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In this paper, we present the luminescent properties of Tm3�∕Ho3� co-doped new glass. A series of silicate-
germanate glass was prepared by the conventional melt-quenching method. In the Tm3�∕Ho3� co-doped silicate-
germanate glass, a strong emission of 2 μm originating from the Ho3�:5I7 → 5I8 transition can be observed under
conventional 808 nm pumping. The characteristic temperatures, structure, and absorption spectra have been mea-
sured. The radiative properties of Ho3� in the prepared glass were calculated. The emission cross section of Ho3�

ions transition can reach 4.78 × 10−21 cm2 around 2 μm, and the FWHM is as high as 153 nm. The energy transfer
efficiency between Ho3� and Tm3� has a large value (52%), which indicates the Tm3�∕Ho3� co-doped silicate-
germanate glass is a suitable candidate for the 2 μm laser. Moreover, the energy transfer mechanism between
Tm3� and Ho3� ions was investigated. © 2016 Chinese Laser Press

OCIS codes: (160.3380) Laser materials; (160.4670) Optical materials; (160.2750) Glass and other amor-
phous materials; (300.6340) Spectroscopy, infrared.
http://dx.doi.org/10.1364/PRJ.4.000214

1. INTRODUCTION
During the last few decades, the development of solid state
lasers generating 2 μm emission has been gaining much atten-
tion because of its important applications, such as biomedical
uses, mid-infrared remote sensing, monitoring of atmosphere
pollutants, eye-safe laser radar, and high-resolution spectros-
copy of low-pressure gasses [1–3]. Until now, researchers
have made progress in mid-infrared luminescence materials
mainly focusing on rare-earth-doped glasses [4,5] and bis-
muth-doped glasses [6,7]. In order to get a powerful 2 μm
laser, it is known that the appropriate selection of rare-earth
ions and matrices are important for rare-earth-doped glasses.
Ho3� ion can generate a 2 μm laser through transition of
Ho3�:5I7 → 5I8, which has been demonstrated in many glass
matrices [2,8] until now. However, owing to the absence of
a well-matched absorption band, Ho3� cannot directly be
pumped by the commercially available 808 or 980 nm laser
diode (LD) in single-doped Ho3� systems. In this respect,
Tm3�, Er3�, or Yb3� ions were widely added into Ho3�-doped
glasses as a sensitizer to achieve 2 μm emission [2,8,9].
Compared with Yb3� and Er3�, Tm3� ions often act as a sen-
sitizer when co-doped with Ho3� ions because the energy gap
between Tm3�:3F4 → 3H6 matches with that of Ho3�:5I8 → 5I7.
Thus, pump energy can be absorbed by Tm3� effectively and
ensuing efficient energy transition from 3F4 of Tm3� to
Ho3�:5I7 under 800 nm LD pumping. Thus, Ho3� can be

co-doped with Tm3� ion as a sensitizer, which is a suitable
way to achieve 2 μm emission and can be pumped in the wave-
length range of commercial LDs.

To obtain a high-efficient mid-infrared emission, host
material is another important factor that should be taken into
consideration. Up to now, crystals and glasses have been in-
vestigated for a 2 μm laser [10–12]. Generally, glasses have the
advantage of lower cost and shorter preparation period than
those of the crystals [13]. Recent decades have witnessed the
development of various Tm3�∕Ho3� co-doped glass hosts,
including bismuthate glass [9], tellurite glass [14], silicate glass
[15], and germanate glass [16] pumped by the common 808 nm
LD. To our knowledge, there are some investigations on
Er3�∕Ho3�-co-doped germanosilicate glass [17], and other
investigations were on upconversion luminescence [18].
However, to the best of our knowledge, few researchers have
reported on Tm3�∕Ho3� double-doped silicate-germanate
glass for Raman spectra and 2 μm emission. Silicate-
germanate glass combines the advantage of low cost, stable
chemical properties of silicate glasses and good thermal sta-
bility, relatively low phonon energy together with high infra-
red transmissivity of germanate glass [19,20]. According to
previous reports, we can observe that the vibrational strength
of Si-O bonding becomes weaker, and silicate-germanate glass
possesses moderate phonon energy due to GeO2 in substitu-
tion for SiO2 [21]. Therefore, the present paper proposes
silicate-germanate glass as the host material.
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To the best of our knowledge, there are few studies on
Raman spectra, and 2 μm emissions in Tm3�∕Ho3� co-doped
silicate-germanate glasses have been reported. In the present
study, the Raman spectrum in Tm3�∕Ho3� co-doped silicate-
germanate glass has been investigated. The spectroscopic
properties of the silicate-germanate glasses were presented
and investigated systematically. According to the Judd–Ofelt
(J-O) theory and absorption spectra, J-O parameters, radiative
transition probabilities, branching ratios, and lifetimes of Ho3�

were calculated in silicate-germanate glass. Furthermore, the
related energy-transfer mechanisms among excited states and
micro-parameters of the energy transfer processes also were
quantitatively analyzed.

2. EXPERIMENTAL
A. Material Synthesis
The molar composition of rare-earth-ions un-doped samples
are named SG and S0. Additionally, the investigated glass
compositions are shown in Table 1. All the samples were pre-
pared by the conventional melt-quenching method with high
purity reagents in powder form. Batches of the samples (20 g)
were completely mixed. Then, the samples were placed in a
platinum crucible and melted at 1450°C for 30 min until bub-
ble-free liquid was formed. Then, the melts were swirled to
ensure homogeneity and subsequently poured on a preheated
copper mold and annealed at 550°C for 2 h to remove the in-
ternal stresses before they were cooled to room temperature
with a muffle furnace. The annealed glass samples have
smooth morphology; further, the prepared samples were
cut and polished to the size of 10 mm × 10 mm × 1.5 mm
for measuring their optical and spectroscopic properties,
whereas others were cut and polished for recording refractive
index.

B. Measurements
The density of the samples was measured using Archimedes’
water-immersion method on an analytical balance. Refractive
index was measured at room temperature by the prism
minimum deviation method. The characteristic temperatures
(temperature of glass transition Tg and onset crystallization
peak Tx) were tested by a differential scanning calorimeter
(DSC). Absorption spectra were recorded at room tempera-
ture in the wavelength range of 350–2200 nm with a Perkin
Elmer Lambda 900UV-VIS-NIR spectrophotometer. The
Raman spectrum of glass sample was measured with an FT
Raman spectrophotometer (Nicolet MODULE) in the spectral
range of 60–1100 cm−1, which has a resolution of 4 cm−1. The

fluorescence spectra were measured with a computer-
controlled Triax 320 type spectrometer upon excitation at
808 nm. The fluorescence lifetimes of 3F4 level were recorded
with an HP546800B 100-MHz digital oscilloscope and pumped
by 800 nm LD. All the measurements were done at room
temperature.

3. RESULTS AND DISCUSSION
A. Physical and Thermal Property
The physical and thermal property results of the analyzed
glasses are listed in Table 2. For the investigated samples from
Table 2, the density of the germanium-oxide-free sample is
found to be 3.16 g∕cm3. Subsequently, it is observed that
the density increased after introducing GeO2 into the glass
contents. The reason for increment in density is due to the
large molecular weightM of GeO2. Additionally, the refractive
index for the studied compositions also increased with
increasing GeO2 contents. The present silicate-germanate
glasses have a high refractive index (n � 1.70) compared with
fluorophosphate (n � 1.56) [8] or silicate (n � 1.48) glasses
[22]. The rare-earth-ions’ electric dipole transition rate Arad

increases with the increase of refractive index according to
Arad ∼ �n2 � 2�2∕n. Thus a higher value of the refractive index
(n) increases the spontaneous emission probability (Arad)
and consequently provides a better opportunity to obtain laser
actions in the laser medium.

At the same time, Table 2 shows the characteristic temper-
atures (containing temperatures of glass transition Tg and
onset crystallization Tx) of the prepared host glass. From
Table 2, it can be seen that the present silicate-germanate
glass possesses a larger Tg value compared with germanate
(596°C) [23] and fluorogallate (640°C) glass [24]. According
to previous reports, glass hosts have a high Tg value, which
can make it achieve good thermal stability to resist thermal
damage at high pumping power [25]. The difference between
Tg and Tx�ΔT � Tx − Tg� [26] of glass is also given in Table 2.
Generally, it is desired that ΔT is as large as possible to
achieve a wide range of working temperature during the fiber
fabricating. Because fiber fabricating is a reheating process,
any crystallization during the process will affect the optical
properties [27]. The larger ΔT is, the better thermal stability
the glasses will have [28]. According to Table 2, the ΔT of
silicate-germanate glass is 155°C, which is significantly higher
than that of germanate (111°C) [23] and fluoride (90°C) glass
[29]. Thus, the results show that the Tm3�∕Ho3� co-doped
silicate-germanate glass has good thermal stability, which is
helpful for the construction of optical fibers.

Table 1. Compositions of the Prepared Glasses

Samples Glass Compositions (mol%)

S0 60SiO2-20�CaO� Li2O�-5Nb2O5-15BaO
SG 30SiO2-30GeO2-20�CaO� Li2O�-5Nb2O5-15BaO
SGT1 30SiO2-30GeO2-20�CaO� Li2O�-5Nb2O5-15BaO

-0.5Tm2O3

SGT2 30SiO2-30GeO2-20�CaO� Li2O�-5Nb2O5-15BaO
-1.5Tm2O3

SGTH1 30SiO2-30GeO2-20�CaO� Li2O�-5Nb2O5-15BaO
-1Ho2O3-0.5Tm2O3

SGTH2 30SiO2-30GeO2-20�CaO� Li2O�-5Nb2O5-15BaO
-1Ho2O3-1.5Tm2O3

Table 2. Physical and Thermal Properties of

Silicate-Germanate Glasses

Sample Parameter Value

S0 Density ρ (g∕cm3) 3.36
Refractive index nD 1.61

SG Density ρ (g∕cm3) 3.56
Refractive index n 1.69

SGTH Refractive index n 1.70
Tg (°C) 585
Tx (°C) 740
ΔT (°C) 155
Sample thickness (mm) 1.50
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B. Raman Spectrum
In the last decades, the structure of niobium silicate glasses
[30,31] and alkali germanaosilicate glasses [32] has been
reported by the Raman spectroscopic technique. However,
few papers, to the best of our knowledge, have reported on
the Raman spectra of niobium silicate-germanate glass.
Figure 1 presents the vibrational spectra of an investigated
silicate-germanate glass sample. It can be seen that the maxi-
mum phonon energy of the present sample is located at
804 cm−1, which is lower than that of sodium germanosilicate
glass (862 cm−1) [33]. For the sake of detailed analysis, the
Gaussian deconvolution procedure is utilized to fit multipeaks
[34], and the result is showed in Fig. 1. It can be found that the
bands of five peaks are around at 325, 552, 784, 804, and
973 cm−1. According to the reported literatures, the low fre-
quency region at around ∼325 cm−1 is related to the chains
of GeO4 tetrahedra connected by six coordinated Ge units
within the network [32]. Meanwhile, the weak peak at around
∼552 cm−1 was observed, which has been attributed to the
presence of germania, related to the Ge-O-Nb bonds, a struc-
tural network formed by GeO4 tetrahedra and NbO6 octahedra
according to [35,36]. In the high-frequency region, the band at
784 cm−1 is assigned to NbO6 octahedra [36]. The latter inten-
sity band centered near 804 cm−1 should be assigned to the
Nb-O bonds because, as the polarizability of Nb-O bonds is
higher than that of Si-O bonds on the Raman spectra, the
bands related to Si-O vibrations usually cannot be seen
[31]. Compared with the structure of SiO2 glass [37] and
the alkali germanate compositions [32], the new shoulder
is observed at ∼973 cm−1 in the silicate-germanate glass,
which should be related to the vibrational modes of Ge-O-Si
linkages [35].

C. Absorption Spectra
In order to better understand the properties of glass, some
important optical parameters were calculated for our sam-
ples. Figure 2 shows optical absorption spectra of Tm3� single
doped, and Tm3�∕Ho3� co-doped silicate-germanate glasses
at room temperature in the wavelength range from 400 to
2200 nm. The length of samples is 10 mm for the measurement

of the absorption spectra. The spectra shapes of single-doped
or co-doped glass samples are similar, and the absorption
intensity is proportional to the mol content of Tm3� and
Ho3� ions.

From the absorption spectra, several inhomogeneously
broadened absorption peaks can be observed, which are
assigned to the transition from the ground-state level to the
excited states of 4f configuration of Tm3� and Ho3� ions,
respectively. Some important absorption bands are labeled
in the spectra. It can be seen that the 808 or 980 nm LD is
not applicable to Ho3� ions. Nevertheless, levels 3H4 of the
Tm3� ions can be excited at 808 nm. The intense absorption
band centered at nearly 800 nm of the Tm3�∕Ho3� co-doped
sample from absorption curve, which indicates Tm3� can
function as an absorber to increase the absorption of the
808 nm pumping energy. Additionally, in comparison to sin-
gle-doped and co-doped glass samples, it can be found that
the shape and peak positions of each transition are similar,
and there is no shift of the absorption peaks. This result indi-
cates that there is no apparent cluster in the local ligand field,
and both Ho3� and Tm3� ions are homogeneously incorpo-
rated into the glassy network. Meanwhile, Figure 2 shows
the absorption peak intensity with Tm3� ions at different con-
centrations, in which a significant increase of absorption with
increased Tm3� ions concentrations is clearly observed when
concentrations of Ho2O3 remained constant.

D. J-O Analysis and Radiative Properties
To the best of our knowledge, J-O theory [38,39] has been
often used to discuss the radiative properties of rare-earth
ions within the host matrix from the absorption spectra.
According to J-O theory, the J-O intensity parameters Ω2,
Ω4, and Ω6 for 4f–4f transitions of Ho3� ions in the glass sam-
ples were computed from the measured absorption spectra.
Afterward, these parameters Ωt (t � 2, 4, 6) were used to
evaluate radiative properties of the main laser emitting levels
of Ho3� in silicate-germanate glass, such as radiative transi-
tion probability (Arad), fluorescence branching ratios (β),
and radiative lifetime (τrad). The parameters Ωλ are important
for the investigation of the local structure and bonding in the
vicinity of rare-earth ions. The J-O intensity parameters of
glass in this paper are compared with those obtained from

Fig. 1. Deconvolution of Raman spectrum of SG glass using symmet-
ric Gaussian functions.

Fig. 2. Absorption spectra of Tm3� single-doped and Tm3�∕Ho3�
co-doped silicate-germanate glasses in the range of 400–2200 nm.
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various other Ho3� doped glasses, as listed in Table 3. It
should be noted that the five absorption bands—5I6, 5F5,
5F4 � 5S2, 5F1 � 5G6, and 5G5—were used for the calculation
in this process because the transition 5I8 → 5I7 has a substan-
tial magnetic dipole component. From Table 3, it is observed
that the oxide glasses have large Ω2 and small Ω6 values. The
Ω2 parameter of silicate-germanate glass follows the trend
Ω2 > Ω4 > Ω6. This trend is consistent with the one observed
for other glasses, such as silicate, germanate, fluorophos-
phate, and phosphate glasses; however, it differs from those
of fluoride and tellurite glasses, as shown in Table 3. The root
mean square deviation δrms was calculated to be 1.31 × 10−6.
According to previous studies, Ω2 is related with some factors
such as the ligand symmetry of host glass, the degree of cova-
lency of the chemical bonds between rare-earth ions and its
nearest neighbor atoms of a glass. Ω4 and Ω6 are related to the
covalency of the medium in which the rare-earth ions are sit-
uated. And Ω6 reflect the bulk properties of the host such as
rigidity and viscosity [8], which can be adjusted by the com-
position or structure of the glass host. It is also found that Ω2

for Ho3� in this work is larger than that of silicate [40], fluo-
ride [41], fluorophosphate [42], tellurite [14], and phosphate
[40] glass hosts. A large Ω2 value is probably due to relatively
high covalency of the chemical bond between rare-earth and
oxygen ions. But the value of Ω2 is smaller than that in
germanate [43] glass. Thus the result indicates that ligand
asymmetry around the rare-earth ions in Tm3�∕Ho3� co-
doped germanate glass is stronger than those in silicate-
germanate glass. The smaller the Ω6 value is, the stronger
covalence between anions and rare-earth ions. It can be
seen clearly that the Ω6 of studied glass is smaller than
that of various other glasses, as shown in Table 3. The J-O
analysis indicated a strong asymmetry and covalent environ-
ment between the rare-earth ions and the ligand in the present
matrix.

Furthermore, the spontaneous transition properties of the
Ho3� are shown in Table 4, including the spontaneous transi-
tion probability Arad, branching ratio β, and radiative lifetime
τrad of different emission states of Ho3� ions in silicate-
germanate glass, which were evaluated using the three inten-
sity parameters through J-O theory. Table 4 shows that the
values of Arad for the Ho3�:5I7 → 5I8 transition and τrad of
the 5I7 level of Ho3� are 103.46 s−1 and 9.67 ms, respectively.
The Arad value is larger than that of germanate, phosphate
[41], silicate [44], and fluorophosphates [45] glasses. Higher
Arad is beneficial in achieving intense infrared emissions.
Consequently, this silicate-germanate glass can be considered
as an appropriate host glass to achieve 2 μm laser from the
Ho3�:5I7 → 5I8 transition.

E. Fluorescence Spectra
Figure 3 shows Tm3�∕Ho3� co-doped silicate-germanate glass
fluorescence spectra in the range of 1600–2200 nm when ex-
cited by 808 nm LD at room temperature. From Fig. 3, it can be
seen clearly that two emission peaks are centered near at 1.8
and 2 μm, which correspond to the Tm3�:3F4 → 3H6 and
Ho3�:5I7 → 5I8 transition, respectively. Moreover, the 1.8
and 2 μm fluorescent intensity is in direct proportion to the
Tm2O3 concentration, while, compared with the 2 μm emis-
sion, the emission intensity of 1.8 μm increased relatively
little. Due to the intense energy transferring (ET) between
the 3F4 state of Tm3� and Ho3�:5I7 state and cross-relaxation
(CR) of adjacent Tm3� ions.

In order to explain the mechanism of strong 2 μm lumines-
cence, Fig. 4 shows the simplified energy level diagrams of
Tm3� and Ho3� ions identified from the absorption spectra.
The locations of the energy levels are similar to those reported
previously for bismuthate [9] and tellurite [11] glass hosts. And
the detailed energy transfer paths between the two rare-earth
ions can be illustrated. In Fig. 4, the start state 3H6 of Ho3�

ions are initially excited to the excited state of the
Ho3�:3F4 level when Tm3�∕Ho3� co-doped glass is pumped
by 808 nm LD. Afterward, part of the ions of Tm3� in the
3H4 state drop down to the 3F4 state, then the Tm3�:3F4 level
decays to the 3H6 level emitting 1.8 μm fluorescence. While

Table 3. J-O intensity Parameters (Ωλ, λ � 2, 4, 6)
(×10−20 cm2) of Ho3� Ions in Various Glass Hosts

Samples Ω2 Ω4 Ω6 Trend Reference

SGTH2 6.5 2.61 0.33 Ω2 > Ω4 > Ω6 This work
Tellurite 5.21 2.28 2.18 Ω2 > Ω6 > Ω4 [14]
Silicate 5.20 1.80 1.20 Ω2 > Ω4 > Ω6 [40]
Phosphate 3.33 3.01 0.61 Ω2 > Ω4 > Ω6 [40]
Fluoride 1.86 1.90 1.32 Ω2 > Ω6 > Ω4 [41]
Fluorophosphate 3.23 2.71 1.82 Ω2 > Ω4 > Ω6 [42]
Germanate 6.60 1.75 0.99 Ω2 > Ω4 > Ω6 [43]

Table 4. Spontaneous Transition Probability Arad,

Branching Ratio β, and Radiative Lifetime τrad
for Different Excited Levels of Ho3� in

Silicate-Germanate Glass

Transition Energy (cm−1) Arad �s−1� β (%) τrad (ms)

5I7 → 5I8 5139 103.46 100 9.67
5I6 → 5I8 8681 155.77 84.20 5.41
5I6 → 5I7 3321 29.23 – –
5I5 → 5I8 11187 61.66 37.51 6.08
5I5 → 5I7 6046 82.36 – –
5I5 → 5I6 2726 20.37 – –
5F5 → 5I8 15528 2039.53 77.33 0.38
5F5 → 5I7 10384 1215.8 – –
5F5 → 5I6 7067 178.8 – –
5F5 → 5I5 4342 14.4 – –

Fig. 3. Fluorescence spectra of the Tm3�∕Ho3� co-doped silicate-
germanate glasses.
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most of the excited Tm3� ions in 3H4 states are excited from
the 3H6 ground state to 3F4 state via CR between Tm3�:3H4

level and Tm3�:3H6 level and multiphonon relaxation (MR)
process. Tm3� ions in the 3F4 state transfer energy to the
Ho3� ions in 5I7 state via the ET process. After that, once
the Ho3�:5I7 state is populated, the 2 μm emission via
Ho3�:5I7 → 5I8 transition takes place. The detail transfer
mechanism is described as follows:

3H6�Tm3�� � hv�808 nm� → 3H4�Tm3�� �GSA�
3H4�Tm3�� � 3H6�Tm3�� → 3F4�Tm3�� � 3F4�Tm3�� �CR�
3F4�Tm3�� → 3H6�Tm3�� � hv0�1.8 μm� �emission�
3F4�Tm3�� � 5I8�Ho3�� → 3H6�Tm3�� � 5I7�Ho3�� �ET�
5I7�Ho3�� → 5I8�Ho3�� � hv0�2 μm� �emission�

F. Absorption and Emission Cross Sections
The absorption and emission cross sections are two vital
spectroscopic parameters and related to the optical gain
of a laser material. The emission cross section (σem) of
Ho3�:5I7 → 5I8 can be derived from Eq. (1) by using the
McCumber theory [46]:

σem�λ� � σabs�λ� ×
Zl

Zu
× exp

�
hc
kT

×
�

1
λZL

−

1
λ

��
; (1)

where Zl∕Zu is the partition functions ratio involved in the
considered optical transition. Here T is the room temperature,
k is the Boltzmann constant, and λZL is the wavelength for the
transition between the lower Stark sublevels of the emitting
multiplets and the lower Stark sublevels of the receiving mul-
tiplets. The σabs is the absorption cross section of Tm3�∕Ho3�
co-doped sample, which is calculated from the absorption
spectra by using Eq. (2):

σabs�λ� �
2.303 log�I0∕I�

Nl
; (2)

whereN is the concentration of Ho3� ions, l is the thickness of
the glass samples, and log�I0∕I� is the absorptivity from
absorption spectra, respectively.

Moreover, the emission cross section (σem) also can be cal-
culated from the fluorescence spectrum by the Fuchtbauer–
Ladenburg equation in Eq. (3):

σem�λ� �
λ4Arad

8πcn2 ×
λI�λ�R
λI�λ�dλ ; (3)

where λ is the emission wavelength, Arad is the spontaneous
radiative transition probability of Ho3�:5I7 → 5I8 transition, c
is the velocity of light in vacuum, n is the refractive index of
glass host, I�λ� is the fluorescence intensity, and R

I�λ�dλ is the
integrated fluorescence intensity.

Figure 5 shows the absorption and emission cross sections
for Ho3�:5I8 → 5I7 transition based on McCumber theory.
According to the figure, it can be found that the peak absorp-
tion cross section of Ho3�:5I8 → 5I7 transition in silicate-
germanate glass reaches 2.77 × 10−21 cm2 near 1946 nm,
and the emission cross section of Ho3� is 4.78 × 10−21 cm2

at 2014 nm, respectively. The value of emission cross section
is a little larger than that of fluoride glass [47] and silicate glass
[44] but smaller than the value of germanate glass [48].
Compared with silicate (n � 1.48) or phosphate (n � 1.52)
glasses [22], the prepared silicate-germanate glass has a high
refractive index (n � 1.7), the higher refractive index of the
host glass induces the higher emission cross section of
Ho3�, due to the electric dipole transitions of rare-earth ions
increasing as the refractive index of the glass increases [22]. It
is worth noting that the emission cross section is as large as
possible to obtain high gain for a laser medium [49]. Thus,
Tm3�∕Ho3� co-doped silicate-germanate glass could be a suit-
able candidate matrix for 2 μm optical fiber amplifier.

G. Laser Spectroscopic Properties
Table 5 shows the emission cross-section σpeake and the FWHM
of the emission peak of Ho3�:5I7 → 5I8 transition in different
glass hosts. The σpeake × FWHM is an important parameter in
which to characterize the bandwidth properties of the optical
amplifier materials, the larger value of which represents the
wider gain bandwidth and the higher gain character [50].
The value of σpeake × τm is another parameter that can be
applied to evaluate the gain of bandwidth [51]. As the results
show in Table 5, σpeake × FWHM is 731.34 × 10−28 cm3 and
σpeake × τm is 46.22 × 10−21 cm2 · ms in this work, respectively.
Those values are much larger than those of various
glasses, excluding fluoride [8] glass, as shown in Table 5.
Therefore, it is desirable that the Tm3�∕Ho3� co-doped

Fig. 4. Energy level diagrams and energy transfer sketch map of
Tm3� and Ho3� ions. Fig. 5. Emission cross sections of silicate-germanate glasses doped

with 1.5 mol% Tm2O3 and 1 mol% Ho2O3.
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silicate-germanate glass should become a suitable host
material to be used as a candidate for broadband optical
amplifiers or a 2 μm laser.

H. Energy Transfer Efficiency
Figure 6 shows the decay curves of glass samples. By using
the lifetime value of the Tm3�:3F4 energy level, the energy
transfer efficiency from Tm3�:3F4 to Ho3�:5I7 in silicate-
germanate glass can be estimated as follows [52]:

η � 1 −
τTm∕Ho

τTm
: (4)

The energy transfer rate was found to be connected to the
effective lifetime, which can be defined as [53]

WET � 1
τTm∕Ho

−

1
τTm

; (5)

where τTm∕Ho and τTm are the lifetimes of Tm3� ions in
Tm3�∕Ho3� co-doped and Tm3� single-doped glass samples,
respectively.

The quantum efficiency (Q.E.) was determined for the
Ho3�:5I7 → 5I8 in the Tm3�∕Ho3� co-doped silicate-germanate
glass samples, as [54]

Q:E: � τobs
τrad

; (6)

where τobs and τrad are the measured luminescence lifetime
and radiative lifetime of Ho3� ions, respectively.

According to Fig. 6, it can be found that the fluorescence
lifetime of Tm3�:3F4 becomes shorter as Ho3� ions co-dope
into the Tm3�-ions-doped sample. This indicates that energy
transfer occurred between the Tm3�:3F4 and Ho3�:5I7 level.
And the lifetimes of Tm3�:3F4 with and without Ho3� are
222 and 399 μs, and the measured lifetime of Ho3�:5I7 in
Tm3�∕Ho3� co-doped silicate-germanate glass is 210 μs,
respectively. Thus, the energy-transfer efficiency and energy-
transfer rate between Tm3� and Ho3� ions in silicate-
germanate glass were calculated, which is 52% and
2760.55 s−1, respectively. The efficiency value for energy
transfer to Ho3� from Tm3� ions of the present glass is larger
than that of fluorozircoaluminate glass [47]. The high value of
energy transfer efficiency implied the high sensitization effi-
ciency of Tm3�∕Ho3� in co-doped silicate-germanate glass
here, which is helpful for development of the 2 μm laser.
The Q.E. of the Ho3�:5I7 → 5I8 transition is 2.17%, which is
higher than that of silicate glass [43]. The results demonstrate
that the incorporation of Tm3� as a sensitizer through efficient
energy transfer from Tm3� (3F4) to Ho3� (5I7) under 808 nm
excitation can be obtained by 2 μm emission efficiently in the
silicate-germanate glass.

4. CONCLUSION
In summary, Tm3� doped and Tm3�∕Ho3� co-doped silicate-
germanate glasses were prepared. We successfully obtain the

Table 5. Peak Cross Section σpeake , FWHM, Radiative Lifetime τm, σ
peak
e × FWHM and σpeake × τm of 5I7 → 5I8 Transition

of Ho3� in Different Glass Samples

Glasses FWHM(nm) σpeake (10−21 cm2) τm �ms� σpeake × FWHM (10−28 cm3) σpeake × τm (10−21 cm2 · ms) Reference

SGTH2 153 4.78 9.67 731.34 46.22 This paper
Silicate 82 7.0 0.32 574 2.24 [8]
Germanate 84 4.0 0.36 336 1.44 [8]
Gallate 141 3.8 8.2 535.8 31.16 [8]
Fluoride 118 5.3 26.7 625 141.51 [8]
Tellurite – 10.7 2.2 – 23.54 [11]

Fig. 6. (a) Fluorescence decay curve of Tm3�∕Ho3� co-doped glass sample from Tm3�:3F4 → 3H6. Inset shows the decay curve of Tm3� singly
doped glass sample. (b) Fluorescence decay curve of Tm3�∕Ho3� co-doped glass samples from Ho3�:5I7 → 5I8.
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2 μm luminescence of Ho3� in Tm3�∕Ho3� co-doped silicate-
germanate glass under excitation of an 808 nm LD. The
Tm3�∕Ho3� co-doped silicate-germanate glasses exhibited
good thermal stability. According to the Raman spectrum,
the structure features of the present silicate-germanate glass
appears to contain alternating SiO4 tetrahedra, GeO4 tetrahe-
dra, and NbO6 octahedra. The J-O intensity parameters, tran-
sition properties, branching ratios, and radiative lifetimes
have been determined. The value of FWHM (153 nm) was re-
corded in Tm3�∕Ho3� co-doped SGTH2 glass at room temper-
ature when pumped by 808 nm LD. Tm3�∕Ho3� co-doped
silicate-germanate glasses exhibit large σpeake × FWHM (up
to 731.34 × 10−28 cm3), which indicates that the present glass
has better gain properties as laser material. Furthermore, a
large stimulated emission cross section and gain coefficient
for Ho3�:5I7 → 5I8 transition of Tm3�∕Ho3� co-doped sili-
cate-germanate glasses indicate that these glasses find appli-
cations in mid-infrared laser devices at ∼2 μm. The energy
transfer efficiency and rate were calculated to be 52% and
2760.55 s−1, respectively. The Q.E. of the 5I7 → 5I8 transition
of Ho3� is 2.17%. As a result, Tm3�∕Ho3� co-doped silicate-
germanate glass with good spectroscopic properties might
be a promising candidate as a host for developing laser or
optical amplifier devices.
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