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The paper presents luminescence properties of telluride glass doped with Yb3+/Tm3Jr ions. Strong blue
emission at 477 nm corresponding to the transition G4 — ®Hg in thulium ions was measured under the excitation
of a 976 nm diode laser. The dependence of the upconversion emission upon the thulium ions concentration
was studied in order to determine the optimal ion content. The results showed that intensity of upconversion
emission enhances, with the increase of Tm®' content up to 0.1 mol.%. The most effective energy transfer
Yb*t — Tm®*" occurs in the glassy matrix with molar ratio of dopant 1 Yb3" : 0.1 Tm®". Double-clad optical
fibre was made of glass with the highest upconversion intensity at the wavelength of A\ = 477 nm (TGPF101).
As a result of optical excitation (A = 976 nm) of the produced optical fibre, an additional emission line, which
was not noticed in the glass, was observed at the wavelength of 351 nm corresponding to the 1Dy — 3Hy transition.

PACS: 42.81.—1, 42.79.Ag, 33.20.Kf, 42.25.Bs

1. Introduction

The needs of contemporary optoelectronics impose the
search for new glassy materials that are able to propagate
electromagnetic radiation over a broad spectrum range.
The choice of matrix and optimization of its chemical,
electrooptical and magnetooptical properties determine
the range of their applications [1-3]. Low phonon energy
in telluride glasses (= 750 cm~!) has an impact on the
reduced effect of multiphonon relaxation, thus prevent-
ing high radiant emission to be obtained. Therefore, tel-
luride glasses are usually applied in optical waveguides
[2-6]. Solid-body lasers emitting radiation within the
blue wavelength range are commonly used nowadays in
data recording/reading systems in HD quality, colour dis-
plays or diagnostic medicine. Obtaining efficient blue
upconversion in glass matrices applied on the core of fi-
bre lasers is possible thanks to the use of a rare earth
element, such as thulium [7]. The increase in the lumi-
nescence band intensity resulting from transitions in the
structure of thulium energy levels is attainable due to
introduction of a sensitizer in the form of Yb3* ions [7].

In this article a series of telluride glasses doped with
the Yb?* /Tm3* ion system was presented in order to
determine the conditions of energy transfer between en-
ergy levels of active dopants. The analysis of population
density at the levels of metastable dopants was carried
out. The determined luminescence parameters suggest
the possibility of applying the produced glasses in fibre
lasers generating radiation in the visible spectrum. In
this article tellurium glass doped with Yb?* /Tm3* ions
is presented. As a result of exciting with a laser diode
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(A = 976 nm) the effect of luminescence at the wave-
length of 477 nm (!G4 — 3Hg) was observed, which ap-
peared due to upconversion in the energy structure in
Tm?3* ions.

2. Experiment

The TeOy—GeOs—PbO-PbFy-BaO-NbyOs—LaF3 sys-
tem glasses doped with Yb3*T/Tm3* ions were melted
from spectrally pure (99.99%) raw materials. The ho-
mogenized set was placed in a platinum crucible and
melted in an electric furnace in temperature of 900°C
for 30 min in an argon atmosphere. The molten glass
was poured out onto a brass plate and then exposed to
the process of annealing in the temperature approximate
to the transformation temperature for 12 h. Homoge-
neous and transparent glasses were obtained without vis-
ible effect of crystallization. In order to determine spec-
tral properties a series of samples with the dimensions
of 8 x 8 x 3 mm? were prepared. The spectral transmis-
sion measurement within the range from 0.5 to 1.7 ym
was taken using an Acton Spectra Pro 2300i monochro-
mator with an InGaAs detector, and within the range
from 2.5 to 50 um with a SPECORD MS80 spectropho-
tometer. The glass density, p, was calculated using the
method of hydrostatic weighing. The refractive index
(633 nm) was determined with the aid of a Metricon 2010
refractometer. The characteristic temperatures of the ob-
tained glasses were calculated based on the measurement
taken with a SETARAM Labsys thermal analyzer us-
ing the differential scanning calorimetry (DSC) method.
The luminescence spectrum within the range from 400
to 700 nm was measured at a station equipped with a
Hamamatsu TM-C10082CAH spectrometer and a laser
diode (Ap = 976 nm) with an optical fibre output having
the maximum optical power P = 30 W.
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3. Results and discussion

In Table I the parameters of tellurium-based oxide-
-fluoride glasses doped with Yb3* and Tm3* are pre-
sented. The produced glasses because of the prevailing
concentration of Te** ions have optical properties similar
to well-known telluride glasses.

TABLE I
Optical and physical properties of telluride glass.

Parameter Value
refractive index n (633 nm) 2.074
mass density p [g/cm? 6.21
transmission [pm] 0.3-5.5
thermal expansion coefficient a5y [1077 1/K] 108.9
dilatometric softening point Ty [°C]| 364
transformation temperature [°C]| (DSC) 345

The light transmission in the visual and the near in-
frared spectrum is at the level of 90%, which has a con-
siderable impact on the pumping efficiency and energy
transfer between active dopants. Moreover, the main
advantage of the produced glasses is their high thermal
stability determined on the basis of DSC measurement.
The lack of exothermic peak (DSC) indicating glass crys-
tallization was confirmed through experimentation and
transmission losses resulting from multiple remelting of
the glass were not found.

8.1. Absorption coefficient

Based on spectral transmission the absorption coeffi-
cient spectrum of the obtained glass doped with Yb3+
and Tm?*t ions (Fig. 1) was calculated. Absorption
bands originating from the complex structure of thulium
corresponding to the following transitions: 3Hg — 3F,
3Hs, 3Hy, 3Fy + 3F3 were observed, as well as the
band characteristic of the ion of ytterbium, correspond-
ing to the 2F7/2 — 2F5/2 transition. Transitions from
the ground state to higher energy levels were described
by the Paschen notation [7]. The high concentration of
ytterbium in the matrix results in strong radiation ab-
sorption at the wavelength of 978 nm, thus facilitating
efficient excitation of the Yb3T /Tm3*+ system.

In practice, because of the excitation bandwidth and
high quantum efficiency (~ 90%), Yb3* ions are used as
sensitizers in upconversion systems [5, 7].

3.2. Glass luminescence and analysis
of the influence of Tm3T concentration
on the efficiency of energy transfer

As a result of exciting glasses with the 976 nm wave-
length radiation, two anti-Stokes luminescence lines were
obtained, the first one was located at 477 nm, correspond-
ing to the 'G4 — Hg quantum transition, and the sec-
ond at 651 nm, corresponding to the 'G4 — 3F, tran-
sition (Fig. 2). The relation between the upconversion
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Fig. 1. Absorption coefficient of glass TGPF051.

emission intensity Iyp from the pump intensity I1gr is de-
termined by the condition:

Iyp x Ik, (1)

where n is the number of photons absorbed in the infrared
to the number of photons emitted in the visual spectrum.
The rise in the pump radiation intensity increases the
number of absorbed photons to the Yb3* laser level, and
according to condition (1), the emission intensity in the
visual spectrum increases [5].
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Fig. 2. Comparison of spectral luminescensce for dif-

ferent Yb**/Tm?** ions ratio.

In order to increase the number of ions taking part
in the process of upconversion, the constant excitation
power was maintained with the variable concentration
of Tm3* ions. On the basis of the Dexter model, the
probability of nonradiative energy transfer (Wpp) is de-
termined by the formula [8]:

Cpa
Woa(R) = 22 2)
where Cpa — micro-parameter of the energy transfer

between the donor and the acceptor, R = ((3/4w)N)'/3
determines the mean distance between the active centres
of ytterbium and thulium ions, N — total concentration
of Yb3* and Tm3* ions in a given matrix (Table II).
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TABLE II

Total concentration of dopants /N and average intraionic
distance R.

Class Yb2O3 | Tm203 N R
[mol.%] | [mol.%| | [10%° ions/cm?®] | [A]
TGPF051 1 0.2 5.16 7.73
TGPF101 1 0.1 4.74 7.95
TGPF201 1 0.05 4.52 8.08
TGPF401 1 0.025 4.42 8.14

The greater the number of thulium ions is, the smaller
is the distance between the centres of active dopants, thus
the probability of the Yb3* — Tm3* energy transfer is
higher. In Fig. 3 the change of the emission intensity
into 477 nm and 651 nm in the function of TmO3 molar
content is presented. It should be noted, however, that
as the number of thulium ions was higher, the most effi-
cient energy transfer was obtained in the glass doped with
RE ions in the following proportion: 1.0 mol.% Yb3t :
0.1 mol.% Tm?>*. In other cases the upconversion inten-
sity is lower.
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Fig. 3. Upconversion intensity of transitions at 477 nm
(1G4 — 3H6) and 651 nm (1G4 — 3F4) in function of
molar concentration TmsQO3z ions.

For low concentrations of the Tm3* ion the mean
atomic distance (R) is big enough to enable energy trans-
fer with a smaller number of active centres. On the other
hand, the increase in thulium ion concentration over
0.1 mol.% results in the effect of reverse energy transfer
from Tm3*+ — Yb3*+, which leads to a rapid quenching
of the luminescence line at the wavelength 477 nm [9)].

3.8. Optical fibre luminescence

As a result of analysing thermal and optical proper-
ties of telluride glasses a double-clad optical fibre was
produced. The core was made of the glass with the
highest emission intensity of the 'G4 — 2Hg transition
(TGPF101). Figure 4a shows the cross-section of the
optical fibre with a core made of telluride glass doped
with Yb3+/Tm37 ions. A high value of numerical aper-
ture NA =~ 1 (A = 633 nm) permits easy coupling of the
pump with the fibre and efficient excitation of the active
core (Fig. 4b).

a)

Fig. 4. Cross-section of optical fibre (dcore = 40 pm,
Dsibre = 450 pm) (a) and photograph of blue emission
in double-clad fibre (I = 10 cm) excited at 976 nm (b).

Figure 5 shows the luminescence spectrum obtained as
a result of exciting the optical fibre with the 976 nm
wavelength pump radiation. The pump power, intro-
duced directly into the optical fibre face, amounted to
Pyt = 2 W. While compared to the glass luminescence
spectrum, in the optical fibre an additional emission line
was observed at the wavelength of 351 nm, corresponding
to the 'Dy — 3Hg¢ transition.
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Fig. 5. Luminescence spectra of optical fibre doped
with 1 mol.%Yb?* : 0.1 mol.%Tm?>*.

Such an effect usually appears in fluoride glasses [10]
and in case of the produced optical fibre it is the result
of using fluoride compounds, such as PbF; and LaF3. In
addition, because of the high numerical aperture, large
power densities of the pump radiation in the fibre were
obtained, which leads to the effect of phonon summation
by energy transfer in the energy structure of the Tm3*
ion [11].

3.4. Mechanism of upconversion

The mechanism of upconversion appearing in the
Yb3t /Tm3* ion system excited with the 976 nm wave-
length radiation is related to quantum effects occurring
between active dopant centres [12]. Because of the dis-
crepancy between the energy levels of Tm3t and Yb3*
ions, the interdipole interaction has a non-resonant char-
acter and the energy transfer is nonradiative with the
participation of phonons [13]. The process of excita-
tion conversion is shown schematically in Fig. 6, in which
dashed lines indicate transfers of an energy quantum from
three successive relaxing photons from the excited level of
the Yb?*t ion. The population of the 1G4 level, while be-
ing excited with the pump radiation (978 nm), has been
described in the following steps [12, 14]:
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I. The Yb3* ion transiting from the excited state some
part of energy to Tm3* ions, thus leading to population
of the 3H5 level. A short lifetime and a small difference
in energy lead to a rapid nonradiative relaxation to the
3F, level.

Yb(*F5/5) + Tm(*Hg) — Yb(*F7/5) + Tm(*Hs)
— Yb(2F7/2) + Tm(3F4) . (3)

II. At that time the successive Yb3t ion transferring
an energy quantum in a nonradiative way generates ex-
citation of the Tm3* ion to the 3Fy level. Similarly to
case (3), as a result of a rapid multiphonon relaxation,
the population of the 3H, lower excited level takes place

Yb(3F5)5) + Tm(3Fy) — Yb(2F7)5) + Tm(3F)
— Yb(2F7/2) + Tm(3H4) . (4)

III. Analogically, the absorption from the 3H, excited
state occurs in consequence of the energy transfer from
the third in turn Yb3* ion, leading to population of the
Gy level

Yb(2F5/2) + Tm(3H4) — Yb(2F7/2) + Tm(1G4) .
()
As a result of the three-photon process of excitation con-
version a strong emission at the wavelength of 477 nm
(!G4 — 3Hg) was obtained. Simultaneously, a weaker
luminescence line appears at the wavelength of 651 nm
corresponding to the 'G4 — 3F, transition.

IV. The ultraviolet emission observed in the lumines-
cence spectrum of the optical fibre occurred as a result
of cross relaxation between thulium ions in the excited
state [12]:

Tm(®Fs) + Tm(3H,) — Tm(3Hg) + Tm(1Ds). (6)

In consequence of the interaction the Tm3* ion tran-
siting from the 3Fy — 3Hg level transfers some energy
to the ions on the 3H, level, inducing absorption and
population of the 'D, level. The luminescence line at
the wavelength of 351 nm appeared as a result of the
Dy, — 3Hg transition.
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Fig. 6. Simplified diagram of energy level Yb3t /Tm?3*
with energy transfer mechanism.

3.5. Population density kinetics on metastable levels

Based on the mathematical model of energy transfer in
the Yb3+ /Tm3* ion system presented in the article [15] a
numerical analysis of population densities on metastable
levels was carried out. A glass with the highest lumines-
cence level (TGPF101) was used for calculations, disre-
garding the influence of the Tm3+ — Yb3* energy trans-
fer [16]. Additionally, because of a rapid multiphonon
relaxation (= 107 s7!) leading to a strong population of
the 3F, and 3H, metastable levels, the zero population
of the 3H5 and 3F5(3F3) levels was assumed [17]:

diV-
d;,bl = Ro1Nybo — Cpa2Nyb1 NTmo
N-
— CpasNyb1 Nrm1 — CpasNybr Noms — —2%, (7
TYb1
dNTy
di L = CpasNyb1 Nrmo — CpasNybi N
N
+ (As2 + A31)Nrms + (As2 + A61) NTms — TT L,
Tml
(8)
dNTm
th % = CpaaNyb1 Nrm1 — CpasNyps Noms
Nty
+ (Ags + A6a + A63) NTme — T3 9)
TTm3
dNT, Nrm
dT % — CpasNyb1 Noms — —=28, (10)
t TTm6
where Ryp; — the pumping speed of Yb3t ions,

Nybo, NTmo — population densities on the ground level
for ytterbium and thulium, respectively. The lifetimes of
the upper laser levels of the 7y}, and 71, dopants and
probabilities of radiative transitions of the A; acceptor
were determined on the basis of the publications [17-21],
assuming the lack of interaction between active dopant
centres. The energy transfer coefficients Cpa; = Wpa R®
between the excited ion of the donor and the i-th level
of the acceptor ion were calculated on the basis of the
Miyakawa—Dexter model [22]:

2T
Wpa = €|HDA‘25DA; (11)

where Hppa is the Hamiltonian operator of interaction,
Spa — spatial overlap of active cross-sections between
the acceptor absorption and the donor emission. The
pumping speed was determined according to the relation
Ro1 = Poaps/Ahv, where P is the pump optical power,
A — cross-section of the pumping radiation beam, ops
— active cross-section to the absorption for the pump
wavelength, hv — the pump photon energy.

In order to solve the system of differential Egs. (7)—(10)
the Runge-Kutta method was used, assuming the zero
population of energy levels at the moment ¢ = 0. The
parameters used in the presented kinetic model of pop-
ulation densities on metastable levels are specified in
Table III.
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Parameters used in numerical analysis of population densities. TABLE I
Parameter Value Parameter Value Parameter Value
P 200 mW /1000 mW Tabs 1.45 x 1072% cm? A 0.1 mm?
v 3.06 x 10™ s™* h 6.63 x 107%* J/s Nt 4.36 x 10" ion/cm?
Nyy, 4.31 x 10*° ion/cm? Az 198 71 Az 66 5!
Ag1 274 57! As2 1038 s~ Ass 410 571
Aga 93 s 1 Ass 39 s71 TTml 705 us
TTm3 223 HS TTmé6 386 HS TYb1l 989 HS
Cpa2 1.41 x 10717 Cpas 1.27 x 10717 Cpas 1.67 x 10717

Figure 7 shows the results of the analysis carried out on
the population density kinetics on the 3H,4, 3F, and 'G4
levels of the Tm** ion and the ?Fj5 /5 level of the Yb**
ion. The rise in the pump power results in the simultane-
ous increase in the number of ytterbium ions taking part
in the process of energy transfer. For Pyomp = 1 W all
ytterbium ions become excited to the 2Fj /2 level, from
which, in consequence of the 2F; /2 — 2F, /2 transition,
a nonradiative transfer of energy to thulium occurs, lead-
ing to the increase in population densities of its higher
energy states (Fig. 7b).
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Fig. 7. Population density in time for two pump
power: 200 mW (a) and 1000 mW (b).

Analysing the results of the presented model it should
be noted that the rise in the pump power increases both
the density and the speed of populations in the energy
structure of Tm3*, which results in the growth of the
emission intensity from the G, into the 3Hg level (A =
477 nm).

4. Conclusions

As a result of the conducted research a thermally sta-
ble telluride glass doped with the Yb3* /Tm?* ion sys-
tem was obtained. The produced glass is characterised by
low-energy lattice vibrations, and the introduction of flu-
oride compounds, such as PbF5 and LaF'z, enabled to use
a high concentration of rare earth elements (1.2 mol.%).
While exciting obtained glasses with a 976 nm wave-
length laser diode, a strong blue emission correspond-
ing to the !G4 — 3Hg transition in the energy structure
of Tm3" ions was observed. Analysing the influence of
the content of Tm3" ions on the level of luminescence

obtained by the mechanism of upconversion it was es-
tablished that the most effective energy transfer between
Yb3+ — Tm3" ions took place in the matrix doped in the
following proportion: 1 Yb3*+ : 0.1 Tm3* (mol.%). Based
on the non-resonant process of energy transfer between
Yb3+ and Tm3* ions the mechanism of upconversion was
discussed. The energy transfer coefficients, Wpa, were
calculated using the Miyakawa—Dexter model. The de-
scription of the upconversion mechanism was suggested
based on the mathematical model of the population den-
sity kinetics on metastable levels of the Tm3* ion. For
the pump power Ppomp = 1 W all ytterbium ions become
excited to the 2F; /2 level, from which, in consequence
of the 2F5 /5 — ?F7/5 transition, a nonradiative transfer
of energy to thulium occurs, leading to the increase in
population densities of its higher energy states. As a
result of analysing thermal and optical properties of tel-
luride glasses, a double-clad optical fibre was produced
using the double crucible method. The core was made
of a glass with the highest upconversion intensity at the
wavelength of A = 477 nm (TGPF101). As a result of
optical excitation (A = 976 nm) of the produced optical
fibre, an additional emission line, which was not noticed
in the glass, was observed at the wavelength of 351 nm
corresponding to the 'Dy — 3Hg transition. Such an ef-
fect usually appears in fluoride glasses [12], and in case of
the obtained fibre results from using fluoride compounds,
such as PbF5 and LaF's.
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