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2.1 µm emission of Tm3+/Ho3+ – doped antimony-silicate glasses
for active optical fibre
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Abstract. Tm3+ /Ho3+ – doped antimony-silicate optical ﬁbre with 2.1 µm emission has been presented. Luminescence corresponding to
5
I7 → 5 I8 transition in holmium was obtained by energy transfer between Tm3+ and Ho3+ ions. The analysis of the luminescence mechanism
showed a signiﬁcant inﬂuence of the glass composition (low phonon content) on the emission intensity. Optimization of the active elements
content, presented in the paper, allowed to indicate that a strong emission intensity at 2 µm in the fabricated glasses was obtained for
the molar composition of 1% Tm2 O3 : 0.75% Ho2 O3 . According to the Förster-Dexter theory, the eﬃciency of energy transfer of the
3
F4 (Tm3+ ) → 5 I7 (Ho3+ ) transition was calculated. Moreover, it was found that the full width at half maximum (FWHM) of luminescence
in the range of 1.6 – 2.2 µm strongly depends on the Tm3+ /Ho3+ ratio. The optimization of Tm3+ /Ho3+ transfer in antimony-silicate
glasses allowed to fabricate optical ﬁbre with narrowing and red-shifting of emission at 2.1 µm.
Key words: antimony-silicate glasses, Tm3+ /Ho3+ glasses, active optical ﬁbre.

1. Introduction
Solid-state lasers emitting radiation at wavelengths of approx.
2µm are currently an important research subject in many research centres [1–4]. Owing to a strong absorption of radiation by OH− ions within this range, such sources are
applied, among others, in medicine [3], remote sensing of
the atmospheric composition [5, 6], and DIAL systems [7].
Moreover, radiation exceeding 1.5 µm is widely considered
as safe for the eyes, hence the possibility of constructing safe
rangeﬁnders and laser radars [8].
Emission in the region of 2 µm is possible through using
Tm3+ or Ho3+ ions as activators [9, 10]. A direct excitation of Tm3+ ions from their ground state to the 3 H4 level
takes place as a result of radiation absorption, at the maximum wavelength of 795 nm. As a consequence, a quantum
transition of 3 F4 → 3 H6 (Tm3+ ) can be observed in the structure of thulium, with a corresponding emission at the wavelength of 1.8 µm. However, in the case of Ho3+ ions, a lack
of commercially available high-power semiconductor diodes
which would allow for eﬀective excitation of this element is
a signiﬁcant problem. Therefore, it is necessary to apply sensibilisators in the form of Tm3+ or Yb3+ ions. They transfer
the absorbed excitation energy, thus making it possible to produce emission at the wavelength of 2 µm, corresponding to
the 5 I7 → 5 I8 (Ho3+ ) transition [8].
Literature sources mention a number of glass systems
doped with the Tm3+ /Ho3+ ion systems, in which radiation emissions in the region of 2 µm were obtained [9–10].
These include silicate [11], phosphate [12], HMO (heavy metal oxide) [13], and tellurite glasses [14]. The ﬁrst two systems are known for their high mechanical resistance and thermal stability required in constructing high-power ﬁbre lasers.
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On the other hand, however, these glasses are characterised
by a low solubility of rare earths and a high probability of
non-radiative transfers caused by high phonon energy (1100–
1200 cm−1 ) [11]. Because of that, an alternative to the above
glasses can be glasses of low energy of bond oscillation
(400–750 cm−1 ), including HMO and tellurite glasses. Besides that, these glasses are capable of hosting relatively great
quantities of activator ions, and the phonon transition probability is low. Unfortunately, a consequence of weak structural bonds is a signiﬁcantly lower (when compared to this
of silicate glasses) mechanical strength, which often makes
it impossible to produce good quality optical ﬁbres from
them [14, 15].
In order to select a composition of glass which would
have properties enabling an eﬀective transfer of energy among
dopant ions as well as good thermal and mechanical parameters, the best solution is a matrix combining the properties of
the two aforementioned groups of glassy materials. As a result of their research, the authors performed a synthesis of
antimony-silicate glasses doped with Tm3+ and Ho3+ ions
to obtain radiation emission within the range of 1.7–2.2 µm.
The composition of the core glass in which an eﬀective energy transfer Tm3+ → Ho3+ was observed, was determined
by optimization of the content of rare earth ions and the
Tm3+ /Ho3+ ion ratio. The received glass was used for producing double-clad optical ﬁbre whose luminescent parameters were then evaluated.

2. Experiments
The (44 – x) SiO2 – 5Al2 O3 – 50Sb2 O3 – 1Tm2 O3 –
xHo2 O3 mol% (x = 0.1; 0.2; 0.5; 0.75; 1.0; 1.25; 1.5) system were melted in a platinum crucible in an electric fur-
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nace in temperature of 1550◦C for 30 minutes 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 hours. Homogenous and transparent glasses were obtained without visible eﬀect of crystallization. In
order to determine spectral properties a series of samples
with the dimensions of 8 × 8 × 3 mm3 were prepared. The
spectral transmission measurement within the range from 0.5
to 1.7 µm was taken using an Acton Spectra Pro 2300i
monochromator with an InGaAs detector. The glass density ρ 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 obtained glasses were calculated based on
the measurement taken with a SETARAM Labsys thermal
analyzer using the DSC method. The luminescence spectrum within the range from 1550 to 2300 nm was measured at a station equipped with a Stelarnet RW-InGaAs1024X spectrometer and a laser diode (λp = 795 nm) with
an optical ﬁbre output having the maximum optical power
P = 30 W.

3. Results
The results of measurements on physic-chemical properties
of the produced glasses are shown in Table 1. A combination
of two elements, silicon and antimony, of extremely diﬀerent
bond energy, led to obtaining thermally stable and mechanically strong glasses of a wide range of transmission spectra
(0.3–3.5 µm) in the order of 95%. The low phonon energy
of the obtained antimony glasses (650 cm−1 ) made it possible to introduce signiﬁcant amounts of rare earth elements
(25000 ppm) to the structure. Furthermore, antimony-silicate
glasses are characterised by a high coeﬃcient of light refraction (1.74), which is the reason for the high value of the
emission cross-section.
Table 1
Physico-chemical properties of antimony-silicate glasses
Parameter
Refractive index n (at 633 nm)
Mass density ρ [g/cm3 ]
Transmission range [µm]
Transformation temperature [◦ C] (DSC)
Concentration of all active ions N [1020 ion/cm3 ]
Average interionic radius R [ ]

Value
1.74
3.12
0.3–3.5
475
3.5
8.42

In the obtained glasses, the N concentration of the introduced active ions, at which no eﬀect of clustering was
observed, amounts to 3.5 × 1020 [ion/cm3]. On the basis of
this value (N = NT m + NHo ), the average interionic distance
deﬁned as R = (3/4πN )1/3 was determined. The knowledge
of the distances between atoms of Tm and Ho ions makes it
possible to interpret processes which take place in glasses codoped with rare earth ions, applying the Förster-Dexter semiempirical model [16, 17]. According to this model, the probability of non-radiative and resonance energy transfer among
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ions, considering the multipolar character of the interaction,
can be described by the following dependence [18]:
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where τD – the donor lifetime, R – the average distance between the donor and the acceptor, R0 – the critical interionic
distance at which the probability of energy transfer between
the donor and the acceptor and the probability of the process
of radiative relaxation of the donor are equal.
Depending on the range of its inﬂuence, the R0 distance
is described in the following way:
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Z
3h4 c4
fD (E)fA (E)
R06 =
Q
dE,
A
4πn4
E4
• for dipole-quadrupole interactions,
Z
135πh9 c8
fD (E)fA (E)
R08 =
Q
dE,
A
4n6
E8
• for quadrupole-quadrupole interactions,
Z
fD (E)fA (E)
225πh11 c10
Q
dE
R010 =
A
6
2n
E 10

(2)

(3)

(4)

where fD (E), fA (E) are normalised distributions of the
donor emission and the acceptor absorption cross-sections,
n is the coeﬃcient of light refraction in the material, QA
is the oscillator strength of the absorption band which is in
resonance with the donor emission transition, and E is the
average photon energy.
The total probability of energy transfer in each case is directly dependent on the overlap integral of the spectra, and it
is inversely proportional to the average distance between the
interacting ions [19].
Absorption coefficient. On the basis of the conducted measurements of spectral transmission and of the (5) dependence,
absorption coeﬃcients for the received glasses activated with
two lanthanides were determined.
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Figure 1 presents absorption spectra for glasses doped
with Tm3+ as well as Tm3+ and Ho3+ ions. In glasses doped
with thulium ions, absorption bands corresponding to transitions from the 3 H6 ground state to higher energetic levels of 3 F4 , 3 H5 , 3 H4 , and 3 F2,3 were observed. Additional introduction of holmium ions to the matrix leads to the
appearance of absorption bands resulting from the quantum
structures of energetic levels in holmium ions. After having studied the changes in the absorption curve, ﬁve bands
corresponding to transitions from the 5 I8 → 5 I7 , 5 I6 , 5 I5 ,
5
F5 level were identiﬁed. The absorption levels for the respective bands in holmium ions increase together with increased activator concentrations, whereas the spectral positions of transition maxima remain constant. The presented
absorption curve pertains to the glass which was doped at the
ratio of 1%Tm2 O3 :0.75%Ho2O3 .
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Tm2 O3 : 0.2% Ho2 O3 . The full width at half maximum of
the (Tm/Ho) emission amounts to 356 nm, and for the glass
doped with Tm3+ ions FWHM = 238 nm. Increasing the
molar concentration of holmium ions leads to decreasing luminescence of the 3 F4 → 3 H6 (Tm3+ ) transition and to the
appearance of a strong luminescence line in the region of
2 µm (Fig. 3).

Fig. 1. Absorption spectra of glasses doped with Tm3+ and
Tm3+ /Ho3+ ions

Table 2 illustrates basic parameters, i.e. the wavelength at
the λ maximum absorption transition, the ∆λ spectral range
of the absorption band, and the average energy.
Table 2
Absorption parameters of singly doped glasses
Transition
3H → 3F
6
2,3
3H
4
3H
5
3F
4

∆λ[nm]
658–710
762–818
1134–1262
1580–1890

λ[nm]
688
794
1212
1712

E [cm−1 ]
14534
12594
8250
5841

Transition
→ 5 F5
5I
5
5I
6
5I
7

∆λ[nm]
630–670
878–918
1120–1240
1820–2105

λ[nm]
644
898
1155
1950

E [cm−1 ]
15527
11135
8658
5128

5I
8

Luminescence properties. The obtained glasses doped with
Tm3+ as well as Tm3+ and Ho3+ ions were exited by radiation of the wavelength of 795 nm, due to the strong 3 H6 →
3
H4 (Tm3+ ) transition absorption. As a result, luminescence
lines in the range of 1.6–2.2 µm were observed. Figure 2
shows the obtained luminescence spectra for glasses activated with 1% Tm2 O3 and for glasses doped at the ratios of
1%Tm2 O3 :0.1Ho2 O3 and 1% Tm2 O3 :0.2%Ho2 O3 . The produced samples doped exclusively with thulium ions are characterised by strong luminescence lines with maxima at the
wavelength of 1836 nm equivalent to the quantum transition
of 3 F4 → 3 H6 . Introducing holmium ions to glass results in
a decrease of the level of luminescence coming from Tm3+
ions; at the same time, a strong emission line appears in the
region of 2µm corresponding to the 5 I7 → 5 I8 transition in
the energetic structure of holmium ions.
As a result, a signiﬁcant broadening of the luminescence spectrum, caused by overlapping of the 3 F4 →
3
H6 (Tm3+ ) and 5 I7 → 5 I8 (Ho3+ ) emission transitions was
observed in the glass which was doped at the ratio of 1%
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Fig. 2. Luminescence spectra for glasses doped with Tm3+ and
Tm3+ /Ho3+ ions

Fig. 3. Luminescence spectra of glasses doped with Tm3+ /Ho3+
ions with increasing holmium ratio

The decrease in the intensity of the luminescence line
for the 3 F4 → 3 H6 (Tm3+ ) transition is therefore connected with transferring some amount of energy through nonradiative transfer between thulium and holmium ions. Figure
3 illustrates the dependence of the emission intensity at the
wavelength of approx. 2 µm on the concentration of holmium
ions. An increase in the 5 I7 → 5 I8 (Ho3+ ) transition luminescence is observed up to the molar concentration of 0.5 mol%
Ho2 O3 . After this concentration is exceeded, a linear decrease
in the emission intensity takes place, possibly as a result of
diﬀusion transitions of the donor-donor type or concentration
quenching.
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Table 3
The FWHM, 2µm intensity and intensity ratios of luminescence bands
Glass sample

Parameter
1Tm2 O3
FWHM
I2µm
I2µm /I1.8µm

238
–
–

1Tm2 O3 :
0.1Ho2 O3
310
8.53
0.45

1Tm2 O3 :
0.2Ho2 O3
356
14.29
0.77

1Tm2 O3 :
0.5Ho2 O3
184
17.66
1.73

1Tm2 O3 :
0.75Ho2 O3
178
19.68
2.47

1Tm2 O3 :
1Ho2 O3
178
16.80
3.12

1Tm2 O3 :
1.25Ho2 O3
182
15.23
3.71

1Tm2 O3 :
1.5Ho2 O3
180
13.99
4.19

Figure 4 demonstrates the inﬂuence of Ho3+ ion concentration on changes in the ratio of the intensity of the luminescence line coming from I2µm holmium ions to the intensity
of luminescence for I1.8µm thulium ions. The curve indicates
that introducing the acceptor ions (Ho3+ ) induces a nearly
four-fold increase of the I2µm /I1.8µm ratio and proves that an
eﬀective transfer of some energy between Tm3+ and Ho3+
ions takes place (Table 3).

Fig. 5. Mechanism of a non-radiative resonance energy transfer between Tm3+ and Ho3+

Fig. 4. Inﬂuence of Ho3+ ion concentration on the intensity changes
of the luminescence

Mechanism of ET. The presence in the glassy matrix of various rare earth elements which act as donors and acceptors,
can lead to such processes as: ground-state absorption (GSA),
excited-state absorption (ESA), energy transfer (ET), cross
relaxation (CR), multiphonon relaxation (MPR), and photon
emission [20]. An analysis of the occurrence of the above effects in the produced matrix makes it possible to optimize both
the glass composition and the concentration of active dopants.
In the case under research, the mechanism of a non-radiative
resonance energy transfer between excited metastable levels
of Tm3+ (3 F4 ) and Ho3+ (5 I7 ) ions is presented in Fig. 5. In
thulium ions, optical pumping (795 nm) results in the population of the 3 H4 level which enables transfer to lower energetic
levels: 3 H5 and 3 F4 . The 3 H5 level in thulium is characterised
by a short lifetime and its role in the relaxation process can be
neglected, whereas the lifetime of the 3 F4 level is long, and
as a result it allows for reaching a high population density at
this level.
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The population of the 3 F4 level occurs mainly as an effect of the processes of non-radiative and cross relaxation
whose contribution depends on the glass type [21]. It has
to be emphasised that the probability of multi-phonon transfers in matrices of low oscillation energy is minimal [22].
Therefore, the population of the 3 F4 level in the obtained
antimony glasses takes place mainly in the cross relaxation
process, according to the following mechanism: 3 H4 (Tm3+ )
+ 3 H6 (Tm3+ ) → 3 F4 (Tm3+ )+3 F4 (Tm3+ ). The subsequent
holmium doping leads to an energy transfer between the
3
F4 (Tm3+ ) → 5 I7 (Ho3+ ) energetic levels. This process can
be characterised by determining spectral cross sections of absorption for holmium as well as those of emission for thulium ions, which allows for determining the distances between
the dopant atoms. The degree of spectral matching between
cross-sections is closely related to the probability of energy migration between the excited levels of the two elements.
In practice, the probability of the energy exchange process
is inversely proportional to R6 for dipole-dipole interactions
and to R8 for dipole-quadrupole interactions. An increase in
the Ho3+ ions concentration aﬀects a decrease in the distances between two coupled ions, and energy migration at
excited levels increases. As a consequence, this leads to increasing the probability of energy transfer. The process performance is, however, limited by the back electron transfer
(BET) whose probability is high, especially for resonant interactions. The BET process depends decisively on multiphonon
transfers (MPR) and grows together with an increase in the
Bull. Pol. Ac.: Tech. 59(4) 2011
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phonon energy in the matrix structure [23]. Figure 6 illustrates the 3 F4 (Tm3+ ) → 5 I7 (Ho3+ ) energy transfer eﬃciency
in the function of the content of the (Ho3+ ) acceptor ions for
the analysed system.
The energy transfer eﬃciencies between the donor and the
acceptor were calculated on the basis of analysing changes in
the quantum leap of 3 F4 → 3 H6 in glasses doped with thulium as well as with thulium and holmium ions. A dependence
developed on the basis of the Förster theory was applied for
that purpose [16]:
η =1−

IT mHo
,
IT m

(6)

where IT mHo – luminescence intensity in Tm3+ /Ho3+ glasses, IT m – luminescence intensity in Tm3+ glasses.

Fig. 6. Eﬃciency of energy transfer 3 F4 (Tm3+ )
Ho3+ ions content

→ 5 I7 (Ho3+ ) vs.

Optimization of the process of resonance energy transfer
between thulium and holmium ions was based on calculating
the absorption and emission cross-sections. Dependencies (7)
and (8) describe the σabs absorption cross-section and the
σem stimulated emission cross-section, calculated respectively using the Lambert-Beer law [24] and the McCumber theory [25]:
2.303 log(1/T (λ))
σabs (λ) =
,
(7)
dN
!
E0 − hc
λ
σem (λ) = σabs (λ)K exp
=
kT
(8)



Zlow
hc
1
1
= σabs (λ)
exp
−
,
Zup
kT λp
λ
where T (λ) – spectral transmission, N – lanthanides concentration [ion/cm3 ], d – sample thickness, Zlow and Zup are
corresponding partition functions of lower (low) and upper
(up) multiplets, respectively [25]. On the basis of an energy diagram, E0 was also determined; its value corresponds
to the energy diﬀerence between the lowest Stark levels of
the ground and excited states, between which emission at the
wavelength of λp takes place.
Bull. Pol. Ac.: Tech. 59(4) 2011

The calculated (5 I8 → 5 I7 ) holmium ions absorption and
( F4 → 3 H6 ) thulium ions emission cross-sections can be
seen in Fig. 7. The value of the emission cross-section for the
3
F4 → 3 H6 (Tm3+ ) transfer, corresponding to the wavelength
of λp = 1818 nm, amounts to σem = 9.1 × 10−21 cm2 , which
means it is signiﬁcantly higher than the values of emission
cross-sections for silicate glasses [26], ZBLAN [27], tellurite [30] and similar to these for germanium glasses [28, 29].
The high cross-section values for the fabricated glasses are connected to a high coeﬃcient of the light refraction of the matrix. Moreover, high values of the σabs =
5.65 × 10−21 cm2 absorption cross-section at the wavelength
of 794 nm (3 H6 → 3 H4 ) in glasses doped with thulium
ions ensure eﬀective population of the 3 H4 level from which
energy is subsequently transferred to holmium ions in the
processes of cross relaxation 3 H4 (Tm3+ )+3 H6 (Tm3+ ) →
3
F4 (Tm3+ )+3 F4 (Tm3+ ) and energy transfer 3 F4 (Tm3+ ) →
5
I7 (Ho3+ ).
3

Fig. 7. Ho3+ (3 F4 → 3 H6 ) absorption and Tm3+ (3 F4 → 3 H6 )
emission cross-sections

Double-clad optical fibre doped with Tm3+ /Ho3+ ions.
Antimony-silicate glass of the following molar composition:
43.25SiO2 – 5Al2 O3 – 50Sb2 O3 – 1Tm2 O3 – 0.75Ho2O3 was
used as the core of the double-clad optical ﬁbre produced using the crucible method. In order to increase the eﬃciency
of optical pumping, the optical ﬁbre core was placed eccentrically in the inner cladding, thus obtaining a system of the
oﬀ-set type. Selecting the cladding glasses made it possible
to obtain the core numeric aperture NAcore = 0.2 and the
inner cladding numeric aperture NAcladding = 0.6. The obtained optical ﬁbre was excited from the front by a laser diode
of the wavelength of 795 nm, as a result of which a strong
luminescence line in the region of 2.1 µm was registered
(Fig. 8). Strong absorption of some radiation by Ho3+ atoms
was observed in the spectrum. As a result of this absorption,
the maximum of the luminescence spectrum shifted to the
longer wavelengths. Furthermore, a disappearance of the band
characteristic of holmium ions at the wavelength of approx.
1.95 µm was observed in the optical ﬁbre, which in conse385
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quence caused a reduction in the full width at half maximum
(FWHM = 100 nm) of the emission.

Fig. 8. Luminescence of double-clad optical ﬁbre doped with
1Tm2 O3 - 0.75Ho2 O3

The strong luminescence at the wavelength of 2.1 µm,
obtained as a result of excitation of thulium (3 H6 → 3 H4 ) in
the optical ﬁbre with radiation of the wavelength of 795 nm,
proves that an eﬀective non-radiative energy transfer between
Tm3+ and Ho3+ ions occurs in the produced ﬁbre.

4. Conclusions
The present paper describes low-phonon antimony-silicate
glasses in which combining glass-making elements of signiﬁcantly diﬀerent bond energy led to obtaining thermally
stable and mechanically strong glasses of a wide range of
transmission spectra (0.3–3.5 µm) in the order of 95%. The
low phonon energy of the produced antimony glasses made
it possible to introduce a large quantity (25000 ppm) of rare
earth elements to the structure. In eﬀect, it enabled the matrix to be doped with both Tm3+ and Ho3+ ions, producing
luminescence in the range of 1.6–2.2 µm. In glasses doped
at the ratio of 1% Tm2 O3 :0.2%Ho2 O3 , a signiﬁcant widening of the luminescence spectrum, caused by overlapping of
the 3 F4 → 3 H6 (Tm3+ ) and 5 I7 → 5 I8 (Ho3+ ) emission transitions was observed, and the full width at half maximum
of the emission was 356 nm. Optimization of the content of
activators and of the donor (Tm3+ ) to acceptor (Ho3+ ) ion
concentration ratio, performed taking into consideration the
most eﬀective energy transfer, allowed for selecting the glass
which was subsequently used for fabricating optical ﬁbre of
the double-clad type. In the produced optical ﬁbre, a strong
luminescence at the wavelength of 2.1 µm was obtained, arising from the energy transfer between Tm3+ and Ho3+ ions,
as a result of excitation of thulium ions (3 H6 → 3 H4 ) with
radiation of the wavelength of 795 nm.
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