra were measured with a FLSP920 fluorescence
spectrophotometer (Edinburgh Analytical Instruments Ltd.,
Edinburgh, U.K.) excited by 980 nm laser diode (LD). To
accurately compare the intensity of 2.7 um luminescence, the
position and power (0.5 W) of the 980 nm excitation and the
width (0.1 nm) of the slit to collect the luminescence signal
were fixed to the same conditions. In addition, samples were
set at the same place in the experimental setup. The fluores-
cence lifetime of the Er3+:4ll3/2 level was measured by the
instrument FLSP920 fluorescence spectrophotometer (Edin-
burgh Analytical Instruments Ltd.) and the same experimen-
tal conditions for different samples were maintained so as to
get comparable results. All the measurements were carried
out at room temperature.

III.

The absorption spectra of Er**, Pr**, Tm*" singly doped
and Er¥"/Tm?* /Pr** triply doped samples at room tempera-
ture in the wavelength region of 400-2000 nm, respectively,
are shown in Fig. 1. Absorption bands for the three kinds of
ions corresponding to transitions from ground state to higher
levels are labeled. For triply doped sample the shape and
peak positions of each transition are similar to those of Er’*,
Pr**, and Tm*" singly doped samples and generally there is
no shift in the wavelength of the absorption peaks. There-
fore, it can be inferred that Er*", Pr’", and Tm>" ions are
homogeneously incorporated into the glassy network without
cluster in the local ligand field. The emergence of the absorp-
tion band around 980 nm due to the Er’ *: 4115/2—>4l”/2 and
Pr**: *H,—*G, transitions in the Er**/Tm**/Pr*" triply
doped sample indicate that this glass can be excited efficiently
by 980 nm LD.

The fluorescence spectra of the Er®'-doped ZBLAY
glasses were measured as shown in Fig. 2. 2.7 um emissions
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Fig. 1. Absorption spectra of prepared samples.
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Fig. 2. Fluorescence spectra of prepared samples in the wavelength
of 2600-2800 pm.

with different peak intensities of the prepared samples can be
observed from the Er3+:4ln/2—>4113/2 transition. For all sam-
ples, the emission bands are inhomogeneously broadened due
to the site-to-site variation in the local ligand field which
leads to the deviation of the fluorescence peaks. The
enhancement of 2.7 um ﬂuorescence can be obtained in the
1 mol% Pr**/1 mol% Er >+ doubly doped sample. Through
the energy transfer Er*: 4 132 ,—Pr? Fs4 process, the life-
time of the Er*™: 113/2 level is quenched wh1ch is beneﬁ01al
to the populatlon inversion between the 111/2 and I,;/z
levels. The ﬂuorescence intensity of 2.7 um in the 1 mol%
Tm’"/1 mol% Er’" doubly doped sample is higher than that
in the Er*" singly doped sample Wh1ch indicates that Tm?*

ions could also deactivate the Er 113/2 level. However, the
enhanced effect of l mol% Pr*" ions is more obvious than
that of 1 mol% Tm ions as a result of smaller energy gap
between the Pr’™ F34 and Er 113/2 levels than that of
Tm’" ions(Er3 113/2—>Tm F4) lncreasmg Pr* ions
concentration, 2. 7 m ﬂuorescence intensity in the 2 mol%
Pr**/1 mol% Er®" sample is lower than that in the other
samples Since the energy gap between the Pr’*: *G, and
Er’* 111/2 levels is as small as that between the Pr3+ 3, 34
and Er 113/2 levels, relatively a large amount of Pr*" jons
in present system W1ll accelerate the energy, transfer process
of Er’™* 111/2—>Pr 4G, as well as Er’”" 113/2—>Pr

F34 Consequently, populatlon of the lower and upper laser
levels are depleted, which is not beneficial to 2.7 um fluores-
cence. Considering larger energy gap between the Tm: *Hj
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Fig. 3. (a) Upconversion spectrum of the Er**/Tm?**/Pr*™ triply
doped ZBLAY glass pumped by 980 nm LD. (b) Infrared emission
spectrum of the sample pumped by 980 nm LD. The inset is the
emission around 980 nm of the sample pumped by 800 nm LD.

and Er: I, 1 levels, Tm>** jons have a lesser impact on the
Er®™: 4111/2 level than that of Pr’" ions. As a result, 1 mol%
Tm>* and 1 mol% Pr" ions are introduced into the system
simultaneously to combine the advantages of these two ions.
As expected, the Er* " /Tm>" /Pr’ " triply doped sample emits
the strongest 2.7 pm fluorescence. Therefore, this Er’"/
Tm?*/Pr** ZBLAY glass can be a promismg host material
to achieve intense 2.7 pm laser from the Er 4111/2—> Lz
transition.

In Fig. 3(a), upconversion fluorescence at wavelengths of
522, 541, and 652 nm, arising from the 2H11,,2—>4115/2,
4S3/2—>4115/2, and 4F9/2—>4115/2 transitions, respectively, is
demonstrated. Moreover, the green emission signal could
readily be seen by the naked eye. It is noted that some other
important infrared emissions can be observed simultaneously
in present glass. As is shown in Fig. 3(b), broad emrss1on
band around 1.5 um can be ascribed to the Er’”"
113§2—> 115/2 and Tm>": *H, —°>F, transitions. In addition, the

+—°Hg and TmH *H,—>H; transitions yield emis-
sions around 1.8 and 2.3 um. The sharp fluorescence around
1.96 pm can be attributed to the second-order contribution of
laser emission from 980 nm LD. Whereas the width of this fluo-
rescence may result from the second-order contribution of
0.98 um emission due to the Er’™" 4111/2—>4115/2 transition,
shown in the inset of Fig. 3(b). From a practical point of view,
emissions around 1.5 pm are desired for developing S-band
amplifiers; meanwhile, 1.8, 2.3, and 2.7 pm emissions of present
glass have potential applications in eye-safe medical laser. Thus,
this Er**/Tm* " /Pr* " ZBLAY glass is a good potential candi-
date for mid-infrared lasers.

The mechanism of the infrared and visible emissions of

Er’"/Tm**/Pr** ZBLAY glass can be explained by the
energy sketch shown in Flg 4. Firstly, ions of the Er**:* Lisp
state are excited to the *I; 12 state by ground state absorptron
(GSA) when sample is pumped by 980 nm LD. A part of the
jons in the *I, 12 level undergo the energy transfer upconver-
sion (ETU1) process, subsequently the F7/2 level is popu-
lated. Populatron of the F7/2 level decay non- radrat1vely to
the next lower H11/2 and S3/2 levels. Then the H11,2—> 115/2
and S3/2—> I;s/> transitions take place with green em1ss1ons
centered at 522 and 541 nm, respectively. Ions in the Sg/z
level can also decay to the *F o2 level, resulting in red em1ss1on
around 655 nm which is originated from the F9/2—> Lisp
transition. The other part of ions in the Er’™ 111/2 level
experience several complicated processes: decay rad1at1vely to
the next-lower IHQ level with 2.7 pm emission or the I, 52 level
with 0.98 pm emission, transfer their energies to the Pr’*:!G,
(ET1) and Tm’* >Hs (ET2) levels; decay non-radiatively to
the 4113/2 level. As to the 4113/2 level, possible energy transfer

rocesses are as follows: 1.55 um emission is caused by the
Lisp — 115/2 transition. Another energy transfer upconver-
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Fig. 4. The energy level diagram and energy transfer sketch map of
the Er*/Tm**/Pr’" triply doped ZBLAY glass when pumped at
980 nm.
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Fig. 5. Decay curves of the Er*":*I 5, level in prepared samples.

sion process (ETU2 113/2+ 113/2—> 115/2+ 19/2) increases
population of the 19/2 level.® Then, the 111/2 level can be
populated by a fast multiphonon decay from the 19/2 level
which leads to an increase of 2.7 um emission.® In the Er /
Tm’"* /PrH triply doped sample, some energy of the 113/2
level is transferred to the Pr’™: 3F34 (ET3) and Tm’>~
3F, (ET4) levels. Since there is no obvious absorption band
of Tm*" around 980 nm as shown in Fig. 1, it can be
deduced that the 1.8 and 2.3 um emissions of Tm** shown
in Fig. 3(b) stem from the energy transfer ET4 and ETS5
(Er’ " :*Fg,—»Tm? " ’F3) processes, respectively, as shown in
Fig. 4. By means of above energy transfer processes, popula-
tion of the Er**: *I, 32 level is significantly reduced.

As mentioned preViously, since the fluorescence lifetime (T)
of the upper laser level (I”Q) is shorter than that of the
lower laser level (* 113/2) populatlon of the 111/2 level in Br"
singly doped glass is smaller than that of the *I;3, level,
which consequently affects the 2.7 um emission. Figure 5
shows decay curves of the 4113/2 level in Er*" singly,
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Er'"/Tm*", Er**/Pr’" co-doped and Er**/Tm?*/Pr’ ™" triply
doped samples as well as the lifetime. With the introduction
of Tm*"or Pr’" ions, reductlon in hfetlme mdlcates the
energy transfer between Er and Tm*"or Pr** ions. More-
over, the llfetlme of the 113/2 level drops srgmﬁcantly from
14.6 ms in Er’" singly doped sample to 4.4 ms in Er’"/
Tm’* /Pr*" triply doped sample, which indicates that a bet-
ter quenching effeet can be achieved by the introduction of
Tm?™* and Pr’* ions simultaneously. Since lifetime quench—
ing of the *I, 32 level is beneficial to the population i 1nver510n
and intense 2 7 Hm emission, doping the system with Tm* ",
Pr3", and Er’" is a preferred technique for a diode-pumped
2.7 um fiber laser.

IV. Conclusion

The Er’"/Tm?**/Pr** triply doped fluoride glass with the
chemical composition of 50ZrF,—33BaF,-17(LaF; + AlF; +
YF;) is investigated. Intense emission at 2.7 um is obtained
due to the efficient energy transfer between Er**, Tm®™", and
Pr*" ions. With the introduction of Tm** and Pr*" into the
r** doped system, the lifetime of the Er’*:*1;3), level is sig-
niﬁcantly reduced and the population inversion between the
1, 2 and 113/2 levels becomes more ?ossible The present
results suggest that the Er’ " /Tm?*/Pr’* ZBLAY glass can
be considered as a promising material for a 2.7 pm laser.
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