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A B S T R A C T

This paper reports on the thermal and optical properties of germanate glasses GeO2–PbO co-doped with
silver nanoparticles and rare earth ions (Tm3+, Er3+ and Yb3+) with a focus on the thermal diffusivity (D).
The presence of rare earth ions and nanoparticles is evidenced by absorption spectra and TEM images,
respectively. Additionally, a structural comparison between thin films and bulk glass with the same
nominal composition is given. It is found that D increases up to 20% in samples where nanoparticles are
present, although their quantity corresponds only to a volume fraction of 1.7%. Therefore, such
enhancement could be associated with the nanoparticles. Nevertheless, a Raman analysis revealed a
structural change after the thermal treatment used for the nucleation of the nanoparticles. A decrease in
the intensity of the band at 534 cm�1 in the Raman spectra is interpreted as the disruption of the
3-membered rings of the GeO4 tetrahedra. The Raman analysis also revealed the formation of small
crystals of a-GeO2 type quartz and the adsorption of carbon dioxide on the surface of the silver
nanoparticles inserted in the germanate thin film.
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1. Introduction

Germanate glass is a suitable material for doping with Rare Earth
(RE) ions duetotheir large transmittancewindow (fromvisible tothe
infrared region) and a low phonon energy (800 cm�1) when
compared with silicate glasses (1150 cm�1) [1,2]. Vitreous systems
with low phonon energy are desirable in order to minimize non-
radiative processes, which imply, in another perspective, an increase
in the probability of radiative decays. Other properties of the
germanate glass matrix are its high refractive index (� 2) and a large
chemical stability. Recently, the growth of metallic nanoparticles
(NP) inside germanate glasses has been achieved by thermal
treatment of the samples. It has been verified that the presence of
silver and gold NPs contribute to enhanced luminescence efficiency
and nonlinear optical improvements [3–8].

The use of new systems in optical devices also depends on the
knowledge of their thermal properties that are often crucial for a
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better performance. For example, materials with high thermal
diffusivity are required to dissipate heat efficiently in computer
processors and lasers. In contrast, materials with low thermal
diffusivity are required for thermo-electric devices and thermal
barriers, in order to enhance their figures of merit [9]. Moreover, it
is also expected that thermal properties should be modified due to
the NPs presence. In fact, the thermal diffusivity of materials
depends on the size and concentration of the NPs. In the former
case, surface effects become prominent when the thermal
wavelength is comparable to the size of the NPs. Considering
the latter, percolative thermal transport may occur after a critical
density. In general, the theory of heat transport of nanoparticles is
basically phenomenological which implies that this subject is still
a matter of many discussions in the literature [10].

In the present work, GeO2–PbO glasses co-doped with RE ions
(Thulium, Erbium and Ytterbium) and silver NPs are investigated
via their absorption spectra, transmission electron microscopy
(TEM), thermal lens technique and Raman scattering aiming to
understand the influence of the silver NPs in the thermal
diffusivity. Finally, Raman spectra of a thin germanate film and
of the bulk glass with the same composition are compared,
searching for structural changes.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vibspec.2016.10.001&domain=pdf
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2. Experimental procedure

2.1. Samples production

The glass samples were prepared by the melting-quenching
technique using the following composition: 58.7GeO2–41.3PbO
(mol%). The doping species were ErO3 (0.5 mass fraction%), Tm2O3

(0.25 mass fraction%), Yb2O3 (3.0 mass fraction%) and AgNO3

(3.0 mass fraction%), according to Table 1. A sample without
AgNO3 was prepared as reference. The reagents were melted at
1200 �C in an alumina crucible for 1 h, quenched in a pre-heated
brass mold, annealed at 420 �C for 1 h and cooled to room
temperature inside a furnace to avoid internal stress. After cooling
the samples were polished and those with AgNO3 were heat-
treated at 420 �C during 2 and 48 h, to nucleate and grow silver
nanoparticles.

A lead-germanate film was deposited on a silicon substrate by
RF co-sputtering (13.56 MHz), which uses two targets simulta-
neously inside a vacuum chamber. For the preparation of one
target, labeled by GP, the oxide powders (58.7GeO2–41.3PbO) were
mixed and then submitted to 8 t of uniaxial pressure, followed by
synthesis at 750 �C for 10 h. The second target used was metallic
silver, with a purity of 99.99%. Silica substrates were placed at
15 cm from the target. Before the film deposition, the base pressure
was �1.3 � 10�3 Pa to minimize the presence of contaminants.
During the process, Ar plasma was used at 0.7 Pa and 50 W was
used as applied rf power maximum. The film containing silver was
submitted to a thermal treatment at 420 �C during 10 h to induce
the growth of metallic nanoparticles.

2.2. Experimental set-up

Optical absorption spectra were recorded by a Shimadzu
UV1800 spectrometer operating in the wavelength range of
190–1100 nm, with a spectral resolution of 1 nm. A 200 kV TEM
from Zeiss was used to determine the size distribution of the
nanoparticles. Glass samples were ground down to powder, mixed
with distilled water, and partially decanted. The floating part was
taken using a metallic screen as sample holder and analyzed by
TEM.

Raman spectra were recorded at room temperature with a
T64000 Horiba – Jobin Yvon spectrometer coupled to liquid
nitrogen cooled CCD. The spectra were collected with the
backscattering geometry, with a spectral resolution of 1 cm�1

and were recorded in a polarization (HH) configuration. This
means that if one is staring in front of the microscope, the electric
field of the incident laser light is oscillating along the left-right
direction. The same type of polarization was chosen for the
scattered light. The excitation sources were a He – Ne laser
emitting at 632.8 nm with 35 mW or an Ar laser tuned at 488 nm
with 130 mW, which corresponds to 1 or 5 mW on the surface of
the samples after passing through the microscope, respectively.

A thermal lens (TL) experiment was performed in the dual beam
mode-mismatched configuration. Experimental setup and TL
theory can be found in previous papers [5,11]. Basically, the TL
Table 1
Details of the doping of the GP glasses.

Glass Doping Species (mass fraction%) Thermal Treatment

Er2O3 Tm2O3 Yb2O3 AgNO3

GPsAg 0.5 0.25 3.0 – 420 �C/1 h
GPAg2H 0.5 0.25 3.0 3.0 420 �C/2 h
GPAg48H 0.5 0.25 3.0 3.0 420 �C/48 h
occurs when a high power and Gaussian profile laser, known as
excitation laser beam, produces a local heating in the sample that
alters the refractive index. As a consequence it causes a variation of
the optical path of light in the material. This variation can be
detected by a second laser, called probe laser, which has its beam
converged or diverged depending on the material.

The temporal evolution of the thermal lens signal I(t) is given
by:

I tð Þ ¼ I 0ð Þ 1 � u
2
tan�1 2mV

½ð1 þ 2mÞ2 þ V2�tc2t þ 1 þ 2m þ V2

  !" #2
; ð1Þ

where m ¼ ðvp=veÞ2; V ¼ Z1=Zc with Zc � Z2. vp and ve are the
radius of the waist of the probe and the excitation laser beam in the
sample, respectively. Zc ¼ ðpv2

opÞ=lp is the confocal distance of the
probe beam, Z1 is the distance between the probe beam waist and
the sample, Z2 is the distance between the sample and the
photodiode detector, v2

po is the minimum probe laser beam radius
and I(t) = I(0) when the transient time t or u is zero.

In our experimental arrangement, an Argon laser at 514.5 nm
was used as excitation beam and a He – Ne laser at 632.8 nm as a
probe beam. The used parameters for the TL configuration were
V = 1.73 and m = 21.69. The excitation and probe beam diameters at
the sample were measured with a perfilometer which furnished
values of ve ¼ 41:7 mm and vp ¼ 192:5 mm, respectively.

The amplitude of the thermal lens signal u which is a measure of
the phase difference between the probe beam at r = 0 and r ¼ 2ve is
given by:

u ¼ Pabs

Klp
’
ds
dT

; ð2Þ

where lp is the probe beam wavelength, K represents the thermal
conductivity, ’ is the fraction of energy converted into heat and
Pabs is the absorbed power, obtained from the relation Pabs = Pin
(1 � R) [1 � exp (�AeL)][1 � R exp(�AeL)]�1. Pin is the input power
of the excitation beam, R corresponds to the Fresnel reflectivity, Ae

is the optical absorption coefficient at the excitation wavelength, L
is the sample thickness and ds/dT is the temperature coefficient of
the optical path length change of the sample at the probe beam
wavelength. In the materials studied, we have considered ’ ¼ 1
since no luminescence was observed for the used excitation
wavelength. The characteristic time constant, tc, is related to the
thermal diffusivity, D, through the following equation:

tc ¼ v2
e

4D
: ð3Þ

Finally, a fit of Eq. (1) is performed being tc and u adjustable
parameters. From Eq. (3) the thermal diffusivity is calculated.

3. Results and discussion

3.1. Absorption spectra and microscope images

The incorporation of RE ions in the glass matrix can be verified
by the absorption spectra as shown in Fig. 1. The emission bands
centered at 380, 407, 490, 522, 545, 654 and 800 nm are attributed
to the 4I15/2! 4G11/2, 4I15/2!2H9/2, 4I15/2! 4F7/2, 4I15/2! 4H11/2,
4I15/2! 4S3/2, 4I15/2! 4F9/2 and 4I15/2! 4I9/2 transition of Er3+,
respectively. The weak absorption band at �450 nm is due to
the 4I15/2! 4F3/2 + 4F5/2 transition. An intense absorption band at
�980 nm, is mainly due to the 2F7/2! 2F5/2 transition of Yb3+ ions
that overlaps with the weaker 4I15/2! 4I11/2 transition of the Er3+

ions [12]. The incorporation of Tm3+ ions in the glass matrix can be
confirmed by the band at 780 nm, corresponding to the 3H6! 2

F2 + 3F3.
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Fig. 1. Absorption spectra of the germanate glasses doped with rare earth ions
(Erbium, Ytterbium and Thulium) and silver NPs.
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The silver NPs may be detected through an absorption band
related to their surface plasmon resonance. In our case, such
plasmon is not detected because of the low concentration of NPs. In
fact, the fraction volume was estimated as 1.7%, considering that
the NPs are spheres with a density equal to the bulk metal density
(10.490 g/cm3). The volume fraction of the particles ðFvÞ is given
by the formula [13]:

Fv ¼ Fwrm

rp þ Fwrm � Fwrp
; ð4Þ

where Fw is the mass fraction of particles dispersed in the matrix,
rp and rm are the densities of the nanoparticles and the base
matrix, respectively. The density of the germanate glass was found
experimentally by Archimedes’ principle, which provided a value
of 5.8 g/cm3.

The existence of the silver NPs was confirmed by TEM images,
shown in Fig. 2, which corresponds to glass samples heat-treated
at 420 �C during (a) 2 h and (b) 48 h. The black spot indicates the
formation of nearly spherical silver nanoparticles which increase
their size as function of the exposure time. The sample treated
Fig. 2. TEM images for GP heat-trea
during 2 h presents NPs with average diameters of 5 nm while the
sample submitted to a thermal treatment over 48 h presents NPs of
10 nm average diameters (Fig. 3).

3.2. Thermal diffusivity of germanate glasses

Values of the thermal diffusivity of the germanate glasses were
estimated by the Thermal Lens technique performed at different
points of the samples. The typical TL signal is shown in Fig. 4. The
results indicate a convergent lens-like behavior in the samples
since I(t) > I(0). This furnishes a positive value of ds/dT. The thermal
diffusivity in the germanate matrix was 2.5 �10�3 cm2/s (Table 2)
which is similar to the one found in chalcogenide glasses, but 50%
smaller than in soda lime glasses [14] and 36% smaller than in
tellurite glasses [15].

There is no change in the thermal diffusivity of the germanate
glass containing silver NPs submitted to a thermal treatment
during 2 h (Table 2). On the other hand, we have observed an
increase of 20% of this value when the glass was submitted to 48 h
of treatment. From the TEM images, one may verify that the main
difference between the two samples is that in the latter the sizes of
the NPs are two times larger than the first one, which leads to the
conclusion that the nucleation of silver NPS is crucial in the role of
increasing the thermal diffusivity. In fact, such behavior was
verified in a previous study in colloidal systems with a dispersion
of silver or gold nanoparticles [16].

The thermal transport at the nanoscale size is fundamentally
different from the one in the macroscale, and it is influenced by
several factors: (1) the distribution of heat carrier mean free paths
(MFP) in the material, (2) the length scales of the heat sources and
(3) the distance over which heat is transported, among others. If
the length scale (the distance over which a difference of
temperature exists) is much larger than the MFPs, the Fourier’s
law for diffusive heat works well. In contrast, phonons with long
MFPs travel ballistically far from the heat source before they suffer
scattering, which leads to a breakdown of the Fourier’s law [17].

The cooling dynamics of glass-embedded noble metal nano-
particles have been studied in [18], which highlight the role of
interface-mediated processes at the nanoscale regime. According
to the authors, the rate in which heat dissipates from a
nanoparticle depends both on the thermal resistance at the
nanoparticle-glass interface and on heat diffusion in the glass
tment for (a) 2 h and (b) 48 h.



Fig. 3. (a) Normalized thermal lens signal (I(t)/I(0)) of the GP glass. (b) Phase u as a function of the excitation power, indicating a linear behavior according to Eq. (2).

800 600 400 200

0

25

50

75

100

125

770

534 458

HH Polarization

R
am

an
 In

te
ns

ity
 (a

rb
. u

ni
ts

)

Wavenumber (cm-1 )

GPsAg
GPAg2H
GPAg48H

100

Fig. 4. Raman spectra of the germanate glasses doped with rare earth ions and
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Table 2
Thermal diffusivity of the germanate glasses.

Sample Diffusivity (x 10�3 cm2/s)

GPsAg 2.5 	 0.2
GPAg2H 2.5 	 0.2
GPAg48H 3.0 	 0.2

Fig. 5. (a) Raman spectra of thin film germanate doped with silver NPs, excited by the A
band centered at 800 cm�1 of the Raman spectra shown in (a).
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matrix. In short, the nanoscale thermal transport is still elusive
even though it has been intensively discussed in the literature [19].

3.3. Raman spectra of the glass samples

Fig. 5 exhibits the HH polarized Raman spectra, which are
characterized by two intense bands centered at 100 and 770 cm�1

and two weaker overlapping bands at 458 and 534 cm�1.
Depolarized Raman spectra (not shown) only differ from the
polarized ones in the low wavenumber region, where the band at
100 cm�1 does not appear. In fact a significant increase in the
baseline emerges from the elastic scattering of light.

The bands detected in the polarized Raman spectra are
characteristic of the structure of the germanate glasses and do
not reveal any traces of RE ions and metallic NPs. The amount of
dopant inserted in the samples is too small, which means that the
atoms occupy interstitial spaces of the network without breakage
of the bounds of the glasses. Therefore, fundamental vibrations of
the glasses remain unchanged.

The band at 458 cm�1 is attributed to the asymmetrical
stretching vibration of an oxygen atom between two germanium
atoms (Ge��O��Ge bond) and refers to the basic structural unit of
germanate glasses. The bands at 100 and 770 cm�1 confirm the
incorporation of the lead oxide in the glassy matrix. The former
band is associated to Pb��O vibrations and the second is the result
of symmetric stretching vibration between one germanium atom
and a non-bridging oxygen atom (Ge��O� bond) [20]. As it is
known, lead oxide acts as a modifier of the glassy structure,
breaking the connection of germanium – oxygen creating non-
bridging oxygens.

In Fig. 4 the intensity of the band centered at 534 cm�1

decreases (compared to the band at 458 cm�1) with the thermal
treatment undergone in the sample to induce the growth of the
NPs. This band is related to the anomalous behavior shown by
r laser emission at 488 nm. (b) Fit of five Gaussians to the asymmetric profile of the
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germanate glasses when modifier oxides are added in the
composition [21]. There are two interpretations in the literature
to explain this behavior.

The first was proposed jointly by Ivanov and Evstropiev [22] and
Murthy and Ip [23]. The authors have suggested that a partial
change of the GeO4 tetrahedra to GeO6 octahedra occurs with the
increase of the alkali content, altering the germanium coordination
number from four to six. Recently, Vijay et al. [24] also verified that
the transition metal chromium, like the alkali metals, has a similar
effect in the germanate glasses. The octahedral chromium ions act
as modifiers and cause disruptions of Ge��O��Ge, contributing to
the increase of GeO6 structural groups. According to Ribeiro et al.
[25], vibrations of the sixfold coordinated germanium atoms are
characterized by Raman bands in the region between 600 and
650 cm�1. In our Raman spectra no bands were found in the region
600–700 cm�1.

A second interpretation was given by Henderson and Fleet [26],
based on the formation of 3-membered rings of GeO4 tetrahedra in
the vicinity of the alkali metal cations, which excludes the
possibility of the appearance of GeO6 octahedra. In this case, the
Raman spectra would exhibit a characteristic band in the region
between 520 and 550 cm�1. Based on our Raman data, we observed
a band at 534 cm�1 which led us to attribute its origin to the
formation of 3-membered rings of GeO4 tetrahedra.

The reduction of intensity observed in the band at 534 cm�1 of
the GPAg2H and GPAg48H samples indicates that the rings of
tetrahedral were broken. We attribute this effect to the thermal
treatment of the samples once energy is supplied to the bonds,
reducing the network connection. Consequently, this structural
change affects directly the phonon density of states which may
alter the thermal transport. Nevertheless, we do not believe that
this disruption would be sufficiently strong to justify an enhance-
ment of 20% in the thermal diffusivity. The reason is that at room
temperature the phonons are of the THz regime with a very high
density of states. Therefore, local network rearrangements will not
modify the long range thermal diffusivity.

3.4. Comparison between Raman spectra of glass and thin films of
germanate

Previously, a detailed study was published analyzing the optical
and thermal properties of germanate films doped with silver and
gold [27]. Here, we focus only on the Raman spectra of the
germanate matrix in the glassy form and in the thin film form
when searching for structural changes.

As can be observed in Fig. 4a of the reference [27], the Raman
spectrum of GP Ag thin-film is characterized by two broad bands
centered approximately at 400 and 800 cm�1 and two intense
bands located at 270 and 555 cm�1. Clearly, this spectrum is
different from the one obtained in the germanate glasses with the
same nominal composition, see our Fig. 4, probably due to the
fabrication method. Lead-germanate glasses were produced by the
melt-quenching method, while the lead-germanate thin film is
grown on a silicate substrate through the rf-sputtering technique,
using the vitreous target prepared in the following way: the oxide
powders were mixed and then submitted to 8 tons of uniaxial
pressure followed by the synthesis at 750 �C for 10 h.

The broad band centered at 385 cm�1 in the GP thin-film can be
associated to the band detected at 458 cm�1 in the GP glasses,
resulting in the symmetric stretching of the Ge��O��Ge bridging-
oxygen bond. Henderson and Fleet [26] reported that the
vibrational behavior of the Ge��O��Ge bond is complex and a
slight variation in the Ge��O��Ge mean interhedral angle, f, or in
the dihedral tilt angle, d, could generate sharp bands within a
broader band structure. Furthermore, a decrease in the Ge��O
force constant, which occurs as a result of a lengthening of the
Ge��O bond, leads to high frequency vibrations shift to lower
frequency. Certainly, in the GP thin films studied these alterations
were provoked by the stacking of atoms made by the method of
physical vapor deposition.

There is no significant change in the position of the bands that
confirm the presence of lead oxide (100 cm�1 and 800 cm�1) in the
GP glass and GP thin film Raman spectra, but is easy to see an
asymmetry in the band at 800 cm�1 in the second spectrum. This
asymmetry is more evident in the spectrum obtained with the
argon laser excitation at 488 nm (Fig. 5a), due to the resonance
with the silver plasmon energy. Based on parameters presented by
the Ribeiro et al. [25] it was possible to adjust five Gaussians to the
profile of the band at 800 cm�1. The results are presented in Fig. 5b.
The Nuclear Magnetic Resonance notation was adopted, where Qn

(0 
 n 
 4) refers to different types of tetrahedral containing n
bridging oxygen. The Gaussians adjusted at 765 and 796 cm�1 are
assigned to Q2 species while the Gaussians at 720 and 875 cm�1

refer to Q0 and Q4 tetrahedra, respectively. The Q3 tetrahedra are
identified by the Gaussian found at 835 cm�1.

The identification of two other bands, at 270 and at 550 cm�1,
discloses the reaction of the GP film with the substances in the air
during the manufacturing process. The first band is the result of the
chemical adsorption of carbon dioxide onto the surface of silver,
corresponding to the vibration of Ag��OCO2 binding [28]. Chemical
adsorption or chemisorption means adhesion of molecules from a
fluid to a solid surface. The formation of the carbonate species on
silver by this procedure has been demonstrated by several authors
[29,30]. The second band indicates the stretching of Ge��OH in a
crystalline structure, more specifically, in the crystal a-GeO2 type
quartz [31,32].

4. Conclusions

Microscope images showed that spherical silver NPs were
formed in germanate glass with average diameters of 5 and 10 nm,
after the thermal treatment at 420 �C over two and 48 h,
respectively.

Even with a low concentration (fraction volume of 1.7%), the
presence of the silver particles of 10 nm diameter induced an
increase of 20% in the thermal diffusivity of the germanate glass.
Thus, the silver NPs, besides contributing to the luminescence of
the RE ions and nonlinear optical improvements [3–8], also
improve the thermal properties of the glass.

An additional result is that the thermal treatment undergone
by the sample caused the breakage of 3-membered rings of
GeO4 tetrahedra, as noted by the decrease in intensity of the
band at 534 cm�1 in the Raman spectra. This modification also
may have contributed to the thermal diffusivity. Nevertheless,
future analyses are required to check this point comparing the
thermal lens signal of samples thermal treated with or without
silver NPs.

The vibrations observed in the Raman spectra of the thin GP
film are different from those detected in the Raman spectra of the
glass with the same composition, evidenced by the 458 cm�1

band shifts to lower wavenumbers (390 cm�1) and the asymme-
try of the band at 800 cm�1. Such change is justified by the
sputtering technique used in the fabrication of thin germanate
films. In this technique, atom by atom is deposited on the
substrate and new links are constructed in order to minimize the
energy of binding.

The Raman technique was sensitive to the formation of small
crystals of the a-GeO2 type quartz (i.e., the stretching vibration of
Ge��OH in a crystalline structure), as well as was sensible to the
process of adsorption of carbon dioxide onto the surface of the
silver, identified by the narrow bands at 555 and 270 cm�1,
respectively, in the Raman spectra of the germanate films.
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