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In the article there are presented two different series of glass: fluorophosphate with molar composition:
65P2O5–8Al2O3–2BaO–5BaF2–6ZnF2–5Na2O–6MgF2–3B2O3 and antimony glasses 40Sb2O3–3Al2O3–57SiO2

doped with Nd3+ and Yb3+ ions. Dopant contents influence efficient spatial overlapping of emission level for
neodymium and absorption level for ytterbium was analyzed. While exciting the produced glasses with a laser
diode (λ = 808 nm) a broad luminescence spectrum (∆λ = 100 nm) has been obtained in both cases in the vicinity
of 1 µm, being the superposition of the following transitions: 4F3/2 → 4I11/2 for Nd3+ and 2F5/2 → 2F7/2 for
Yb3+. Based on the luminescence measurements the probability of non-radiative energy transfer was described.
Because of a small difference in energy (≈ 1190 cm−1) between the laser levels of neodymium and ytterbium the
resonant process of energy transfer has been obtained.

PACS numbers: 42.81.−i, 42.79.Ag, 33.20.Kf, 42.25.Bs

1. Introduction

Research on special optical glasses doped with lan-
thanide ions have been conducted for several years in
order to improve their physicochemical and spectroscopic
properties. Nd3+ and Yb3+ ions are one of the best
examined rare-earth elements used in double-clad fibre
lasers. Nd3+/Yb3+ systems excited with high-energy
semiconductor diodes, characterised by radiation emis-
sion of approximately 1 µm [1, 2], are applied as com-
pact sources in non-linear microscope technology [3], in
image processing with THz frequency [4], or for excit-
ing ultrafast optical amplifiers [5]. More and more often,
beside commonly used silicate glasses [6] new multicom-
ponent glasses based on phosphorus [7] or antimony [8]
compounds are applied. The ultrahigh spectral transmis-
sion (> 98%), a low level of non-linear refractive index
and good mechanical stability make phosphate and anti-
mony glasses serious competitors for silicate glasses [9].

High quantum efficiency, long fluorescence lifetime,
and strong stimulated emission, which are typical of
phosphate glasses are the reasons for using these ma-
trices as active media in ultrafast solid-state lasers [10].
Moreover, Nd3+-doped metaphosphate glasses are excel-
lent materials applied in high-power CW laser systems
(of the order of a few kJ) and impulse laser systems (of
a few TW) [11]. Introducing a fluoride compound into
the oxide glass matrix enables to reduce the bond energy,
allowing at the same time to use high concentrations of
rare-earth ions [12]. However, an excessive amount of flu-

∗ corresponding author; e-mail: domdor@pb.edu.pl

oride particles breaks strong P–O–P bonds, which results
in reducing the mechanical resistance of fluorophosphate
glasses and in the increase of the probability of crystal-
lization.

Sb2O3-based oxide glasses characterised by high me-
chanical and thermal stability are an alternative solu-
tion [8]. The low energy of the lattice (≈ 605 cm−1)
influences the appearance of non-linear effects, thus de-
teriorating laser parameters of Nd3+-doped glasses [13].
Combining two glass-forming elements with radically dif-
ferent levels of oscillatory vibrations of covalent bonds
brings about the rise in the efficiency of energy trans-
fer between activator ions, minimizing at the same time
non-linear effects [14].

The article presents findings of the author’s research
on material and optical properties of two types of glasses,
i.e. fluorophosphate and antimony glasses. Both matrices
have been doped with the Nd3+/Yb3+ ion system and the
mechanism of energy transfer between rare-earth ions has
been discussed.

2. Experimental

Two series of glasses co-doped with Nd3+/Yb3+ ions
were prepared from special high purity agents (99.99%).
Homogeneous set of fluorophosphate glass sample with
molar composition: (63.85–x)P2O5–8Al2O3–2BaO–
5BaF2–6ZnF2–5Na2O–6MgF2–3B2O3–0.15Nd2O3–
xYb2O3 (x = 0.15, 1.5) was melted at 1350 ◦C for
60 to 90 min in a platinum crucible using an electri-
cally heated furnace. Analogically, the glass system:
(56.85–x)SiO2–3Al2O3–40Sb2O3–0.15Nd2O3–xYb2O3

(x = 0.15, 0.45) was melted at 1600 ◦C for 1 h. In
both cases fused glasses were poured into brass form
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and annealed near to glass transition temperature (Tg)
for 12 h to remove thermal strains. Homogeneous and
transparent glasses were obtained without visible effect
of crystallization. The glass density, ρ, was calculated
using the method of hydrostatic weighing. The refractive
indices of the samples at 633 nm were recorded on a
Metricon 2010 by means of a prism coupling method.
The light transmission of fabricated samples with 10 mm
diameter and 3 mm thickness was performed in the
range of 0.4–1.1 µm by using Acton Spectra Pro 2300i
monochromator with InGaAs detector. The characteris-
tic temperatures of the obtained glasses were calculated
based on the measurement taken with a SETARAM
Labsys thermal analyzer using the differential scanning
calorimetry (DSC) method. The luminescence spectrum
within the range from 800 to 1400 nm was measured
at a station equipped with an Acton Spectra Pro 2300i

spectrometer and a laser diode (λp = 808 nm) with an
optical fibre output having the maximum optical power
P = 31 W. The produced glasses have been analysed
as far as the impact of the matrix type on the energy
transfer process between Nd3+ ions of the donor and
Yb3+ ions of the acceptor is concerned.

3. Results and discussion

Table compares physicochemical parameters of the
produced glasses doped with Nd3+ and Yb3+ ions, sil-
icate glasses [15] and high silica glass (HSG) [16]. Light
transmission in the visual spectrum and in the near-
-infrared region is at the level of 96%, which has a signif-
icant influence on the pumping efficiency and the energy
transfer between active dopants.

TABLE
The physicochemical parameters of glasses doped with Nd3+ and Yb3+.

Glass nd
ρ

[g/cm3]
M̄

[g/mol]
NYb + NTm

[1020 ions/cm3]
R

[Å]
Tg

[◦C]
fluorophosphate 1.529 2.86 131.65 4.32 8.20 500

antimony 1.699 3.59 155.82 1.66 11.29 527
silicate [15] 1.615 3.85 109.13 2.38 10.02 448
HSG [16] 1.462 1.98 61.71 0.72 14.91 –

Moreover, the main advantage of the formed glasses
is their high thermal stability determined by DSC mea-
surement. The obtained fluorophosphate and antimony
glasses are characterised by good mechanical and chem-
ical properties. Due to the application of fluoride com-
pounds fluorophosphate glasses enable to use high con-
centrations of activator ions (≈ 4 × 1020 ions/cm3)
without a visible effect of demixing and crystallization.
While comparing the produced antimony glasses to sili-
cate glasses [12, 15] it has been observed that due to the
low phonon energy (≈ 605 cm−1) their matrix is charac-
terised by a low level of oscillatory vibrations in Sb–O–Sb
bonds [13], which brings about the rise in the energy
transfer efficiency between ions even when the concen-
tration of activators is lower (Table).

3.1. Absorption coefficient

Based on spectral transmission the absorption coeffi-
cient spectrum of the obtained glass doped with Nd3+

and Yb3+ ions (Fig. 1) has been calculated. Introduc-
ing two different activators to the matrix at the same
time leads to complication of the energy structure and
division of the pumping radiation quantum by means of
energy transfer between the donor and the acceptor. It
has been observed that fluorophosphate glass due to a

high molar concentration of Yb2O3, is characterised by a
strong absorption of the 2F7/2 → 2F5/2 transition at the
wavelength of λ = 978 nm. Absorption bands resulting
from the complex structure of neodymium corresponding
to the following transitions: 4I9/2 → 2G7/2, 4G5/2, 4F7/2,
4S3/2, 4F5/2, 2H9, 4F3/2 are similar for both glasses.

Fig. 1. Absorption coefficient spectra for Nd3+/Yb3+

co-doped fluorophosphate (solid line) and antimony
(dotted line) glasses.

From the standpoint of efficient pumping at wave-
length 805 nm of the 4I9/2 →4 F5/2 transition it is im-
portant to use as the excitation sources the high power
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semiconductor laser diodes AlGaAs. Almost the same
absorption level of the 4I9/2 →4 F5/2 transition in both
hosts has allowed for analysis the type of lattice influence
on the energy transfer efficiency between Nd3+ → Yb3+.

3.2. Analysis of cross-sections for neodymium
and ytterbium co-doped glasses

Based on the absorption spectrum the active cross-
-section to the absorption of ytterbium σabs(Yb) at the
wavelength of 975 nm corresponding to the 2F7/2 →
2F5/2 transition has been calculated by means of the fol-
lowing relation [17]:

σabs(λ) =
2.303 log(1/T (λ))

Nl
, (1)

where N — ion concentrations of Nd3+ or Yb3+, l —
sample thickness.

Using the McCumber method [18] the active cross-
-section to the emission for the ion of neodymium σem(Nd)

at the wavelength of 878 nm has been determined

σem(λ) = σabs(λ) exp
(

ε− hcλ−1

kT

)
. (2)

ε can be calculated by the expression
exp(ε/kT ) = 1.1 exp(E0/kT ) , (3)

where E0 — energy gap between the lowest multiplets of
4F3/2 and 4I9/2 levels.

Figures 2 and 3 show the curve of the active cross-
-section to the absorption of ytterbium corresponding to
the 2F7/2 → 2F5/2 transition and the curve of the ac-
tive cross-section to the emission of neodymium corre-
sponding to the 4F3/2 → 4I9/2 transition for two types
of matrices. A high concentration of ytterbium ions in
fluorophosphate glasses doped with 0.15%molNd2O3 :
1.5%molYb2O3 leads to a good spectral matching of ac-
tive cross-sections σem(Nd) ≈ σabs(Yb), which facilitates
obtaining an evenly broad luminescence spectrum. More-
over, because of a small distance between dopant ions
(R), the probability of energy transfer between Nd3+ →
Yb3+ ions is higher.

Fig. 2. Overlap of the emission cross-section of
Nd3+ and absorption cross-section of Yb3+ for flu-
orophosphate glasses doped with 0.15%molNd2O3 :
1.5%molYb2O3.

Fig. 3. Overlap of the emission cross-section of Nd3+

and absorption cross-section of Yb3+ for antimony
glasses doped with 0.15%molNd2O3 : 0.45%molYb2O3.

In case of antimony glasses doped with
0.15%molNd2O3 : 0.45%molYb2O3 a weak match-
ing between the levels of emission cross-section for
neodymium and absorption cross-section for ytterbium
has been observed. The molar concentration of ytter-
bium ions in the antimony matrix, which is three times
lower, makes the active cross-section to the absorption
of the 2F7/2 → 2F5/2 transition almost twice higher than
in case of fluorophosphate glass.

3.3. Luminescence spectra

While exciting the produced fluorophosphate and an-
timony glasses with a laser diode (λ = 808 nm), a
broad luminescence spectrum in the region of 1 µm has
been obtained in both cases, which is the superposi-
tion of the 4F3/2 → 4I11/2 transition for Nd3+ and
2F5/2 → 2F7/2 for Yb3+. Figure 4 shows the obtained lu-
minescence bands for fluorophosphate glasses doped with
0.15%molNd2O3 : 1.5%molYb2O3 and antimony glasses
doped with 0.15%molNd2O3 : 0.45%molYb2O3. In or-
der to compare the influence of the type of matrix on
the phenomenon of energy transfer the shape of lumines-
cence lines for both glasses doped with 0.15%molNd2O3 :
0.15%molYb2O3 have been shown in the inset of Fig. 4.
As a result of a low content of ytterbium ions the prob-
ability of energy transfer is low, and both glasses are
characterized by a strong luminescence at the wavelength
of 1.06 µm corresponding to the 4F3/2 → 4I11/2 transi-
tion in the structure of Nd3+. In addition, a consid-
erably higher luminescence level has been observed for
fluorophosphate glasses indicating a high probability of
spontaneous emission.

Optimisation of glasses as far as the molar concen-
tration of the donor ions (Nd3+) and the acceptor ions
(Yb3+) is concerned leads to efficient spatial overlapping
of emission level for neodymium and absorption level
for ytterbium, thus facilitating the appearance of three
times broader luminescence band than in case of the glass
doped with neodymium only [15]. It should be also noted
that an increase in the concentration of Yb3+ in the ob-
tained matrices results in a decrease of the emission level
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Fig. 4. Luminescence spectra of fluorophosphates
(solid line) and antimony glasses (dotted line) co-doped
with Nd3+/Yb3+ ions excited by 808 nm LD. The in-
set compares the luminescence intensities between fluo-
rophosphates (solid line) and antimony glasses (dotted
line) co-doped with 0.15%molNd2O3 : 0.15%molYb2O3.

at the three wavelengths characteristic of Nd3+, i.e. ap-
proximately 900, 1060 and 1350 nm, and a simultaneous
rise in the emission from the metastable levels of Yb3+,
which indicates efficient energy transfer between Nd3+ →
Yb3+. In both cases the half-width of the luminescence
band reaches 100 nm.

Based on the absorption and emission bands obtained
in the produced glasses a diagram presenting the struc-
ture of energy levels has been drawn up on which the
processes of energy transfer (ET) between the donor and
the acceptor have been marked (Fig. 5). Because of a
small difference in energy (≈ 1190 cm−1) between the
laser levels of neodymium and ytterbium it is possible to
obtain a resonant interaction between the 4F3/2 excited
level for neodymium and the 2F 5/2 level for ytterbium.

Fig. 5. Simplified energy level diagram with mecha-
nism of energy transfer.

Electrostatic interactions between ions described in the
work of Forster and Dexter [19, 20] can be determined by
energy transfer rate [2]:

W dd
DA =

3~c2QAQD

4π3n2R6

∫
fD(E)fA(E)

E4
dE , (4)

where R = (3/4πN)1/3− is the average distance between
donor and acceptor, N — the total concentration of ab-
sorbing centres, QA (QD) — the area under the acceptor

(donor) absorption lineshape function, n — the refractive
index and E — the photon energy. fD and fA are the
normalized donor emission and acceptor absorption spec-
tra, respectively. A detailed theoretical description of the
accompanying phenomenon of energy exchange between
the ions Nd3+ and Yb3+ is contained in the authors’ pre-
vious work [15].

4. Conclusions

As a result of the conducted research a thermally sta-
ble fluorophosphate and antimony glasses doped with
Nd3+ and Yb3+ have been produced. The high trans-
parency ranging from 400 to 1100 nm obtained by ap-
plying spectrally pure compounds (> 99.99%) facilitates
high excitation efficiency of the formed glasses with a
high-power laser diode. Thanks to lowering the phonon
energy of phosphate glasses by introducing fluoride com-
pounds into the matrix a high (≈ 4 × 1020 ions/cm3)
concentration of the activator ions has been obtained
without the crystallization effect. The low level of os-
cillatory vibrations in Sb–O–Sb bonds appearing in an-
timony glasses induced the increase in the efficiency of
energy transfer between rare-earth ions, in comparison
to silicate and fluorophosphate glasses. As a result of
the analysis of the active cross-sections conducted from
the perspective of energy transfer efficiency between the
donor and the acceptor, it has been noted that with
three times lower molar concentration of ytterbium ions
in the antimony matrix doped with 0.15%molNd2O3 :
0.45%molYb2O3, the active cross-section to the absorp-
tion of the 2F7/2 → 2F5/2 transition is almost twice
greater than in case of the fluorophosphate glass doped
with 0.15%molNd2O3 : 0.15%molYb2O3.

As a result of the best matching of Nd3+ emission level
and Yb3+ absorption level in fluorophosphate glasses it
is possible to obtain a broad luminescence spectrum,
which is a composition of emission transitions from
metastable levels of neodymium and ytterbium ions in
the region of 1 µm. In addition, the rise in concentra-
tion of rare-earth ions increases the probability of en-
ergy transfer between the donor and the acceptor. De-
spite the lack of spatial matching, antimony glasses doped
with 0.15%molNd2O3 : 0.45%molYb2O3 display high effi-
ciency of energy transfer between dopant ions, indicating
a low level of multiphonon relaxation.

While exciting the produced glasses with a laser diode
(λ = 808 nm) a broad luminescence spectrum (∆λ =
100 nm) has been obtained in both cases in the vicinity of
1 µm, being the superposition of the following transitions:
4F3/2 → 4I11/2 for Nd3+ and 2F5/2 → 2F7/2 for Yb3+.
Because of a small difference in energy (≈ 1190 cm−1)
between the laser levels of neodymium and ytterbium the
resonant process of energy transfer has been obtained.

Optimisation of glasses as far as the molar concen-
tration of the donor ions (Nd3+) and the acceptor ions
(Yb3+) is concerned leads to efficient spatial overlapping
of emission levels for neodymium and absorption levels
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for ytterbium, thus facilitating the appearance of three
times broader luminescence band than in case of the glass
doped with neodymium only [15, 18]. The obtained flu-
orophosphates matrix doped with the Nd3+/Yb3+ ion
system is characterised by a high spontaneous emission
of the 4F3/2 → 4I11/2 transition corresponding to the
wavelength of 1064 nm, therefore it can be successfully
applied in high-power lasers and ASE sources. The high
efficiency of energy transfer and the low level of lat-
tice vibrations obtained in antimony glasses doped with
0.15%molNd2O3 : 0.45%molYb2O3 determine their ap-
plication in up conversion systems [19–21] or the Raman
lasers. It follows from the conducted analyses that the
produced glasses described above can be used for con-
structing active optical fibres.
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