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A complete set of spectroscopic parameters, including Judd-Ofelt parameters, radiative transition probabilities,

radiative lifetime, branching ratios and integrated absorption cross section, have been calculated for Tm3*t- doped

fluoroaluminate (AYF) glass, based on the measured absorption spectra.

The mechanism of Tm?+ -Tm?3* and

Yb3*t ©Tm3t energy transfers and fluorescence properties have been investigated in both Tm37 single-doped and
Yb3+ /Tm3+ double-doped AYF glasses. The cross-relaxation process, *F4+3Hg—23Hy, is proved, which makes the
optimum Tm?3* concentration of 1.77um fluorescence (*H4—>Hg) much higher than 1.45um fluorescence (*F4—3Hy,) in

Tm3t:AYF glasses. In Yb3T /Tm3T:AYF glasses, a stronger concentration quenching is found for the 476nm emission

than that for the 797nm emission, and is discussed under the 970nm-excitation.
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I. INTRODUCTION

Glasses doped with Tm3* ion have been investi-
gated as potential hosts of visible and near infrared
laser because of the attractive transitions of Tm3*
ion in visual and infrared regions: The transition
1G4 —3Hg (~480nm) is in blue region. The transi-
tion 3F;—3Hy (~1.45um) can be applied as a useful
source for water or humidity sensing.[!! A high-power
1.45um Tm>®*t-doped fiber laser is promising as the
pump source for a high output power Er®t-doped fiber
laser amplifier.l2l The transition 3Hy—3Hg(~2um) is
in eye-safe region and expected to find a number of
application in eye-safe lidar, remote sensing of glasses
and medical field.l%]

Fluoride glasses are attractive host material for
rare earth (RE) laser and amplifiers because they
have a lower phonon energy than oxide glasses. Zrg-
based (fluorozirconate) and AlFs-based (fluoroalumi-
nate) glasses are two main types of fluoride glasses.
Recently, a considerable number of papers have been
published on the upconversion and near-infrared emis-
sions from Tm3* and Yb3" /Tm3" doped ZrF,-based
glasses, such as ZBLAN.['=7] However, there has been
less discussion of the AlFs-based glasses doped with
Tm3* and Yb3T/Tm3*. Quite recently, we system-
atically investigated AlF3-based glasses doped with
Er3t, YB3t /Er3t, Tm3T, and Yb3T /Tm3" ions. Ex-
perimental results have shown that AlF3-based glasses

might be a better option for optical component.®! The
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purpose of this paper is to investigate the fluores-
cence mechanisms of Tm3* and Yb3*/Tm3* doped
AlFs-based glasses with a laser diode (LD) at 800
and 970nm. A Judd-Ofelt analysis has been employed
to determine the radiative transition probability (A),
lifetimes (7r ), branching-ratios () and integrated ab-
sorption cross-section (o,) for Tm3*t transitions in
AlF3-based glasses.

I. EXPERIMENTAL PROCEDURE

Glasses with the composition of 35A1F3- (15-2-y)
YF;-50RF,-2TmF3-yYbF; (R=Mg, Ca, Sr, and Ba)
were prepared by using reagent pure (NHy);AlFg,
YF3, MgF;, CaFg, SrFy, BaF;, TmF3; and YbF;.
A small mount of NH;HF> was also added to com-
plete the fluorination. The mixture of powders was
melt in Pt crucible at 900-1000°C for 30min. The
melt was cast into an aluminum mold. The obtained
glass samples were cut and polished with a size of
20mm X 15mm X 3mm.

Room-temperature absorption spectra of samples
were recorded using a double-beam spectrophotometer
(Perkin-Elmer Lambda 9). The fluorescence spectra
were obtained by exciting the samples with light from
a diode laser operating at 800 and 970nm.

The index of refraction was measured at two
wavelengths and the indices of refraction at all other
wavelengths were calculated using Cauchy’s equation
n = A+ B/)? where A=1.4326 and B=3610.17nm?
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were obtained in our samples.

. EXPERIMENTAL RESULT

A. Physical and chemical properties of AYF
glass

The chemical durability of the AYF and ZBLAN
glasses was measured on the basis of the surface weight
loss of the bulk samples after immersion in distilled
water at a constant temperature for several hours.
The results are given in Fig.1. Table 1 presents other
physical properties of the glasses determined by con-
ventional methods. It can be seen that AYF glass has
a higher glass transition temperature (7},) and is more
chemically and mechanically durable than ZBLAN

glass.

Table 1. Physical properties of fluoride glasses.

Property AYF ZBLAN
Transition region/um 0.23—7.0 0.24—7.5
Density/(g/cm?) 3.87 4.62
Abbe’s value vy 97 76
Transition temperature Ty 438 315
Softening temperature Tf 425 300
Young’s modulus/(10%kg/cm?) 7.16 5.53
Thermal expansion/10~7°C~1 149 157
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Fig.1. Weight loss of fluoride glasses as a function of the
immersion time in distilled water at a constant tempera-

ture.

B. Oscillator strengths and Judd-Ofelt analysis
of Tm3*

The room-temperature absorption spectrum for
Tm3*-doped (2mol%) AYF glass is shown in Fig.2.

The energy levels of Tm>3* ion in AYF glasses assigned

from this spectrum are also shown in Fig.2.
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Fig.2. Absorption spectrum of Tm37 in AYF glass.

The oscillator strengths are determined experi-

mentally using the following equation:

m62
Pexp(J,J') = 35— / kdv, (1)
k = 2303E/d,

where ¢ is the speed of light, N the number of ac-
tive ions per unit volume, F the absorbance and d the
sample thickness. The parameters m and e are the
electron mass and charge (in electrostatic units), re-
spectively. The experimental oscillator strengths for
Tm3t:AYF glass are presented in Table 2.

The theoretical oscillator strength is calculated
by use of the J-O theory.®1% For the electric dipole
transition SLJ — S'L'J’ of frequency v, the calcu-

lated oscillator is

o 8mPmy (n?+2)?
Peare(J5.T') = 3R(2J+1) 9n
QUSLT || UM || 8'LT'))?, (2)

where n(\) is the refractive index of the medium as a
function of wavelength, 2;(t = 2,4, and 6) are three
J-O intensity parameters, U® is the double-reduced
matrix element of the unit tensors, which are taken
from Ref.[11] since they are almost insensitive to the
ion environment. All transitions are assumed to be
electric dipolar in nature, except the *Hg—>Hy tran-
sition which exhibits a non-negligible magnetic dipolar

contribution.
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Table 2. Oscillator strengths of Tm3* ions in AYF glass.

Transitions A/nm Pexp/1078 Pac/1078 Residuals/10~8
SHe—3Hy 1680 161 169 -8
3H; 1203 130 125 +5
3F, 780 185 175 +10
3F; 681 289 243 -3
3F, 658 49
1Gy 461.6 63 51 +12
The three J-O parameters 2; are determined
by fitting the five experimentally obtained oscillator ’ 64nte?  n(n? + 2)2
strengths using Eq.(2) by the least-squares analysis: A(J; J') = 3h(2J + 1)A2 9n

2, =1.77 x 107%cm?,
24 =1.58 x 1072%m?,

2 =1.16 x 1072%cm?.

The quality of the fit is given by the root-mean-square
deviation which is equal to 13 x 1078,

The oscillator strengths for Tm3* transitions cal-
culated using these (2, values are also given in Table
2. A reasonable agreement between the measured and
calculated oscillator strengths has been obtained.

The spontaneous emission probability A(.J; J) for
the electric-dipole emission can be estimated using the

following expression:

Y QUSLI| U | S'L'I)

t=2,4,6

(3)

The emission branching ratio of a transition is de-

fined as

BT = A(J; ) DA ). (4)
J/

For laser analysis of rare earth material the in-
tegrated absorption cross-section, o,, for stimulator
emission is estimated from

/\2
Oa = SA. (5)

8men

The calculated values of A, TR, 3, and o, for var-

ious luminescent transitions are given in Table 3.

Table 3. Predicted radiative transition probabilities (A) ,total radiative transition probabilities (AT), radiative

lifetime (oR), branching ratios (/3),integrated absorption cross-section for stimulated emission (o.), for certain

selected excited levels of Tm3* in AYF glasses. Wavelengths are determined from emission spectra when possible.

Transition Wavelength/nm Afst Ar/s™1 TR/ms 0,/10"8cm Bi
3H,—3Hg 1770 110.2 110.2 9.07 2.228 1
3F,—3Hg 797 536.7 2.186 0.83
SH4 1450 97.6 646.7 1.54 1.323 0.15
3Hs 2280 12.4 0.416 0.02
1G4—3Hg 476 462.4 0.662 0.43
SHy 651 82.5 0.223 0.08
3Hs 778 381.6 1080.5 0.93 1.481 0.35
3Fy 1181 111.0 1.505 0.10
3F3 1531 33.6 0.508 0.03
3F, 1678 9.4 0.171 0.01

C. Infrared emission properties of Tm?3* in
AYF glasses

Under LD excitation at 800nm, the infrared flu-
orescence emissions around 1.45um (*F4—3H,) and
1.77um (*Hy —3Hg) were observed in Tm?t:AYF
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glasses. As shown in Table 3, both transitions have
large branching ratios. For an understanding of con-
centration dependence of the fluorescence, we mea-
sured the fluorescence intensities of various Tm3* con-
centrations. The results are shown in Fig.3. The max-
imum intensity of the 1.45um-emission was observed
in the range of 0.2-0.5mol% TmF3. In contrast, the
fluorescence quenching of the 1.77um emission was not
observed until 2mol% TmF3. This behavior may be
due to the cross relaxation, 3F4+3Hg—23H,, as shown

in Fig.4.

2 ¥
E 2001 A& 1.45um

%

& v 1.77um

2

E v

é 100 A

o

g

£ .
= 0 T T T y
= 0.0 0.5 1.0 1.5 2.0

Concentration of Tm?t /mol%

Fig.3. Relationship between the fluorescent intensi-
ties of 3H4—3Hg(1.77um)and 3F4—3H4(1.45pm), and
Tm37* concentration in AYF glasses.
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Fig.4. Energy-level diagram of Tm3% ions, showing

infrared emission and the cross-relaxation process.

The probability of this energy transfer is propor-
tional to R~6,'?] where R is distance between neigh-
boring ions. With the increase of the Tm3* concen-
tration, the value of R decreases, which causes the
quantum efficiency of 3F4+3Hg —23H, energy trans-
fer to increase. As a result, concentration quenching
of fluorescence intensity will shift to a lower Tm3+
concentration for the 3F, —3H, transition, and in
contrast, to a higher Tm3T concentration for the
3H, —3Hg transition. In other words, the maximum
intensity of the 3Hy;—3Hg fluorescence will occur at a

higher Tm3* concentration after the cross relaxation

of 3F,+3Hg—23H, is saturated at a certain Tm3* con-
centration, and in contrast, the 3F,—3H, fluorescence

will occur at a lower Tm>*t concentration.

D. Upconversion fluorescence properties in
Yb3* /Tm3" co-doped AYF glasses

Under a 970nm LD excitation at room tempera-
ture, the strong upconversion fluorescence centered at
476 and 797nm were observed in Yb3t/Tm3t:AYF
glasses, which correspond to the 3F,; —3Hg and
1G4 —3Hg transitions, respectively. The dependence
of the emission intensity on the excitation power (Pex)
is plotted in Fig.5. The slopes of the 476 and 797nm
emissions are 2.56 and 1.85, respectively. These de-
pendences indicate that the 1G4 and 3F, levels are
populated mainly through the three- and two-photon

processes, respectively.
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Fig.5. The log-log plot of the fluorescence intensity
versus pump power. The contents of YbF3 and TmF3
are 5 and 0.2mol%, respectively.

In order to examine the characteristics of the
476 and 797nm upconversion fluorescence, the depen-
dences of both fluorescences upon the concentrations
of Tm3* and Yb3*t were measured, as shown in Figs.6
and 7. It can be seen that both fluorescence inten-
sities first increase and then decrease with increasing
concentration of Tm®** and Yb3*. The maximum in-
tensities of the fluorescences occur at a higher concen-
tration for Yb3* ions than for Tm>®* ions. As shown in
Fig.6, the maximum fluorescence intensity is observed
approximately at 0.1mol% Tm3*t for the 476nm flu-
orescence, while it is about 0.5mol% for the 797nm
fluorescence. Therefore, compared with the 797nm
emission, the concentration quenching of the 476nm
blue emission is more apparent. From Fig.7, we can
observe that for both emissions, the optimum Yb3*

concentrations are around 5mol%.
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. / \ IV. DISCUSSION
o In this section, we discuss the upconversion mech-
400 1 / o/.\ \ anisms and energy transfer in Yb3* /Tm3* co-doped
200 - / AYF glass system. The essential feature for the up-
= * 0 1G4 —3Hg 5mol% YbF; b conversion emission under infrared pumping can be
ZZ\ ] tG'i _’jHG 10mol% YbFs3 obtained by considering the energy level diagrams
807 & 'Fq —"He Smol% YbFy for Yb?t and Tm>t in Fig.8. Under the excita-

A 3F; 3Hg 10mol% YbFs . . .

20 ‘/\ \ tion of 970nm, the Yb3* ion was first excited to the
A-\A 2F5/2 level, and then after a multi-step energy trans-
0 A — fer process Tm>* ion was excited to the levels of 3F,,
0.0 02 04 0-6 08 1.0 1G4. The energy transfer process may be assisted by
Concentration of TmF; /mol% phonons (PET). This mechanism can be expressed as

follows:[13]

Fig.6. Concentration dependence of the fluorescence

. 3+ (2 3+(3 3+ 2
intensity on Tm3% in Yb3*/Tm3+ co-doped AYF ET1:Yb ( F5/2)+Tm ( H6) — Yb ( F7/2)

glass, excited at 970nm. +Tm3+ (3H5) + phonons, (6)
Tm** (3Hs) — Tm** (*Hy), (7)
500, 0 ET2 : YDb*F (F5)5)+ Tm® (*Hy) — Yb*T (°Fr5)
./o\. ! ¢ +Tm** (*F3) 4 phonons, (8)
400 \
. Tm®* (°F,° F5) - Tm®* (°Fy), (9)
2004 L
80 1 /o\o ET3: Yb*F (°F5,0)+Tm*" (°F4) — Yb*T (*F;)5)
601 o +Tm**(*Gy4) 4 phonons.  (10)
401
20 © Equations 7 and 9 show the multiphonon non-
0 ; : T : o radiative relaxation processes. The above equa-
tions (6)—(10) show that the 476nm emission is a
Concentration of YbF3/mol% three-photon process, and that the 797nm emission

is a two-photon process. This is verified by the rela-

Fig.7. Concentration dependence of the fluorescence tionship of the emission intensity with the excitation

intensity on Yb3* in Tm3*(=0.2mol%), Yb3t co- power shown in Fig.5.
doped AYF glass, excited at 970nm.
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Fig.8. The absorption and energy level diagram of Tm?3t and Yb3*, the upconversion excitation
scheme and the cross-relaxation process in AYF glass. The solid arrows represent the radiative

phenomena, the dashed arrows represent the Yb-Tm energy transfer process.
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Under dipole-dipole interaction, the probability of

the energy transfer process, P, can be expressed as:['?]
P = constant x (IT x S)/R®, (11)

where II is determined by the product of the elec-
tric dipole probabilities of the two transitions, S is an
overlap integral (which is mainly determined by the

energy mismatch (AE) between the two transitions

in the energy transfer process), R is the distance be-
tween Yb3t and Tm3" ions. In AYF glass the Yb3+
ions can be doped with a high concentration without
devitrificaton and RE clustering, so that the distance,
R, is small. The AFE values of the above ET process
are calculated from Tables 2 and 3, and are listed in
Table 4. It can be seen that the AFE values of ET1,
ET2, and ET3 are small.

Table 4. Energy mismatches AFE of upconversion energy transfer and cross relaxation.

Upconversion energy transfer AFE/cm™! Cross relaxation AFE/cm~1!
ET1:Yb(*F5,5)+Tm(*Hg) = Yb(®F7 /5)+Tm(*Hs) 1787 1G4 +3He—3Ha+3F> 149
ET2: Yb(*F5/5)+Tm(*Ha) -Yb(2F7/5)+Tm(*F2) 755 1G4+3He—3Ha+3F;3 654
ET3: Yb(*F5/5)+Tm(®F4)—=Yb(*F7,5)+Tm(' Gy) 1129 1G4 +3He—3H5+3Fy 155
*ET4:Tm(*F4)+Yb(*F7,2) »Tm(*He)+ Yb(®F5,3) 2610 SF4+3He—2%Hy 944

*Back-energy transfer from Tm3+t —Yhb3+.

Furthermore, the energy levels of RE ions ex-
tend widely in glass, especially in fluoride glass with
a great disorder in the RE environment,!' which re-
sults in a spectral overlap between the Yb3t emis-
sion (*F5/3 —°F7/3) and Tm** absorption. For in-
stance, the band (9451-11628cm™1) of the Yb3T emis-
sion (*F55 =%F7/2) actually overlaps partially with
the band (7233-10827cm™"') of the Tm®* absorption
(3H¢—3Hs) in the ET2 process. Therefore, due to the
partial overlap, the AFE values are in fact less than
those given in Table 4.

In addition, the small lifetimes of the *Hs and
3F5 3 levels make the back-energy transfer from Tm3*
to Yb3* hard to carry out. For these reasons, the en-
ergy transfer efficiencies of ET1, ET2 and ET3 pro-
cesses are large in AYF glass, so that the strong up-
conversion fluorescences around 476 and 797nm can be
observed in Yb3* /Tm3*:AYF glass with the 970nm-
excitation.

Several expressions have been derived for both up-
conversion fluorescence intensities using rate equation
models. The upconversion fluorescence intensities for
the 3Fy —°Hg (I;) and 'G4—3Hg (I) transitions of
the Yb3* /Tm3* system, using the same approach re-
ported by Wright,['5] are given by

I} « $* Ny, > N, (12)

I2 X ¢3NYb3NTm3 (13)

where Nyy, and Ny, are concentrations of Yb3t and
Tm3"*, respectively, and ¢ is the incident pumping
flux. In these expressions, the output intensities, I;
and I, respectively, depend quadratically and cubi-

The de-
pendences indicate that the upconversion processes
for the 3F, —3Hg and 'G, —3Hg transitions are

cally upon the incident pumping flux (¢).

two- and three-photon processes, respectively, in the
Yb3t /Tm3* system under the 970nm-excitation. In
addition, according to Egs.(12) and (13), the fluo-
rescence intensities, Iy and I, respectively, depend
quadratically and cubically upon the concentrations
of Yb3* ions, and linearly upon the concentration of
Tm3* ions. However, the dependences are not found,
as shown in Figs.6 and 7.

When increasing Tm?t concentration with con-
stants of ¢ and Ny, the 476 and 797nm emission
intensities become lower for higher Tm3* concentra-
tion, due to the fluorescence quenching by the cross-
relaxation process between Tm>* ions. Several possi-
ble cross-relaxation processes of Tm3" ion and their
AF are listed in Table 4. Each item in the table in-
cludes two processes, such as 'Gy+3Hg —3Hs+3F,
including (!G4 —%Hs, *Hg —3F4) and (1G4 —3Fy,
As shown in Table 4, these

cross-relaxation processes, which are related to the

3Hg —3Hs) processes.

1G4 and 3F, levels, have small AE, causing a large
probability of cross relaxation. With an increasing
Tm3* concentration, these cross-relaxation processes
will become more significant according to Eq.(11),
which will decrease the population in the 1G4 and 3F,4
levels. From Table 4, we can find that the !G4 level
has a larger number of cross-relaxation processes and
smaller AFE values than the 3F4 level. Furthermore,
the cross relaxation processes related to the 3Fy level

also affect the population in the 1G4 level, accord-
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ing to Eq.(10). Therefore, the effect of concentration
quenching is more apparent for the 476nm emission
(*G4—3Hg) than for the 797nm-emission (*F4—3Hg).

When increasing the donor Yb3*t concentration
with constants of ¢ and Nrp,, both 476 and 797nm
fluorescence intensities increase at the beginning due
to the increase of the donor concentration. The max-
imum intensities of both fluorescences are observed
around 5mol%. The subsequent decrease may be
due to the back-energy transfer, *°F; (Tm®*)—2F5 /s
(Yb3*). The higher the Yb3* concentration, the
larger the probability of this back-energy transfer.
Figure 9 shows the evidence of the back-energy trans-
fer; when the Yb3t concentration becomes higher, the
fluorescence lifetime of the 3F, level decreases. There-

fore, the higher concentration of Yb3* will decrease

1.0
0.8 TmF3=0.5mol%
21
E 0.6
g
=}
}é 0.4
3
0.24 \
| |
\.
0.0
T T T T T
0 2 4 6 8 10

Concentration of YbF3 /mol%

Fig.9. The linftime 3F4 of level vs concentration of

and Yb3*t in AYF glass.

the population in 3F, and Gy levels (through ET3
process as in Eq.(10)), and quench the fluorescences
of 3F,—3Hg and 'G,—3Hg emissions.

V. CONCLUSION

AYF glass has a higher glass transition temper-
ature (Ty) and is chemically and mechanically more
durable than ZBLAN glass.

The infrared fluorescence corresponding to the
3F,—3H, and 3H,—3Hg transitions was observed in
Tm>?*t-doped AYF glass upon 800nm LD excitation.
The optimum Tm?3* concentration of 1.77um fluores-
cence (*H;—?3Hg) is much higher than that of 1.45um
fluorescence (3F4—3H,). It is mainly due to the cross-
relaxation process,>F4+3Hg—23H,.

Under 970nm LD excitation, the strong upcon-
version fluorescences around 797nm (*F,—3Hg) and
476nm (1G4 —3Hg) are observed in Yb3t/Tm3* co-
doped AYF glass.
the 476nm emission is stronger than that of the 797nm

The concentration quenching for

emission: the optimum Tm3*t concentration for the
476nm emission is about 0.1mol%, while it is in the
range of 0.3-0.5mol% for the 797nm-emission.

In this paper we have presented a complete pic-
ture of the calculated spectroscopic parameters, such
as the J-O parameters, radiative transition probabil-
ities, radiative lifetimes, branching ratios and absorp-
tion of Tm3t ions in AYF glasses, which are highly

useful for analysis.
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