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Abstract:

BGO single crystals doped with Er**, Tm3" and Ho’" rare-earth ions were prepared in the
form of rod-type crystal fibers via the micro-pulling down technique to perform an extensive
investigation of their visible, near- and mid-infrared luminescence properties and to really
decide on their interest as solid-state laser media in the various spectral domains. Revisiting
and completing the absorption spectra already available in the literature led to the derivation
of more reliable “effective” radiative lifetimes and branching ratios. Registration of the
fluorescence decays of the most important emitting levels versus dopant concentrations led
for the first time to an unambiguous determination of “intrinsic” emission lifetimes —
corresponding to negligible contributions from inter-ionic energy-transfers - and non-radiative
multiphonon relaxation rates. Such data also allowed for the determination of the dominant
phonon energy which comes into play in the electron-phonon coupling responsible for these
multiphonon relaxation processes and for its lattice vibration origin, i.e. a high phonon energy
of the order of 820 cm!' corresponding to the coupling between bending vibrations of
(GeOgy)* tetrahedra and vibrations corresponding to motions of these (GeO4)* tetrahedra
against the Bi** ions for which the rare-earth dopant ions substitute. Using the above data and
different methods for the calibration of the registered emission spectra in cross section unit
and for the derivation of gain cross section curves finally show that mid-infrared emissions of
Er:BGO, Tm:BGO and Ho:BGO around 1.55 pum, 1.9 um and 2 um, respectively, occur with
comparable gain cross sections as in the most important reference mid-infrared laser
materials, although over slightly shifted thus complementary spectral domains. It is shown
that potentialities also exist with Tm:BGO in the blue, deep-red and near-infrared spectral
domains around 470 nm, 800 nm and 1.45 um, by pumping the crystals with conventional
pump sources and using some suitable co-dopants to avoid detrimental self-terminating
processes.
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1. Introduction

Thanks to a low melting temperature of about 1045°C and a well-mastered crystal
growth [1] plus a number of favourable physical and spectral properties [2-4] such as a high-
density (7 g/cm?), broad absorption and emission bands in the near-UV and visible spectral
regions together with a short emission lifetime (around 300 ns at room temperature), undoped
Bismuth Germanate Bi;Ge;0;, (BGO) is a well-known scintillation material which is widely
and successfully used in a large number of applications in the fields of high energy physics,
nuclear medicine and detection science and technology [5-10]. Undoped BGO was also
recently found as a promising high-capacity lithium-ion battery anode for energy storage
applications [11].

BGO crystals doped with transition metals of the iron group such as Cr, Mn, Fe and
Co were studied for their photochromic and photorefractive behavior and their potential use in
the production of optically induced holographic gratings [12-15].

BGO can also be doped rather easily with trivalent rare-earth ions and some of these
rare-earth doped materials were investigated for lighting [16-18], temperature sensing [19]
scintillating [20-22] and laser applications [23-31], the latter more specifically not only
because of favorable emission properties but also because of several excellent optical, electro-
optic and thermo-mechanical properties [23, 32-34] and because very stable, non-hygroscopic
and high optical quality single crystals can be obtained in the form of large-size bulk materials
as well as sub-millimeter rod-type crystal fibers by using well-mastered and low-temperature
crystal growth techniques [1, 35-37]. This is not the case of many well-known reference laser
materials for high power laser applications such as YLF (LiYFs), YAG (Y3;Al;01,), YAP
(YAIOs) and (Y,Lu),0;.

Despite of that, to the best of our knowledge, only the spectroscopic properties of Nd3*
were thoroughly enough investigated and Nd**-doped BGO crystals (in the form of crystal
fibers) could be lased efficiently, moreover in continuous mode [26]. Concerning the
spectroscopic properties of Er¥*, Tm*" and Ho*' ions in BGO, which is the subject of the
present investigation, there is no such detailed and systematic experimental and theoretical
study, and/or there are still some missing data and unanswered questions to be clarified,
especially that concerning the electron-phonon coupling and the non-radiative multi-phonon
relaxation mechanisms affecting the emission lifetimes and quantum yields of the excited
emitting levels. For instance, there is still some ambiguity as to the vibrational origin and the
effective phonon energy [23, 27, 37, 39] which have to be invoked in these mechanisms.

Therefore, in the present work, we addressed the above issues (i) by revisiting and
completing the absorption spectra already available in the literature, to offer the reader more
usable data, and by analyzing these spectra more carefully within the framework of the Judd-
Ofelt- formalism, in order to derive the most reliable radiative lifetimes and branching ratios
of the most important emitting levels and associated emission transitions, (ii) by recording the
corresponding emission spectra and fluorescence lifetimes, in order to re-examine the non-
radiative multi-phonon relaxation parameters which were proposed in the past, and to finally
show the interest of Er3", Tm?" and Ho**-doped BGO crystals as solid-state laser materials in
the mid-infrared but also in the visible and near-infrared spectral domains.

The paper is organized as follows. Crystal growth and experimental techniques are
described in Section 2. Absorption data are presented and analyzed in Section 3. Emission
spectra are presented exploited in Section 4. Fluorescence decay measurements and non-
radiative multiphonon relaxation considerations are gathered in Section 5. Analysis and



discussion of the results are presented in Section 6, and conclusions are presented in Section
7.

2. Crystal growth and experimental techniques

2.1. Growth and structural characteristics of rare-earth doped BiyGe;O;, crystal fibers

RE4Bis5Ges0,, crystalline fibers with x = 0.5at.% for Er:BGO and Ho:BGO, and x = 0.5,
0.75, 1, 1.5 and 2at% for Tm:BGO, were prepared by using the p-PD method [16-18, 26, 27,
35-37]. 99.999% purity Bi,O;, GeO,, Er,0O;, Tm;Os;, and Ho,O3; powders were used as
starting materials. The crystals were grown by melting the powders at about 1045°C in a Pt
crucible and by pulling the fibers through a capillary channel using a pulling rate of
0.3mm/min in air atmosphere; their diameter was maintained constant by controlling the
power and the pulling rate [31]. In this way, high optical quality 2 mm diameter and 50 mm
long rod-type crystal fibers could be grown rather easily. Spectroscopic measurements were
performed by using 2 mm long samples with polished end-faces.

BGO is a cubic system (space group T4 = 143d) [23, 40, 41] which remains so when it is
doped with small amounts of trivalent rare-earth ions. Whatever their ionic radius (1.00 A for
Nd3*, 0.88 A for Er3*, 0.87 A for Tm3* and 0.89 A for Ho®") they easily substitute for Bi>*
ions (0.96 A) the ones occupy non-equivalent but very similar quasi-trigonal (distorted
octahedra) C3 symmetry sites [20, 23, 25, 42]. Thanks to that and to the particular growth
process Er’*, Tm?" and Ho*' dopants could be incorporated inside the crystals with a
segregation coefficient nearly equal to 1.

2.2. Spectroscopic measurements

Absorption spectra were registered between 300 nm and 2400 nm by using a standard Perkin-
Elmer (PE) double-beam Lambda 900 UV/VIS/NIR spectrophotometer. Emission spectra
were registered by exciting the crystals with an EKSPLA NT342B tunable OPO (Optical
Parametric Oscillator) pumped by a pulsed and frequency-tripled Nd:YAG laser delivering 7
ns laser pulses of a few mJ at a 10Hz repetition rate or by exciting them with CW (continuous
wave) LEDs from THORLABS. Time-resolved and continuous emission signals were
dispersed and detected in the visible range with the aid of a SHAMEROCK 350
monochromator and an ANDOR [ICCD gated detector. In the NIR (near-infrared) range,
emission spectra were recorded using an ANDOR InGaAs iDus CCD camera (for A < 1700
nm) or a JUDSON InGaAs nitrogen cooled G7754-03 detector, following a SHAMEROCK
5001 monochromator equipped with 1 pum and 1.9 um blazed gratings, respectively. Most of
the spectra were corrected for the spectral response of the equipment using a calibrated
ORIEL halogen lamp. Fluorescence decay measurements were performed by using the same
laser excitation sources and monochromators as above and by analyzing the signals with the
help of R928 AsGa (RESEARCH Inc.) and NIR H10330B-75 InP/InGaAs (HAMAMATSU)
photomultiplier tubes coupled with a Wave Runner 64Xi LECROY digital scope, for the
visible and NIR spectral ranges, respectively.



3. Absorption spectra and Judd-Ofelt analysis

The absorption spectra of the 0.5%Er:BGO, 2%Tm:BGO and 0.5%Ho:BGO crystals are
reported in the figures 1 to 3, knowing that a dopant concentration of 1 at.% corresponds to an
ion density of about 1.368x10%° ions/cm?*.

The energy level schemes and the most important emission transitions observed with each
rare-earth ion in BGO are displayed in Fig. 4.

Case of Er:BGO

The absorption spectrum of Er**:BGO has been registered between 320 and 1700 nm. As
shown in Fig. 1, most of the absorption structures can be assigned to absorption transitions
from the “I;5, ground level to well-defined excited multiplets. Some of them, however, more
particularly in the short wavelength domain, correspond to several overlapping transitions.
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Fig. 1. Room temperature absorbance (optical density) of a 2.0 mm thick 0.5%Er** doped BGO
sample (a) in the visible and (b) in the infrared spectral domains

A similar spectrum was already reported in the past [30] but without providing any absorption
scale. However, most of the important transitions (up the *I;5,—*S5), transition around 540



nm) were studied at liquid-nitrogen temperature (LNT), allowing for the determination of the
Stark levels energies and the partition functions of all the corresponding multiplets, what will
be used in the following (see in Section 6) to derive stimulated emission cross section spectra
starting from absorption data by using the so-called “Reciprocity” or McCumber method..

The above absorption spectrum was then analyzed within the framework of the Judd-Ofelt
(J.0.) formalism, as in [30], but including in our analysis all the absorption transitions up to
the 4I;5,—>>Hy, transition around 408 nm and by using the electric-dipole (ED) and magnetic-
dipole (MD) transition matrix elements reported in [43]. The refractive index variation
(dispersion relation) used in the calculations was that presented in [33].

Table 1. Electric-dipole (ED) and Magnetic-dipole (MD) emission rates along with radiative emission
lifetimes tg and branching ratios B for Er’" doped BGO; Also put in parentheses the “effective”
radiative emission lifetime (see in the text) of the thermalized emitting levels S;»,(*Hji.)

Emission Average ED emission MD emission Branching Radiative
transition emission transition rate transition rate ratio Br (%) lifetime tg
wavelength (sh (s (ms)
(nm)
T35 1553 57.33 82.92 100 7.13
T1n—>sn 990 85.58 0 74.3 8.68
43, 2770 10.75 18.81 25.7
4Fop >3 660 995.07 0 90.0 0.90
43, 1160 50.92 0 4.6
-1, 1990 36.86 13.29 4.4
—4op 3580 3.30 5.53 0.8
4S5, =>Mysp 552 646.86 0 68.8 1.06 (0.75)
-3, 856 240.82 0 25.6
-1, 1240 19.21 0 2.0
—4op 1710 33.32 0 3.5
—4Fy) 3276 0.26 0 0.3
H;1 s, 521 6920 0 94.3 0.136
-3 792 100.79 143.12 3.3
-1, 1124 54.93 17.48 0.9
—4op, 1488 75.15 1.43 1.0
—4Fy) 2532 23.68 0.30 0.3
—4S3) 1198 0.03 0 0.04

The best fit to the data was obtained, by gathering the strongly overlapping *I;5,—*Fs.32,
15,—?H11,1S;3), transitions around 450 nm and 530 nm (see in Fig. 1), respectively, for the
J.O. parameters:



Q, =1.916x102°cm?, Q4 = 0.531x102% cm?, Qg = 0.266x10-2° cm?

with the root-mean-square (rms) deviation & = 0.044x10-2° cm?. The calculated ED and MD
transition rates (spontaneous emission probabilities) and the resulting radiative emission
lifetimes and branching ratios are reported in Table 1. Of particular interest in the following
sections is the *I;3/, radiative emission lifetime of 7.13 ms (7.8 ms according to [30]).

Case of Tm:BGO

The room temperature absorption spectrum of Tm3*:BGO has been registered between 320
and 2100 nm. As previously, most of the absorption structures could be assigned to absorption
transitions between the 3Hg ground level and well-defined excited multiplets (see in Fig. 2),
the most important ones for the mid-infrared laser application peaking around 791 nm
(PH¢—>H, transition) and 1738 nm (*H¢—3F, transition). A similar spectrum was also
reported in the past [30, 31] but with much less clear absorption profiles and without reporting
the Stark level structure of any multiplet.
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Fig. 2. Room temperature absorbance (optical density) of a 2.0 mm thick 2%Tm?*" doped BGO sample
(a) in the visible and (b) in the infrared spectral domains



This absorption spectrum was also analyzed within the framework of the Judd-Ofelt
formalism without using the absorption data for the *Hs—> 3H; transition around 1200 nm, by
gathering the data for the 3H¢—>3F, and °F; transitions around 680 nm, and by using the
revisited transition matrix elements and the procedure described in [44]. The refractive index
variation (dispersion relation) used in the calculations was again that reported in [33]. The
best fit to the data was obtained for the Judd-Ofelt parameters:

0, =2.125x102° cm?2, Q4 = 0.639x102° cm? and Qg = 0.150x1020 cm?
with & = 0.070x102° cm?

The transition rates and the resulting radiative emission lifetimes and branching ratios for
the various emission transitions are reported in Table 2. Of particular interest in the following
sections are the *F4 and 3H, radiative emission lifetimes of 5.63 ms (6.6 ms according to [30])
and 1.00 ms, respectively, and a branching ratio for the 3H;—>F, emission transition around
1460 nm of about 11.5%.

Table 2. Electric-dipole (ED) and Magnetic-dipole (MD) emission rates along with radiative emission
lifetimes 1 and branching ratios B for Tm** doped BGO.

Emission Emission ED emission MD emission Branching | Radiative
transition | wavelength | transition rate transition rate ratio B lifetime tg
(nm) (s (s (%) (ms)
3F, —>%H, 1850 177.5 0 100 5.63
3Hs—>3H; 1235 139.3 116.9 98.6 3.85
—3F, 4080 34 0.26 1.4
SH,; —>3H; 805 856.63 0 85.6 1.00
—%F, 1460 84.2 30.8 11.5
—%H; 2350 17.5 12.3 2.9
1G4 —>%H; 482 899.1 0 52.6 0.585
—3F, 665 70.9 13.6 4.9
—%H; 795 317.8 179.7 29.1
—3H, 1205 149.7 43.0 11.3
—3F,; 1600 20.6 4.4 1.5
D, »>%H, 370 5201.6 0 19.9 0.038
—%F, 457 1694.8 0 65.0
—%H; 520 30.9 0 0.1
—3H, 672 1627.7 0 6.2
—%F,;3 780 1876.0 205.6 7.9
-1G, 1520 173.5 0 0.7

Case of Ho:BGO




The room-temperature absorption spectrum of Ho:BGO has been registered between 320
and 2200 nm. A similar spectrum was also reported in the past [30] but with much less clear
absorption profiles, without providing any absorption scale and without reporting the Stark
level structure of any multiplet. The spectrum consists of 10 groups of lines assigned
according to the sequence of energy levels and absorption transitions given in [45], i.e. °Ig —
3Hs+3Hg around 361 nm, Iz — 3G4+3K; around 386 nm, °Is — 3Gs+3Gs around 415 nm,
Ig—3G+F; around 455 nm, >I3—3F;,+Kg around 488 nm, ’Ig3—3F4+°S; around 540 nm,
Is—F5 around 650 nm, °Ig—">Is around 915 nm, 3Ig—">I around 1175 nm and Ig—"1; around
1945 nm. No trace of 3[g—>1,; absorption line could be found around the expected wavelength
of 750 nm.
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Fig. 3. Room temperature absorbance (optical density) of a 2.0 mm thick 0.5%Ho*" doped BGO
sample (a) in the visible and (b) in the infrared spectral domains

The absorption spectrum was then analyzed within the framework of the Judd-Ofelt
formalism by using the ED transition matrix elements given in [45, 46] and the MD transition
matrix elements derived from the MD transition rates reported in [47]. The refractive index
variation (dispersion relation) used in the calculations was again that reported in [33]. By
discarding the °Ig—3Hs+*Hg around 361 nm and gathering the strongly overlapping



518—>5G4+3K7, 518—>5G5+3G5, 518—>5G6+5F1, 518—>5F3’2+3Kg and 518—>5F4+582 transitions,
respectively, the best fit to the data was obtained for the J.O. parameters:

Q, =1.61x1020 cm?, Q4 = 1.053x1020 cm? and Qg = 0.245x10720 ¢cm?

with 6 = 0.168x102° cm?. The derived ED and MD emission transition rates and the resulting
radiative emission lifetimes and branching ratios are reported in Table 3.

Table 3. Electric-dipole (ED) and Magnetic-dipole (MD) emission rates along with radiative emission
lifetimes TR and branching ratios Br for Ho’" doped BGO; Also put in parentheses the “effective”
radiative emission lifetime (see in the text) of the thermalized emitting levels 3S,(°F).

Emission Emission ED emission MD emission Branching | Radiative
transition | wavelength | transition rate transition rate ratio Br lifetime tx
(nm) (s") ) %) (ms)
51, 514 1980 29.54 42.98 100 13.78
51 =51 1190 64.52 0 67.8 10.56
—31; 2941 7.84 22.83 322
5F5 -5 664 1249 0 77.3 0.62
-3, 966 313.26 0 19.4
-3 1460 48.79 0 3.0
-3 2325 3.57 0 0.2
-3y 4444 0.04 0 0.002
S 550 480.3 0 52.9 1.10 (0.54)
-3, 755 310.2 0 34.1
—31 1015 72.8 0 8.0
—315 1369 14.9 0 1.6
-3y 1950 16.4 0 1.8
—3F; 3340 13.6 0 1.5
SF—31g 540 2176 0 75.2 0.34
-3 740 397.8 0 13.7
—31g 995 228.4 0 7.9
—3;5 1340 74.2 0 2.5
-3y 1904 8.8 0 0.3
—3F; 3190 8.7 8 0.6
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4. Spectral characteristics of the main emission transitions

In the case of Er:BGO, as in most of the Er3* doped oxides, and according to the
branching ratios reported in Table 1, the most important emission transitions (see in Fig. 4)
should originate from the %Sz, and *Fo, emitting levels with emissions in the green (A =~ 552
nm, 3= 68.8%), in the red (A= 660 nm, B =90%) and in the near-infrared (A = 856 nm,
B~ 25.6%), and from the *I;3, metastable level with a mid-infrared emission around 1553
nm. The emissions coming from the *I;;, level should only appear if the electron-phonon
coupling is relatively weak and the phonons involved in the multiphonon relaxation process
are sufficiently low, a question which will be more particularly addressed in Section 5.

Consequently, emission spectra were registered first by exciting the sample at about 519 nm,
i.e. in the 2Hj energy level lying just above the 4S;5, to obtain the green, red and near-
infrared emissions originating from this “S;, level (after 2H;j, to %Ss» non-raditive
multiphonon relaxation) and from the *Fq, level (after 4S5/ to “Fo, multiphonon relaxation),
then by exciting the sample at about 968 nm and 1475 nm in the *I;;, and *I;3, levels,
respectively.

The results are reported in Fig. 5. These results are given in arbitrary units but each emission
spectrum was corrected for the local spectral response of the registration apparatuses. As
expected, after excitation at 519 nm, emissions are detected in the green, in the red (in
agreement with [19] but with an improved spectral resolution) and in the near-infrared
spectral regions, the most intense one occurring in the green around 545 nm and being
assigned to a Sz, — #I;5,, emission transition. On the other hand, exciting at 968 nm or 1475
nm only gave rise to a significant emission around 1545 nm, the one is clearly assigned to a



113, — *1;5, emission transition, this without detecting any trace of *I;;, — #I;5,, emission
around 990 nm, thus favoring the hypothesis of an efficient #I;;, — *Ij3, non-radiative
multiphonon relaxation process.
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Fig. 5. Emission spectra of 0.5%Er:BGO registered either by exciting the sample at 519 nm (*H;;),
level) or at 968 nm (*I,),)

In the case of Tm:BGO (see in Fig. 4), the most important emission transitions should
come from the 'D,, 'Gy, 3Hy and 3F4 levels. According to the branching ratios reported in
Table 2, the first two levels should give rise to significant emissions (3 above about 10%)
around 370 nm (D, —3Hj transition), 460 nm (!D, —3F,), 482 nm (!G4 —>Hg transition), 790
nm (!G4 —3Hs transition) and 1205 nm ('G4 —3Hj, transition). The latter (*H4 and 3F,) should
lead to emissions around 805 nm (*H4 —°Hg), 1460 nm (*H4 —3F4) and 1850 nm (°F4 —Hg).

No emission is expected from the *Hs level because of Hs to *F4 non-radiative multiphonon
relaxation.

The results are reported in Fig. 6. In agreement with the above expectations, intense emissions
do occur in the blue, near-infrared and mid-infrared spectral domains at the expected emission
wavelengths. Rather curiously, however, only very weak emissions could be detected (thus
not reported in Fig. 6) around 370 nm (after 'D, level excitation around 353 nm) and around
1205 nm (after 'G, level excitation around 461 nm). Such a discrepancy is tentatively
attributed to some inadequacy of the Judd-Ofelt formalism in the description of the branching



ratios of these 'D, and 'Gy4 high lying energy levels, i.e. excited levels associated with
wavefunctions which are strongly mixed with the BGO host-lattice ones. As we shall see in
the following section, such a situation is also reflected in the discrepancy observed between

the radiative and intrinsic emission lifetimes of these levels.

The emission spectra peaking around 1460 nm (*H; —3°F4) and 1825 nm (°F; —°Hg) were
already partly reported in a previous paper [31]. We report them here again over more

complete wavelength ranges and for sake of clarity.
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Fig. 6. Emission spectra of 0.5%Tm:BGO registered by exciting the sample at about 353 nm ('D,),
461 nm ('Gy) and 791 nm (°H,)

In the case of Ho:BGO (see in Fig. 4), the most important emissions should come the
(°F4, °S5), °Fs, I and °I; levels. According to the branching ratios reported in Table 3, the two
first ones should lead to emissions around 545 nm (°F4,’S, — 3Ig), 664 nm (°Fs5 —°13), 749 nm
(°F4,°S; — °1;) and 966 nm (°F5 —°1;). The °I¢ and °I; levels should give rise to emissions
around 1190 nm (°Is —°Ig), 1980 nm (°I; —»°Ig) and 2941 nm (°Is —>I;). We only report in Fig.
7 the emission spectra of the transitions which really occur with significant intensities.
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Fig. 7. Emission spectra of 0.5%Ho0:BGO registered by exciting the sample at 447 nm (°F;+°Gg level)
and 480 nm (°F,+°F; level).

5. Emission lifetimes and non-radiative relaxation considerations

5.1. Fluorescence decay measurements

The *I;3,, fluorescence decay (~ 1545 nm) of the 0.5%Er-doped crystal was registered after
direct “I;3 (~ 1475 nm) and indirect *I;;, (~ 968 nm) pulsed laser excitations. After direct
excitation, the #Iy3,, fluorescence decays exponentially with a time-constant thus an emission
lifetime equal to ~ 6.66 ms. After indirect excitation, the fluorescence rises first with a time-
constant of about 155 us, then decays exponentially with the same time-constant of 6.66 ms.
This means that the *I;;, excited level emission lifetime is equal to ~ 155 us. This is
confirmed by registering the emission decay of this *I;;, emitting level (*I;;, — *Lisp
emission transition at ~ 990 nm) and by exciting it either directly (~ 968 nm) or indirectly via
the above lying level “Io/, (~ 804 nm).

Fluorescence decay curves were also recorded by exciting the 2H;y,; level (~ 519 nm) and by
monitoring the emission intensity of the #S;, level at 546 nm (*S;, — “I;5, emission
transition) and 850 nm (*S;, — *I;3,, emission transition), then by monitoring the emission
intensity of *Fg, level at 663 nm (4Ss;, — “I;5, emission transition). Whereas both 4S;,
fluorescence decays exhibit a simple single-exponential behavior with a fluorescence time-

700



constant thus an emission lifetime of ~ 20 us (22 us is reported in [21]), the *Fy), fluorescence
rises first with a time-constant of ~ 1.9 pus then decays with the same time-constant of 20 ps.
It simply means that the “Fo, emission lifetime is equal to ~ 1.9 us. Such a rise and decay
behavior is indeed found when the fluorescence time-constant of the considered emitting level
(here “F)y) is shorter than the fluorescence decay of the above lying excited and feeding level
(here 4S;),) [48]. This can be easily accounted for by solving a simple rate equation system.
The result shows that after a #S;, excitation, the “Fy/, fluorescence intensity is proportional to:

_ A“—N?[exp(—t /7)) —exp(—t/1,)] .
1/, -1/t ’ ? (1
where N, stands for the 4Fq,, excited population, N;° the initial population of the 4S5/, excited
energy level, Aj, the 4S5, to Fy), radiative + non-radiative relaxation rate, and t, and 13 for
the “Fo; and %S3, emission lifetimes, respectively. As 1, < 13, the *Fo, fluorescence decay
curve rises first with the time-constant 1, =1.9 us, then decays with the time-constant
T3 =20 ps.

The same behavior is found in the case of Ho** (see in Fig. 4), when the fluorescence decay of
the °F5 emitting level (with a derived emission lifetime of 0.75 us) is recorded after excitation
of the above lying °F4 (°S,) level (with a derived emission lifetime of 6.9 us), i.e. a °Fs
fluorescence decay curve which rises first with the time-constant 1, = 0.75 us, then decays
with the time-constant 13 = 6.9 ps.

All the measured fluorescence lifetimes are reported in Table 4, along with those which were
already reported in the literature [21, 22, 30, 31].

Table 4. Fluorescence lifetimes registered in the 0.5%Er-, 0.5%Tm- and 0.5%Ho-doped compounds
and derived non-radiative relaxation rates for the most important emitting levels. Also put in
parentheses “intrinsic” emission lifetimes extrapolated at zero-dopant concentrations (see in the text).

Emitting level Energy gap Fluorescence lifetime Non-radiative
(considered ion) AE (cm™) ¥ relaxation rate
Wir (s
T3z (EXr¥) 6081 [28] 6.7 ms, 8 ms [30] -
L2 (Er*) 3378 [28] 155 ps 6.33x10°
“Fop (Er*?) 2532 [28] 1.9 us 5.25x10°
Hy12,%S312 (Er®") 2886 [28] 20 ps, 23 ps [21] 5.1x10*
5I; (Ho*") 4773 14 ms, 9 ms [30] -
515 (Ho*) 3050 70 us 1.42x104
5F5 (Ho*") 2227 0.75 us 1.33x106
5F4,5S,; (Ho*") 2845 6.9 us 1.4x10°
3F, (Tm*) 5340 5.5 ms [31], 6 ms [30] -
SHy (Tm™) 3794 360 ps (444 ps), 1.25x103
402 ps [22]
1G4 (Tm?) 6346 309 ps (360 ps) -
D, (Tm3") 6092 18 us (20 ps) -




5.2. Non-radiative multiphonon relaxation

To determine the non-radiative multiphonon relaxation contribution to the desexcitation rate
of a particular emitting level at a given temperature, use is made of the following expression:

1 1
W
700 77 NR (2)

where 7 ;ff stands for the purely radiative effective lifetime of the considered emitting level,

Tro for its intrinsic emission lifetime, which is determinated at low enough dopant
concentration to neglect further excited-level relaxation due to inter-ionic energy transfers,

and W yx for the associated non-radiative multiphonon relaxation rate.

To perform such an investigation, it is thus necessary to check, for each considered emitting
level, (1) that the radiative emission lifetime derived in Section 3 (via J.O. analysis of the
absorption spectra) and reported in Tables 1-3 are “effective” radiative lifetimes, (2) that the
measured fluorescence lifetimes reported in Table 4 for 0.5at% dopant concentrations are
really “intrinsic” emission lifetimes.

Moreover, according to the so-called “energy gap law” [49], the non-radiative multiphonon

relaxation rate W yz would obey (under the assumption of weak electron-phonon coupling,
which is generally the case for trivalent rare-earth ions) the following exponential expression:

W, =C.exp(—a.AE) 3)

where C and a are constants characteristic of the particular host material (C is an electronic

factor and o measures the strength of the electron-phonon coupling) and AE  measures the
energy gap between the various emitting levels and their next lower energy levels.

Additionally, it was demonstrated that this non-radiative relaxation rate "y would be nearly
negligible for energy gaps larger than about 5 times the highest phonon energies. Therefore,

as the phonon energies which characterize BGO do not exceed some 900 cm!, W, should

be negligible for all the emitting levels associated with energy gaps AE exceeding about
4500 cm!, thus according to the data reported in Table 4, for all the emitting levels *I;3,
(Er*"), 3I; (Ho*"), 3F4 (Tm?*"), 'G4 (Tm3") and 'D, (Tm3").

Consequently our analysis of the non-radiative multiphonon relaxation rates versus the energy
gaps was restricted to the other emitting levels reported in Table 4, i.e. *I;1 (Er*"), 4Fq, (Er?Y),
2H11/2,4S3/2 (EI’3+), 516 (HO3+), 5F5 (H03+), 5F4,582 (HO3+), and 3H4 (Tm3+). HOWCVGT, among all
these levels, only the fluorescence lifetimes measured at 0.5%at concentrations and reported
for the “I;;, (Er3Y), 4Fopn (Er’*), 3Ig (Ho*") and °Fs (Ho®') levels can be considered as
“intrinsic” emission lifetimes (negligible contributions from energy-transfers) and their
radiative lifetimes (as reported in Tables 1-3) can be considered as “effective” radiative
lifetimes. It is not the case of the emitting levels H1;,,*S3, (Er**) and F,4,°S; (Ho*") which are
thermalized at room temperature and for which it is necessary to determine some “effective”
radiative lifetimes. It is not the case either of the emitting level 3H, (Tm3*) which is usually
subject to rather strong cross-relaxation energy transfers, even at 0.5%Tm3* dopant
concentrations. The joint emitting levels Hj1,*S3, (Er’") also experience cross-relaxation
energy transfers but they can be considered as negligible since their emission lifetime only
varies from 20 ps to 23 us [21] for dopant concentrations going from 0.5% down to 0.1%Er*.



So, Concerning first the (*Hj1/,S32) and (°F,4,°S;) emitting levels of the Er** and Ho3" ions,
(see in the Figs 2 and 3), the measured (thermalized) emission lifetimes should be compared
with effective radiative lifetimes which can be determined by using the expression :

glz A4, + gzz Az,jeiAE/kT
’ AT (4)

1
r ;[f

g t+ 8g,e

where the indices 1 and 2 stand for the considered energy levels (1 =4Ss, or 35S, and 2 = 2H,
or °F,) , g; and g, for their degeneracies, AE for their energy separations and A;; and A,; for
their transition rates to all the below lying energy levels.

Thus, using the data reported in Table 1 and Table 3 and energy separations of about 800 cm-!
and 140 cm™!, respectively, it is found a (?H;;,,*S;,,) effective radiative lifetime of about 751
us (instead of 1.06 ms for 4Ss3/, alone) and a (°F,4,’S,) effective radiative lifetime of about 543
us (instead of 1.1 ms for 3S, alone).

Using these effective radiative lifetimes for levels (*H;;2,*S32) and (°F4,3S,) and the radiative
lifetimes reported in Table 1 and Table 3 for levels *I;;, (Er*") 4Fgp, (Er**), 31 (Ho") and °Fs
(Ho’") as TR, then the measured emission lifetimes reported in Table 4 as tgo, it is found (by

using Expr. (2)) the Wy values reported in Table 4.

Concerning the case of the 3Hy (Tm3") emitting level, the “intrinsic” emission lifetime was
derived from a specific analysis of the fluorescence decays registered in a series of BGO
samples doped with various amounts of Tm3* ions (0.5%, 0.75%, 1%, 1.5% and 2%Tm). The
3H4 fluorescence lifetime thus measured at about 1453 nm decreases from about 360 ps (for
0.5%Tm:BGO) down to about 215 us (in 2%Tm:BGO), while that for the 3F4 fluorescence
remains approximately constant with a value of about 5.52 ms. The latter is very close to the
5.63 ms radiative emission lifetime derived from our J.O. analysis (see in Table 2) which
means that neither Tm-Tm inter-ion energy transfers nor non-radiative (NR) intra-ion
multiphonon relaxations affect the deactivation of the 3F, emitting level. On the other hand,
the relatively small but non-negligible variation of the Hy fluorescence lifetime is due to the
above mentioned cross-relaxation energy transfers between neighboring Tm3* ions. This well-
known type of energy transfer can be written as :

SH,(Tm1),3Hg(Tm2) — 3F4(Tm1),F4(Tm2)

which means that an ion Tml in its excited state 3H, transfers part of its energy to a
neighboring ion Tm2 what brings both ions in their respective excited levels 3F.

In principle, this should give rise to a nearly 200% quantum efficiency when the Tm-doped
systems are pumped with 790 nm photons (into their Hy energy level) and they are lased
around 1.9 pm (from their *°F4 metastable level).

According to theory and depending on host materials, the fluorescence lifetime of the 3Hy

emitting level 7,”"* measured at high dopant concentrations should follow the expression:

1 1
T + W(_'R (5)

Tr Tro

where 7., stands for the intrinsic emission lifetime (in the limit of very low Tm3* dopant

concentrations) and where the CR energy transfer rate Wy increases quadratically with the
doping concentration N7, (number of ions per cm?) according to the relation [50] :



WCR = CCR‘N?m (6)

A plot of the inverse of the Hy fluorescence lifetime measured in the singly doped Tm:BGO
crystals versus dopant concentration is shown in Fig. 8 to illustrate this behavior. The fit to

3 3
the data leads to Cep* ~4.8 x 1038 cm®s! and TFSI“ ~ 444 ps (value put in parentheses in

Table 4). The C é,lf“ value thus found for Tm:BGO is very close to that found in the case of
Tm:YAP [51].
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Fig. 8. Plot of the inverse of the average H,—> 3F, fluorescence lifetime measured in the singly doped
Tm:BGO crystals versus the square of the Tm concentration (with lat%Tm = 1.368x10%° Tm?*
ions/cm?).

It is worth noting here that the same type of variations were observed with the
fluorescence lifetimes of the 'G4 and 'D, emitting levels measured at about 480 nm (after 462
nm excitation) and 458 nm (after 353 nm excitation), respectively. The first one ('G4 emitting
level) is due to four distinct but non-discernable, nearly-resonant, cross-relaxation type energy
transfers which can be written (see in Fig. 2) as :

1Gy(Tm1),3Hg(Tm2) — 3F 3(Tm2), 3F4(Tm2),

1G4(Tm1),’H¢(Tm2) — 3F4(Tml), 3F, 3(Tm2),

1G,(Tm1),3Hg(Tm2) — 3Hy(Tm1),3Hs(Tm2) ,
and 1G4(Tml),3H¢(Tm2) — 3Hs(Tm1),>Hs(Tm2)

The second one (!D, emitting level) is also due to four non-discernable, nearly-resonant,
cross-relaxation type energy-transfers which can be written as

IDy(Tm1), 3Hg(Tm2) — 'G4(Tm1), 3F4(Tm2),
IDy(Tm1),3Hg(Tm2) — 3Fo(Tm1),!G4(Tm2),
lDz(Tml),3H6(Tm2) —> 3F2,3(Tm1), 3H4(Tm2)



and 'Dy(Tm1),’Hg(Tm2) — *Hy(Tml),’F, 3(Tm2).

All these energy transfers involve spin-forbidden transitions. This is probably the reason why
their combined effects do not affect so much the 'G, and 'D, emission lifetimes (see in the
following), not more than the single type of energy transfers involving only spin-allowed
transitions and affecting the 3H, emitting level. The G, fluorescence lifetime indeed
decreases from 309 us down to 186 us, and the 'D, decreases from 18 ps down to 12.3 us,
when going from 0.5%Tm to 2%Tm dopant concentrations. As above, the inverse of the
fluorescence lifetimes plotted in a semi-log scale versus the square of the dopant
concentration lead to straight lines and fits of the data with the above expressions (5) and (6)

1
lead to intrinsic emission lifetimes (extrapolated zero-dopant concentration values) 7 ro
360 us and 7., =~ 20 ps (values also reported in parentheses in Table 4), with the overall

. 'G 'D
cross-relaxation energy transfer parameters Cz* ~3.5x 1038 cm®s! and Cp* ~4.6 x 10737
cmbs!, respectively.

In the end, use was made of the effective radiative lifetime determined above and
reported in Tables 1-3 as well as the intrinsic fluorescence lifetimes reported in Table 4 to
extract the non-radiative multiphonon rates versus the associated energy gaps reported in
Table 4 and Fig. 9. Subsequent fits of these data to Expr. (3) (straight line in semi-log scale
displayed in Fig. 9) thus led to the following parameters:

C=42x10%sTand o ~4.65x 103 cm

°F(Ho™) Wnr = C exp(-o.AE)
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Fig. 9. Non-radiative multiphonon relaxation rate Wyg versus energy gap AE for a number of emitting
levels of Er3*, Tm?** and Ho**-doped BGO

This result significantly differs from that derived from the theoretical data determined and
reported in [28] in the case of Pr3*-doped BGO, i.e. C ~3.5x 10" s and o = 7.85 x 1073 cm.

However, a comparable result was found in the case of rare-earth doped YVO, [52], another
emitting crystalline oxide [53] for which the highest phonon energy which can be involved in



the electron-phonon coupling responsible for the non-radiative multi-phonon relaxation of the

excited energy levels is around 950 cm! and Wy, is nearly negligible for energy gaps larger
than about 950x5 = 4750 cm!. Therefore, since, according to the results reported in Table 4 in

the case of BGO, W, would be negligible for an energy gap of 4773 cm™! (’I; to Sl energy

gap found in the case of Ho:BGO) but already non-negligible for an energy gap of 3794 cm!
(case of the 3Hy to 3Hs energy gap found in Tm:BGO), it means that the highest phonon
energies should be larger than about 3794/5 ~ 760 cm™! but smaller than 4773/5 ~ 950 cm'!.
This agrees well with the Raman and infrared spectra reported in [30, 38] which show
phonons with energies up to about 820 cm!, thus slightly lower than in the case of YVOy.
According to [38], these 820 cm'! phonons would come from the coupling between the
bending vibrations of the (GeO,)* tetrahedra and the vibrations corresponding to the motions
of these (GeOy)* tetrahedra against the Bi** ions, thus the host ions for which the rare-earth
dopants substitute.

6. Analysis and discussion of the results

Based on the results of the above investigation, it is now possible to discuss and decide the
real potentialities of Er-, Tm- and Ho-doped BGO as laser materials, first in the mid-infrared
domain, since it is in this spectral domain that they are supposed to give the best laser
performances, but also in the visible and near-infrared.

6.1. Laser potential of the mid-infrared emission transitions

The laser potential of the corresponding emission transitions was investigated via the
calibration of the spectra in cross section unit (i.e. in laser gain per unit population inversion).
For that purpose, use was made of two methods.

The first method, referred as the Reciprocity (RP) method, makes use of the
expression [54]:

u ZL

RP,u—1 _ I—u Z 1 1
o, ") =0, (/1).Z—’. exp[{ﬂ— - zj he/ kT} (7)

where Az (in nm unit) is the so-called “zero-line” (ZL) wavelength which corresponds to the
energy difference between the lowest sub-levels of each multiplet of the transition,

Z, = Zg,'f exp(—E,f’ I kT )is the partition function of the multiplet m resulting from the
k

energetic positions E7' of the Stark levels of this multiplet and of their degeneracy gJ;* .

The second method, often called Fuchtbauer-Ladenburg (FL) method, makes use of the
well-known expression [54]:

v 2 L (4
meoty= A tall) ®
wen’t, J‘/llem (A)dA

which applies for cubic as well as for isotropic crystals (no polarization effect) and in which u
and / stand for the upper and lower levels of the considered emission transition. /,,,(4) is the



emission intensity and 7z and Sy are the above derived (J.O. analysis) radiative emission
lifetimes and branching ratios.

An alternative method to the FL method, also called B—t method, consists in applying the
same expression (8) but using as 7z the most meaningful value between the emission lifetime
measured at low dopant concentration (intrinsic fluorescence lifetime) and the radiative
lifetime derived from the J.O. analysis, or the value which gives the best agreement with the
emission spectrum derived with the RP method.

The resulting cross section spectra for the *I;3,— *I;5,, emission of Er:BGO around 1.55 um,
for the 3F; — 3Hg emission of Tm:BGO around 1.9 pm and for the °I; — °Ig emission of
Ho:BGO around 2 pm (all of them being ground-state terminating transitions associated with
Sr = 1) are reported in the figures 10, 11 and 12.

Case of Er:BGO

In the case of the *I;3,— “I;5» emission of Er:BGO (see in the left side of Fig. 10), the
emission cross section spectrum obtained by using the RP method was built by using
(according to the energy-level positions indicated in [30]) the ZL wavelength A7 =1540 nm
and the calculated partition functions are Z,, =7.80and Z,, =8.06.

Alternatively the emission cross section spectrum obtained by using the FL expression (8) and
which best fit with the short-wavelength part, the most reliable part in terms of noise, of that
obtained with the previous RP method, was obtained by using the measured emission lifetime
77 ~6.7 ms instead of 7z ~#7.1 ms.

To complete this analysis of the laser potential of Er:BGO we also show on the right hand
side of Fig. 10 the gain cross section spectra o, (4) which can be calculated from the above

emission and absorption cross section spectra o,,(4) and o, (4) by using the expression:
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Fig. 10. (a) “I;3n —> 15, emission cross section spectrum of Er:BGO obtained by using the FL
expression (curve in black) and emission cross section spectrum (curve in red) built from the
associated “I;s, — *I;3,, absorption cross section spectrum (curve in blue) by using the RP method. (b)
Calculated gain cross section spectra for various population inversion ratios.

These gain spectra show that laser action can be obtained with Er:BGO within two spectral
ranges around 1560 nm and 1630 nm and with gain cross sections comparable to that found
with the Er phosphate glass [55] which is the reference material in this eye-safe and telecom
wavelength domain.

Case of Tm:BGO

In the case of Tm:BGO, it is clear that the zero-line wavelength (see on the left side of Fig.
11) for the 3F4¢> 3Hg emission and absorption transitions occurs at about 1737 nm (sharp peak
observed both in the absorption and emission spectra), but no information is available about
the Stark level structures of the considered multiplets which could allow for the derivation of
the adequate Z/Z, value. Therefore, considering the values which can be found in the
literature with various Tm-doped fluorides and oxides, choice was made of the intermediate
value Z/Z, ~ 1, a value which is close to that found for instance in the case of YAIO; (YAP)
or BaY,Fg [54]. The emission cross section spectrum thus obtained by using the RP method
and that obtained by using the FL method with the 3F, radiative emission lifetime 7z ~ 5.52
ms (as derived from the J.O. analysis) are reported in Fig. 11.

The perfect agreement found between the emission cross section spectra obtained by the FL
and RP methods thus clearly comforts the value of the 3F, radiative lifetime of 5.52 ms which
is found via the J.O. formalism.

As previously, we also show on the right hand side of Fig. 11 the gain cross section spectra

N,
O guin(4) which can be calculated by using Expr. (9) with p Zﬁ. It is found a

3F, SH,
broad band with a maximum gain about 4 times lower than in the case of Tm:sesquioxides

[56], but equivalent to that found with the reference material Tm:LiYF, [57].

(@ |Tm:BGO  °F, < Hq | (b) Tm:BGO *F4 > *Hg

Emission (RP)
Ay = 1737 nm

-
(&)}
1

Absorption

B=05

Emission (FL)
1, =9.52 ms

0.5

Gain cross section (107" cm?)
o
1

0+ T T T T T T T T T T 1 0.0 T T T T T T T T T T T T T
1500 1600 1700 1800 1900 2000 2100 1750 1800 1850 1900 1950 2000 2050 2100
Wavelength (nm) Wavelength (nm)




Fig. 11. (a) °F; — 3Hg emission cross section spectrum of Tm:BGO obtained by using the FL
expression (curve in black) and emission cross section spectrum (curve in red) built from the
associated *Hy — 3F, absorption cross section spectrum (curve in blue) by using the RP method (sharp
peak at 1583 nm = grating 2" order of the laser excitation at 791.5 nm). (b) Calculated gain cross
section spectra for various population inversion ratios.

Case of Ho:BGO

In the case of the ’I; — 3Ig mid-infrared emission transition of Ho:BGO around 2 pum, as in
the case of Tm:BGO, there is no information available about the Stark level structure of the
considered °I; and *Iy multiplets which allows for the determination of the adequate Z, / Z;,

value. Thus, again, choice was made of an intermediate value [47, 54], i.e. Z, I I Z R 0.8.

As to the zero-line wavelength, choice was made of the central wavelength of the strongest

absorption peak, i.e. Az ~ 1943 nm. The resulting spectrum is reported in Fig. 12. It is also

reported in Fig. 12 the emission cross section spectrum obtained by using the FL method with
the °I, radiative emission lifetime 7z ~ 13.8 ms. As in the case of Tm:BGO, the almost perfect
agreement found between the emission spectra derived from the FL and RP methods clearly
comfort the value of the °I; radiative lifetime of about 13.8 ms which is found via the J.O.
formalism.

As above, we also show on the right hand side of Fig. 12 the gain cross section spectra
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Fig. 12. (a) °I; — °Ig emission cross section spectra of Ho:BGO obtained by using the FL (curve in
black) and RP (curve in red) expressions, along with the associated *Ig — Iy absorption cross section

spectrum (curve in blue). (b) Calculated gain cross section spectra for various population inversion
ratios.

It is found a maximum gain equivalent to that found in the case of the Ho doped Lu,0;
reference material [58] but shifted towards shorter wavelengths by about 50 nm.



6.2. Laser potential of the visible, deep-red and near-infrared emission transitions

The above discussed mid-infrared emission transitions all occur from the lowest (metastable)
excited levels down to the ground-states of the considered emitting ions, thus correspond to
branching ratios equal to unity. Moreover, none of them are subject to any energy transfer
losses (at least for dopant concentrations up to a few at%) and all of them occur at energies
larger than 5 times the highest phonon frequency, thus are not subject to any non-radiative
multiphonon relaxations.

The situation is more complicated in the case of the other emission transitions because they all
correspond to higher lying emission levels, thus having other lower energy levels than the
ground-states towards which they can de-excite in a non-radiative way, and because they are
associated with more or less important branching ratios never equal to unity. Moreover, at
high dopant concentrations, a number of these emitting levels can be subject to various types
of detrimental energy transfers.

Therefore, among all the emission transitions reported above, only few of them correspond to
favorable conditions for laser operation and they are those coming from the 'D,, 'G4 and *Hy
emitting levels in Tm:BGO essentially, with the following characteristics:

- D, —»3F, emission transition around 457 nm with a branching ratio of 65% and an intrinsic
emission lifetime of 20 ps for a radiative lifetime of 38 us

- 1G4 >’Hg and 'G4 —3Hs emission transitions around 482 nm and 785 nm with branching
ratios of 52% and 29%, an intrinsic emission lifetime of 360 us for a radiative emission
lifetime of 585 us

- 3H; —3Hg and *Hy —3F,4 emission transitions around 800 nm and 1450 nm with branching
ratios of 85.5% and 11.5%, an intrinsic emission lifetime of 444 ps and a radiative lifetime
of 1 ms.

Calibrating the corresponding emission spectra reported in Figs 5, 6 and 7 using the above
data and Expr. (8) leads to the peak emission cross sections reported in Table 5.

Table 5. Wavelengths and emission cross sections at the peaks of the most intense emission transitions
observed in Tm:BGO in the visible, deep-red and near-infrared spectral regions.

Emission transition | 1D, —3F, 1G4 —3H, 1G4 —3H;s SH; —3Hg SHy —3F,
Amax (nm) 459 480.6 800 807 1453
Gom o) 1021 cr? 32 1.4 2.9 44 55

Examining these data, several remarks can be made. It is to be noted first that all the
considered emitting levels can be pumped directly by using standard laser sources, around
355 nm with frequency-tripled Nd-based solid-state lasers for level 'D,, around 462 nm with
InGaN blue laser diodes for level 'Gy, and around 792 nm with InGaAs near-infrared laser
diodes for level *Hy. It is also remarked that two emission transitions (‘G4 —°Hg and Hy
—3Hg) are ground-state terminating transitions; thus, because of reabsorption effects, their
effective laser emission wavelengths should be restricted to the long wavelength side of the
spectra, i.e. around 590 nm for 'G4 —°Hg, and 820 nm for *H; —3Hg, In the end, it is also
found that among the other three emission transitions, two of them (D, —3F, and *H; —3F,)




terminate on the long-lived (several milliseconds) metastable level 3F,4, thus leading to so-
called self-terminated laser transitions, while the third one ('G; —°Hs) terminates on the
short-lived excited level *Hs. This means that a 4-level laser operation should be quite easy
with this last emission transition but that an additional de-excitation process should be
implemented to depopulate the ’F, metastable level in the case of the former two emission
transitions. This is the reason why the near-infrared *Hy —3F, emission transition was
investigated in the past, more or less successfully, by co-doping the materials with Eu**, Tb3*,
Ho*" or Yb*" ions [59-70]. The 3F, excitation of the Tm?" ions is indeed more or less
efficiently transferred to these additional co-dopants, what shortens the 3F, lifetime and allows
for true 4-levels laser operation. Tm3* lasers emitting around 1.5 um were thus demonstrated
in (Tm**, Tb*"), (Tm?**, Ho*") and (Yb**, Tm3*) doped LiYF, single crystals [59, 60, 64, 65,
67], but also in a (Tm3*, Ho?") doped tellurite glass microsphere [68]. °F,4 excitation quenching
was also recently investigated with Tm:BGO crystals co-doped with Pr3* ions [69]. However,
if Pr3* ions do absorb and quench the 3F, excitation rather efficiently, they also substantially
absorb at the *H; —3F, emission wavelengths around 1.5 pm, which is not very favorable. A
better choice would be to co-dope the Tm:BGO crystals again with Tb3" or Yb*' ions, what
will be made in a near future.

7. Conclusions

A very complete investigation of the luminescence properties of Er**, Tm*" and Ho*" doped
Bi4Ge;0,, crystals prepared in the form of rod-type crystal fibers is reported here for the first
time. It consists in the registration and the analysis of absorption and emission spectra as well
as emission lifetimes in a wide spectral domain covering the blue to the mid-infrared. The
effects of intra-levels thermalization, inter-ionic energy transfer and intra-ionic non-radiative
multiphonon relaxation mechanisms affecting the measured emission lifetimes and quantum
yields of the most important emitting levels are clearly identified. This leads to the
determination of more reliable “effective” and “intrinsic” lifetimes. It also allows now
unambiguously, thanks to the analysis of the experimentally derived multiphonon relaxation
rates versus the energy gaps between the considered emitting levels and the excited levels
lying just below, to assign the involved phonons to the high energy phonons of about 820 cm-
I'which were evidenced in the past in the Raman and infrared spectra of the host material.
Then, use is made of these data to calibrate the various emission spectra in cross section unit
and to show that the considered materials do not only present an interest for the mid-infrared
laser application but also in the blue and the near-infrared spectral regions.

These results finally open the way to the development of high power mid-infrared laser
oscillators and amplifiers based on materials with a cubic crystallographic structure which can
be easily prepared (low melting temperature) in the form of rod-type crystal fibers [71-73],
thus of crystalline materials offering more robust thermo-mechanical properties than glass
fibers, especially in the laser pulse regime, and more efficient thermal dissipation properties
than standard bulk crystals. They also show the possibility of developing new broad-band,
eventually tunable and/or short-pulse, laser sources in the blue, deep-red and near-infrared
spectral domains by using different types of commercial solid-state and diode pump lasers.
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