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Abstract Glass and glass-ceramics with the molar

composition of 60SiO2–30Li2O–10Nb2O5 (mole %)

were studied. Ferroelectric lithium niobate (LiNbO3)

nanocrystals were precipitated in the glass matrix

trough a thermal treatment, with and without the

simultaneous application of an external electric field.

The as-prepared sample, yellow and transparent, was

heat-treated (HT) at 600 and 650 �C and thermoelectric

treated (TET) at 600 �C. The applied electric fields were

the following ones: (i) 5 · 104 V/m; (ii) 1 · 105 V/m.

Differential thermal analysis (DTA), X-ray diffraction

(XRD), scanning electron microscopy (SEM), Raman

and dielectric spectroscopies were used to investigate

the glass samples properties.

The LiNbO3 crystalline phase was detected in the

650 �C HT sample and in the 600 �C TET samples. The

presence of an external electric field, during the

heating process, promotes the glass crystallization at

lower temperatures. In the TET samples, the surface

crystallization of the cathode and the anode are

different.

The number and size of the crystallites, in the glass

network, dominate the electrical dc behavior while the

ac conductivity process is more dependent of the glass

matrix structure.

The obtained results reflect the important role

carried out by the temperature and the applied electric

field in the glass-ceramic structures.

Introduction

The study of the physical properties of glass-ceramics

with ferroelectric crystallites has achieved, in the last

years, a considerable amount of interest due to their

electrical, dielectrical and electro-optic properties and

significant technological applications [1]. Lithium nio-

bate (LiNbO3) is an important ferroelectric material

due to its excellent pyroelectrical, piezoelectrical and

photorefractive properties [1, 2] and it is actually used

for fabrication of active waveguides, modulators, fre-

quency doubler, optical filter and Q-switches for

application in integrated optical circuits [3, 4]. This

ferroelectric material has a high Curie temperature,

Tc = 1210 �C [5]. However, the usual preparation of

LiNbO3 crystals, by the Czochralski method, is time

consuming, very expensive and with Li deficiency

crystals [1, 2, 6]. Glass-ceramics, with the ferroelectric

crystal phase, seems to be an interesting alternative

due to its relative low preparation time and costs [7, 8].

In the present work it is described the preparation of

the 60SiO2–30Li2O–10Nb2O5 (mole %) glass, by the

melt-quenching method, and glass-ceramics with and

without the application of an electric field during the

heat-treatment process (in the text HT denotes heat-

treatment and TET the thermoelectric treatment). This

composition was chosen because it gives origin to a

transparent glass. The SiO2 was used, as the glass

forming oxide, because it does not modify the LiNbO3
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lattice [8, 9]. The correlation between the glass-ceramics

treatment conditions and their microstructure was the

main purpose of this work.

Experimental

Samples preparation

A glass with the molar composition 60SiO2–30Li2O–

10Nb2O5 was prepared by the melt-quenching method.

This composition enables the formation of a transpar-

ent glass suitable for optical applications. The glass was

prepared from reagent grade silicon oxide (SiO2-

BDH), lithium carbonate (Li2CO3-Merck) and niobium

oxide (Nb2O5-Merck). The reagents, in the appropriate

amounts, were mixed for 1 h, in an agate ball-mixing

planetary system. The mixture was heated in a platinum

crucible at 700 �C, for 2 h, to remove the CO2 from the

Li2CO3, and melted at 1450 �C for 30 min. The molten

material was quenched by pouring it into a stainless

steel plate, at room temperature, and pressed by

another, to obtain flat samples with 10–3 m of thickness

(approximately). The result was an uncolored and

transparent glass. The glass was annealed at 350 �C

(during 3 h), to eliminate internal stress, and slowly

cooled until room temperature (as-prepared sample).

To obtain the glass ceramics, the as-prepared sample

was heat-treated (HT) in air, in a horizontal tubular

furnace, at 600 and 650 �C, with a heating rate of

75 �C/h, during 4 h. These temperatures were chosen

in agreement with the DTA result of the as-prepared

sample, performed in a Lynseis Aparatus, in the

temperature range of 20–1200 �C, with a heating rate

of 5 �C/min and using Al2O3 has reference.

The thermoelectric treatments (TET) were per-

formed in an apparatus where the as-prepared sample

is between two platinum electrodes, which are con-

nected to a high dc-voltage supply (PS325-Stanford

Research System), working between 25 and 2500 V.

This apparatus is introduced in a vertical furnace. The

as-prepared sample was TET at 600 �C, during 4 h,

applying the electric field of 50 kV/m (600B sample) and

100 kV/m (600C sample). 100 kV/m was the higher

applied electric field, because when the intensity of the

electric field is higher than 100 kV/m dark zones appear

in the cathode surface (as observed in the 500 kV/m

TET sample).

X-ray diffraction, Raman spectroscopy

and scanning electron microscopy

The X-ray diffraction patterns were obtained at room

temperature, using bulk samples, in a Philips X’Pert

system, with a Ka radiation (k = 1.54056 Å) at 40 kV,

and 30 mA, with a step of 0.05 � and 1 s per step. The

Raman spectroscopy, of bulk samples, was carried out

in a T64000, Jobin Yvon SPEX spectrometer using an

Ar laser (k = 514.5 nm). The spectra were obtained, in

a back-scattering geometry, between 100 and 2000 cm–1.

The scanning electron microscopy (SEM) was per-

formed in a Philips XL 30 system on the surface and

cross section of all samples.

Electrical measurements

For the electrical measurements the opposite sides of

the samples were painted with silver paste. The dc

electric conductivity (rdc) was measured with a Keithley

electrometer, model 617, as a function of the temper-

ature (80–370 K). The ac conductivity (rac) was mea-

sured as a function of the temperature (260–300 K), at

1 kHz, using a Solartron SI 1260, Impedance/gain-phase

analyzer, measuring the real and the imaginary part of

the sample impedance (Z* = Z¢–jZ†).

The analytical background, used in the electrical

data analysis, was as follows:

(a) The Arrhenius expression has been used to fit the

temperature dependence of the rdc (Eq. 1) [10]:

rdc ¼ r0exp �
EaðdcÞ
kBT

� �
ð1Þ

where r0 is a pre-exponential factor, Ea(dc) the activa-

tion energy, kB the Boltzmann constant and T the

temperature.

(b) The relation showed in Eq. 2 was used to

calculate the ac conductivity (rac).

rac = xe0e’’ ð2Þ

The imaginary part of the complex permittivity (e†)

was obtained using the complex impedance formalism,

Z* = 1/(le*) (where l = jxC0, x is the angular fre-

quency, C0 the admittance of the empty cell and

j ¼
ffiffiffiffiffiffiffi
�1
p

[11–14]). In order to normalize the impedance

data a Z*
rel was calculated by Z�rel ¼ Z�ðA=dÞ, where A

is the electrode area and d the sample thickness.

The ac activation energy (Ea(ac)) was achieved using

an Arrhenius expression similar to that presented in

the Eq. 1.

Results

The DTA of the as-prepared sample revealed the

presence of an exothermic peak at 710 �C and an
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endothermic peak at 960 �C. The onset of the glass

transition temperature is 665 �C. The as-prepared

sample was treated at temperatures in agreement with

this result. The visual aspect of the 600HT sample is

similar to that of the as-prepared sample. The HT at

650 �C turns the sample translucent. The treatment

process at 600 �C, with the presence of an external

electric field (600B and 600C samples), leads to the

formation of a white layer in the sample surface in

contact with the platinum positive electrode (Fig. 1-ii).

This layer is not observed in the sample surface in

contact with the negative electrode (Fig 1-i).

The XRD, presented in Fig. 2, did not reveal the

presence of crystalline phases in the 600HT sample. In

the 650HT sample was detected the presence of the

LiNbO3 and Li2Si2O5 crystalline phases (Fig. 2). These

crystalline phases were also detected in the 600TET

samples (600B and 600C samples). In the Fig. 2 it can

be seen that the intensities of the crystalline peaks are

different for the both surfaces of TET sample, being

higher for the negative surface. It should be point out

that, from the 600B to the 600C sample, the XRD

peaks intensity decreases. The cathode surface, of the

600C sample, does not present the Li2Si2O5 crystalline

phase.

The Raman spectra, of all the samples, are pre-

sented in Fig. 3. The 870 and 260–265 cm–1 Raman

bands, observed in all samples, are the only ones

detected in the as-prepared and 600HT samples. The

650HT sample spectra show also bands at 690, 630, 439,

370, 334, 280, 239 and 180 cm–1. All these bands,

except the 690 cm–1 band, are detected in the 600B and

600C TET sample. In the 600C TET sample two new

bands, centered at 750 and 119 cm–1, were detected. It

must be emphasized that, in the TET samples, the

Raman spectra of the anode and cathode surface are

different (Fig. 3).

The SEM micrographs of all samples are presented

in Fig. 4. For a clearly visualization of the particles

different amplifications were used. In the as-prepared

sample it was not observed the presence of particles. In

the surface and the fracture surface of the HT samples it

was observed the presence of particles with dimensions

of 0.9–1 lm (600 and 650HT samples—Fig. 4a–c).

When the heat-treatment temperature increases the

amount of particles increases (Fig. 4).

The presence of an electric field, during the heat-

treatment process, promotes the formation, in the sample

anode side, of a white layer with a thickness between 50

and 100 lm (600TET samples). In the cathode side

another layer, with a thickness of 40–60 lm, was

observed (Fig. 4c–positive surface of the 600B sample).

The same characteristics were observed in the 600B TET

sample. It was also observed, in the region near the

positive electrode samples side, a higher number of

particles when compared with that of the opposite side.

The size of these particles increases, in the TET samples,

with the rise of the applied field (Fig. 4d, e). In the 600B

sample the particle average size is 1.5 lm, increasing to

3.0 lm in the 600C sample. The number of particles

increases, in the fracture surface of these TET samples,

with the rise of the applied electric field.

The dc conductivity (rdc) decreases with the

increase of the HT temperature and the rise of the

applied electric field (Table 1). Figure 5 presents the

rdc temperature dependence. The dc activation energy

of the as-prepared sample, registered in Table 1, is

similar to that of the 600HT sample, decreasing in the

650HT sample. The Ea(dc) of the 600B TET sample is

similar to that of the 600HT sample but decreases in

the 600C sample.

The ac conductivity (rac), measured at room tem-

perature, shows a maximum for the 600HT sample

(Table 1.). When the thermoelectric field value in-

creases the rac decreases. The ac activation energy

(Ea(ac)) is, approximately, constant for all the samples

(Table 1). The rac increases when the measurement

temperature increases (Fig. 6).

Discussion

The transparent and yellow as-prepared sample

becomes translucent at 650 �C and opaque at 700 �C.

Fig. 1 Photograph of the
600C sample surfaces:
i—sample side in contact with
the negative electrode;
ii—sample side in contact
with the positive electrode;
iii—the 500 kV/m TET
sample at 600 �C (the major
scale represents 1 cm)
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These optical characteristics are an indication of the

presence of particles embedded in a glass network.

Nevertheless, it must be taken in account the number,

size and optical characteristics of such particles. If their

size and/or number is very small the transparency can

be kept. Moreover, if the difference between the

refractive indices of the crystallites and the SiO2-glass

matrix is minimum, it will lead to extremely low

scattering losses at the glass/crystal interface and the

transparency can still remained [15]. This phenomenon

is visible in the transparent Li2Si2O5 glass-ceramics,

containing micro size crystallites [16], which shows a

refraction index of ~1.5 [16, 17], closely to the 1.4 of the

SiO2 glass [18]. Thus, it becomes reasonable to assume

that the translucent aspect of the 650HT samples is

related to the LiNbO3 crystallites, which presents a

refraction index of ~2.2 [1]. Moreover, in the 650HT

sample the number and intensity of the LiNbO3 XRD

peaks is higher than that of the Li2Si2O5 peaks (Fig. 2),

suggesting a higher number of LiNbO3 crystallites

embedded in the glass matrix. However, in the

transparent 600HT sample, particles were observed,

by SEM, with an average size of 1 lm approximately

(Fig. 4a), but were not detected by XRD. This is an

indication of the amorphous or incipient crystallization

nature of the particles.

In the presence of an external electric field, the

600 �C treated samples becomes translucent and with a

white opaque coat in the anode surface side (Fig. 1-ii).

In the XRD patterns of these samples (Fig. 2), on the

contrary of that obtained for the 600 HT sample

(Fig. 2), the presence of crystalline phases was

detected. This indicates that the application of an

electric field promotes the crystallization of the LiNbO3

and Li2Si2O3 phases. It was observed that the use

of an electric field higher than 100 kV/m (we have

applied 500 kV/m) results in a higher current value

that flows in the glass, given origin to dark regions

(Fig. 1-iii). The appearance of these dark zones, in

accordance with the Kusz [19] and Zeng [20] studies,
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Fig. 2 XRD of the samples treated at 600 and
650 �C with and without an applied electric field
(· LiNbO3; s Li2Si2O5; the ‘‘+’’ represents the
sample side treated in contact with the positive
electrode and the ‘‘–’’ with the negative side)
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suggest the existence of an oxidation–reduction

reaction in the samples, activated by the electric field.

In agreement with Zeng et al. [20], the main oxidation–

reduction reaction can be summarized in the following

equations:

Anodic equation: O2� (glass network)! 1
2 O2 (glass

� anode interface)þ 2e�

Cathodic equation: Liþ ðglass networkÞ þ e� ! Li

ðglass - cathode interfaceÞ
However, and considering that the glass color

change after the TET, other processes can be possible.

For example the reduction of Nb5+ to a lower oxidation

state can occur [20, 21]. In agreement with the study of

ionic conduction in silicate glasses, reported by Kusz

et al. [19], the presence of dark regions, due to a redox

phenomenon, indicates the existence of oxygen ion

transport conduction mechanism during the treatment

process.

In the TET samples (600B; 600C), the rise of the

applied electric field promotes the increase of the

particles size (Fig. 4d, e). However, from the Raman

spectra (Fig. 3) analysis, it can be assumed that the

formation of the LiNbO3 crystalline phase is privileged,

in the positive electrode sample zone, due to the detection

of the bands at 630, 439–437, 370, 335–334, 280, 265,

239, and 180 cm–1, assigned to the NbO6 octahedrons

vibrations proceeding from LiNbO3 in crystalline form

[22–28]. The 750 cm–1 band, observed in the anode side
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of the 600C sample, is attributed to Si–O–Si vibrations

[23, 29] of the Li2Si2O5 phase. The 119 cm–1 band can be

assigned to Si–O–Si bending vibrations [23]. The small

penetration depth of the incident laser beam can justify

the differences between the Raman spectrum of the

600B+ and 600B– samples. Zhang et al. [34] shows that, in

amorphous silicate, the 514.5 nm incident laser wave-

length leads to a Raman penetration depth of 32.9 nm.

These results indicate that the 600B– Raman spectra

reflects only the sample surface characteristics. The same

happens with the 600C sample.

In the first reports where niobium phases were

inserted in glasses, the band between 800 and 940 cm–1

was attributed to the NbO6 isolated octahedrons

vibrations [24, 30]. The shift of this band to higher

wavenumbers is assigned to the increase of the degree

of the octahedrons distortion. However, in recent

works, it was suggested that the Raman vibrations in

the 870 cm–1 region can be due to NbO4 tetrahedrons

[27–29]. Thus, the existence in the Raman spectra, of all

the samples, of the 870 cm–1 band (Fig. 4), indicates

that some Nb ions are, probably, inserted in the glass

Fig. 4 SEM micrographs of
the 600HT (a), 650HT (b),
600B (c—section of the
positive electrode sample
side), 600B (d—cross section)
and 600C (e—cross section)
sample

Table 1 The dc conductivity (rdc) measured at 300 K, dc activation energy (Ea(dc)), ac conductivity (rac), measured at 300 K and
1 kHz, and ac activation energy (Ea(ac)) of all samples

Sample rdc (·10–8) [S m–1] Ea(dc) [kJ/mol] rac (·10–7) [Sm–1] Ea(ac) [kJ/mol]

As-prep 29.4 ± 0.39 58.47 ± 0.66 26.02 ± 0.58 37.37 ± 2.56
600 19.4 ± 0.16 59.03 ± 0.41 31.98 ± 0.71 39.04 ± 1.20
650 1.30 ± 0.31 54.10 ± 0.63 29.01 ± 0.69 38.52 ± 1.62
600B 9.58 ± 0.10 59.83 ± 0.84 22.67 ± 0.58 36.60 ± 1.17
600C 1.98 ± 0.68 55.74 ± 0.61 19.88 ± 0.68 36.22 ± 0.80
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matrix as network formers [9, 23]. However, the

inexistence in the Raman spectra, of the 800–850 cm–1

bands (Fig. 3), related with the Nb–O–Si non-bridging

bonds, indicates that the Nb ions, probably, are not

inserted in the glass matrix as network formers. Thus,

considering that the niobium ions are inserted, in the

silicate glass matrix, as network modifiers, the increase

of the HT temperature leads to a decrease of this ions

number in the network and consequent increase of the

crystallites fraction in the glass. The decrease of rdc

(Table 1), with the increase of the HT temperature,

should be related to the crystallites formation because

the decrease of free ions in the glass matrix will lead to a

diminishing of the conductivity. On the other hand, the

high resistivity of the LiNbO3 crystalline phase [1], and

the r~10–12 S/m [31], of the Li2Si2O5 crystalline phase,

at room temperature, will increase the glass-ceramic

resistivity. The dc activation energy (Ea(dc)), obtained

through the Arrhenius model (ln(rdc) vs. 1000/T -

Fig. 5) [11–12, 14], decreases from the 600 to the 650 HT

sample (Table 1—the Ea(dc) of the as-prepared sample

is similar to that of the 600 HT sample). The observed

decreasing should be associated to a diminishing of the

height of the free energy barriers of the glass matrix

quasi-lattice, making the jump process less difficult

and therefore contributing to a higher mobility. This

indicates that the charge carriers number will dominate

this conduction process. The rdc temperature depen-

dence profile (Fig. 2) is characteristic of a thermally

stimulated process. The increase of the conductivity,

with the increase of the temperature of measurement, is

justified by the increase of the charge carrier energy,

which makes the jump or hopping motion through the

glass matrix free energy barriers easier [32].

The ac conductivity (rac) behavior can be discussed

using the jump model [33] assuming that the hopping

motion of the ions is not a random process due to the

interactions that produce a correlated forward–back-

ward hopping [33]. Thus, in the TET samples, the

decrease of the rac (Table 1), with the rise of the applied

field, should be assigned to the decrease of the free ions

number and to the consequent increase in the LiNbO3

crystallites, whose dipoles are difficult to depolarize at

room temperature. However, the small fluctuations of

the ac activation energy (Ea(ac)—Table 1), with the

increase of the heat-treatment temperature, suggest that
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this activation parameter is dominated by the glass

matrix rather than by the crystallites characteristics or

the mobile ions.

Conclusions

A transparent glass with the composition of 60SiO2–

30Li2O–10Nb2O5 (mole %) was prepared by the melt-

quenching method. LiNbO3 and Li2Si2O5 crystallites

were precipitated in the silica glass matrix by heat-

treatment at 650 �C. The presence of an electric field,

during the heat-treatment, promotes the glass crystal-

lization at lower temperatures (600 �C).

The presence of a white layer, related to surface

crystallization, in the anode surface side of the TET

samples, shows that the electric field promotes a

localized particles precipitation. The rise of the applied

field increases the size of the LiNbO3 crystallites,

essentially in the sample side in contact with the

positive electrode. The Raman spectrum of the TET

samples shows that the LiNbO3 formation is privileged

in the sample anode zone.

The electrical conduction process of the 60SiO2–

30Li2O–10Nb2O5 glass and glass-ceramics, is domi-

nated by the charge carriers number.
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