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Electrical and thermal properties of semiconducting
Fe2O3–Bi2O3–Na2B4O7 glasses

A. Al-Hajry, A.A. Soliman∗, M.M. El-Desoky1

Physics Department, College of Science, King Khalid University, P.O. Box 9004, Abha, Saudi Arabia

Received 28 January 2004; received in revised form 9 September 2004; accepted 13 September 2004
Available online 27 October 2004

Abstract

xFe2O3–(25− x)Bi2O3–75Na2B4O7 glasses withx= 5, 10, 15 and 20 mol% were prepared by press-quenching from glass melts, and their dc
conductivity (σ) were determined in the temperature range 300–473 K. It is found that the dc conductivity increased from 10−9 to 10−5 S cm−1

with increasing Fe2O3 content. The small polaron hopping (SPH) model of Mott is used for the interpretation of the temperature dependence
of the activation energy. Results of thermal analysis performed at different heating rates on these glasses are reported and discussed. From
t n
e ssed.
©

K

1

i
t
t
t
c
A
h
L
i
f
i
b
f

u

C

g the
glass
quire

imi-
ate
cture

tion
The
small
e
ions
-
isted

ating
eri-
entu-

tion
efore

0
d

he heating rate dependence of the glass transition temperature (Tg) and the peak temperature of crystallization (Tp) values of the activatio
nergy for glass transition (Et) and the activation energy for crystallization (Ec) are evaluated, and their composition dependence is discu
2004 Elsevier B.V. All rights reserved.
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. Introduction

Extensive studies have been carried out on semiconduct-
ng oxide glasses containing transition metal ions owing
o interests in their conduction mechanism and glass struc-
ure [1,2]. There are relatively few reports on Fe2O3 con-
aining semiconductor glasses[3,4]. Besides, some Fe2O3
ontaining glasses exhibit ferromagnetic behavior[5,6].
mong Fe ion containing oxide glasses are types that ex-
ibit magnetism; ferromagnetism is observed in glasses of
i 2O3–Bi2O3–Fe2O3 system prepared by twin roller quench-

ng [6]. Thus, Fe ion containing glasses are likely to exhibit
erromagnetism as well as semiconduction, if any glass hav-
ng a high electrical conductivity at room temperature can
e obtained. Hence, the glasses are expected to be used,

or example, as sensors using magnetoresistance effect. On
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borate glasses, a lot of work has been going on durin
last decades, especially concerning an optimization of
preparation, investigation of properties and effects to ac
information about the structure of glasses[7,8]. Particularly
the last point leads to the question of a relation or even s
larity of the internal structure of chemically identical bor
melts, glasses and crystals and a mutual influence on stru
formation[9].

Electrical conduction of glasses containing transi
metal oxides (TMOs) is known to be semi-conducting.
conduction in these glasses has been interpreted by
polaron hopping (SPH) model[10–13]. Small polarons ar
charge carriers trapped by self-induced lattice distort
that extend over the near surrounding[14,15]. The trans
port of these quasi-particles consists of phonon-ass
hopping.

When a glass material is heated at a constant he
rate in a differential scanning calorimetry (DSC) exp
ment, the material undergoes structural changes and ev
ally crystallises. In addition to the exothermal crystalliza
signal, the DSC trace shows an endothermic signal b
anal University, El-Arish, Egypt. crystallization signal occurs: the glass transition peak. This
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calorimetric glass transition is generally considered to be due
to changes in the amorphous structure, which approaches a
thermodynamic equilibrium state as the temperature of the
system is increased[16–18]. Like the crystallization peak,
the position of the glass transition signal depends on the heat-
ing rate[19]. It is, therefore, tempting to make a Kissinger
plot [20] of the glass transition signal and calculate activa-
tion energy from the slope. However, whilst this procedure
has been shown to yield a physically meaningful activation
energy for the crystallization peak[21,22], there is no a pri-
ori reason to believe that this is also the case for the glass
transition signal.

In this paper, the electrical and crystallization parameters
of xFe2O3–(25− x)Bi2O3–75Na2B4O7 glasses withx= 5,
10, 15 and 20 mol% are examined by dc conductivity and the
DSC thermograms. Also, the structure of these glasses was
studied before and after heat treatment using X-ray diffrac-
tometer.

2. Experimental

Reagent grade Fe2O3 (99.9%), Bi2O3 (99.9%) and
Na2B4O7 (99.99%) were used as raw materials. The homo-
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Fig. 1. XRD pattern of 20Fe2O3–5Bi2O3–75Na2B4O7 glass: (a) as-
prepared and (b) fully crystallized.

3. Results and discussion

3.1. X-ray diffraction

The XRD examination confirmed the amorphous nature
of the as-prepared 20Fe2O3–5Bi2O3–75Na2B4O7 glass as
shown inFig. 1. The powders annealed at 970 K for 2 h,
showed the existence of two crystalline phases. The first and
dominant phase is the rhombohedral Fe2O3 witha= 5.0356Å
and c= 13.7489Å (PDF2 file no. 33-0664). The second
weak phase is the hexagonal B2O3 with a= 4.3358Å and
c= 8.3397Å (PDF2 file no. 72-0626). These results agree
well with the behavior of as-prepared and heat-treated sam-
ples seen later from DCS curves.

3.2. dc conductivity

In many cases, the electrical conduction in glasses con-
taining TMOs, have been proved to be electronic in nature.
The conduction process is believed to occur by electron hop-
ping between the ions existing in different valence states in
the glass. For example, if a glass contains iron oxide, hopping
will take place between the Fe2+ and Fe3+ ions

Fe2+ → Fe3+ + e−

a ivity
i

1 con-

2
3 arge

d
4
t
t K.
eneous mixture was taken in a platinum crucible and pl
n a furnace. Melting was carried out in controlled conditi
t temperature ranging from 1420 to 1470± 5 K for 1 h with
ccasional stirring and was then poured onto a polished
er kept at room temperature and was immediately press
similar copper block. The amorphous nature of the gla
nd the identification of the phases crystallizing in the g
uring the differential scanning calorimetry (DSC) runs w
scertained by X-ray diffraction (XRD) using a Shima
RD 6000 diffractometer. Powder of each glass sample
canned in the range from 2θ = 10–80◦ using Cu K� radiation
λ = 1.5406Å). The dc conductivity (σ) of the as-quenche
lasses was measured at temperatures between 300 and
nd under a constant dc voltage. The value of the cu
t different temperatures was measured using a picoa
Keithley 485 Autoranging Picoameter). Silver paste e
rodes deposited on both faces of the polished samples
–V characteristic between electrodes was verified. The
al behavior was investigated using a Shimadzu DS
ifferential scanning calorimeter. The temperature and
rgy calibrations of the instrument were performed using
ell known melting temperatures and melting enthalpie
igh purity tin, lead and indium supplied with the instrume
amples in the form of powders weighing around 20 mg w
ealed in platinum pans in an atmosphere of dry nitrog
flow of 30 ml/min and scanned from room temperatur

bove the exothermic peak at different heating rates ran
rom 10 to 35 K/min. The values of the glass transition t
erature,Tg and the peak temperature of crystallizationTp
ere determined using the software supplied with the a

atus.
mong the different factors, which influence the conduct
n the glass are the following:

. The average distance separating ion sites (total oxide
centration).

. Fe2+/Fe3+ ratio (number of carriers).

. The annealing effects on the degree of ordering (ch
mobility).

Fig. 2shows the Arrhenius plot of log (σ) between 300 an
73 K. Deviation from a linear curve occurs aroundθD/2 (θD:

he Debye temperature). These glasses hadσ from 2.5× 10−9

o 2.52× 10−5 S cm−1 at temperatures from 300 to 473
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Fig. 2. Temperature dependence of dc conductivity,σ, for different glass
compositions. The solid lines are calculated by using the least-square tech-
nique.

Fig. 2 clearly gives the linear relationship between log (σ)
and 1/T. The slope of the curves, which gives the activation
energy for conduction, however, has two different values, and
increases towards higher temperatures. According to Austin
and Mott[11], the electrical conductivity and temperature for
the glass containing TMO is related by arrhenius equation:

σ =
(σo

T

)
exp

(−W

kT

)
(1)

whereσo is a pre-exponential factor,W the activation energy
andk the Boltzman constant.

In Fig. 2, the dc conductivity varied linearly against 1/Tat
the two temperature regions, indicating that the conduction
of the present system is mainly electronic[13,23]. In the low
temperature region (T< θD/2), the transport is attributed to be
electronic, while at the high temperature region (T> θD/2) the
Bi3+ and Na+ ions may become mobile and participate in the
conduction process, similar to that for some alkali phosphate
and borate glasses containing iron[13,24].

Fig. 3shows the plot of activation energy,W, and electrical
conductivity at fixed temperature (443 K) as a function of
Fe2O3 content. It is observed that as the percentage Fe2O3
increases the activation of electrical conduction decreases and
electrical conductivity increases. Such a behavior is a feature
of SPH in this system[10–13]. The high value of activation
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Fig. 3. Effect of Fe2O3 content on dc conductivity,σ, and activation energy,
W, for different glass compositions. Lines are drawn as guides for the eye.

provides the reason why the coulombic binding force of the
bismuth ion is affected by the type of transition metal ions
(TMI), which is located at a neighboring site. The change in
the binding force may cause the change in the bismuth ion
mobility (bismuth ion is probably not very mobile), due to
the large difference in ionic sizes of Fe and Bi leading to
the smaller values of mobility and increase of stability and
decrease of conductivity[26,27]. On the other hand, increas-
ing of non-bridging oxygen ions with increasing iron oxide
may increase the thermal stability of the present glasses (see
Fig. 6)

3.3. Thermal analysis by DSC

Typical DSC curves of the as-prepared 20Fe2O3–
5Bi2O3–75Na2B4O7 glass as recorded at different heating
rates are shown inFig. 5. The characteristic features of
the investigated thermal curves were as follows; firstly an

F
f

nergy and low value of electrical conductivity are sim
o those for V2O5–BaO–B2O3 and Fe2O3–Na2P2O6 glasse
1,25].

Fig. 4shows that the values of electrical conductivity
rease as the concentration of ions increases. This is d
a) the small ionic size of the iron when compared with
f bismuth ion and (b) the large concentration of Fe2+ ions.
enerally, it is known that addition of bismuth oxide to
lass decreases the electrical conductivity as a result
rease of bridging oxygen ions. This may decrease the
tructure (i.e. the non-bridging oxygen ions), through w
he charge carriers can move with lower mobility. This re
ig. 4. Effect of Fe2O3 content on dc conductivity,σ, atT= 343 and 443 K
or different glass compositions.



184 A. Al-Hajry et al. / Thermochimica Acta 427 (2005) 181–186

Table 1
Data ofTg for various compositions

Glass no. Nominal composition (mol%) Tg (K) at various heating ratesα (K/min) B in Tg =A+B ln α

Fe2O3 Bi2O3 Na2B4O7 10 15 20 25 30 35

1 5 20 75 677.2 680.2 683.2 685.5 687.9 689.8 10.04
2 10 15 75 678.6 681.9 684.2 686.8 689.8 691.2 10.01
3 15 10 75 680.5 684.0 687.0 689.1 692.0 693.5 10.45
4 20 5 75 682.7 686.5 688.5 691.8 694.1 695.7 10.37

endothermic peak corresponding to the glass transition, at a
temperatureTg. Secondly, the crystallization processes show
two exothermic crystallization peaks (Tp1 andTp2), as con-
firmed above by XRD.

3.3.1. Glass transition
The variation ofTg with Fe2O3 content for these glasses

(Table 1) is shown inFig. 6. There is a small increase in
Tg by about 5.5 K as the Fe2O3 content increased from 5 to

F
g

F
N

20 mol%. The value ofTg varies by about 13 K (Table 1) as
the heating rate is varied from 10 to 35 K/min. When Bi2O3
is substituted for Fe2O3, the Fe–O–Fe bonds are broken and
new bonds such as Fe–O–Bi and Bi–O–Bi bonds are proba-
bly formed, causing a decrease in conductivity and thermal
stability with increasing Bi2O3 content in the glasses[28].Tg
represents the strength or the rigidity of the glass structure.
Therefore, drastic changes inTg cannot be expected by in-
crease in Fe2O3 content, which results in isostructural units
of nearly same bond strength.

Two approaches are used to discuss the dependence ofTg
on the heating rateα. One is the empirical relationship of the
form [29]

Tg = A + B ln α (2)

whereA and B are constants for a given glass composi-
tion. The results ofFig. 7 indicate the validity of this rela-
tionship for thexFe2O3–(25− x)Bi2O3–75Na2B4O7 (where
x= 5, 10, 15 and 20 mol%) glasses for all the heating rates
range 10–35 K/min. The constantB in the above expression
has a value of 10.21 for all the present glasses (Table 1).

The other approach is the use of the so-called Kissinger’s
formula [30] for the evaluation of the activation energy
for glass transition,Et. For homogeneous crystallization
w
ig. 5. Continuous heating DSC curves of 20Fe2O3–5Bi2O3–75Na2B4O7

lass at different heating rates.
ig. 6. Variation ofTg with composition forxFe2O3–(25− x)Bi2O3–75
a2B4O7 glasses withx= 5, 10, 15 and 20 mol% at different heating rates.
ith spherical nuclei, it has been shown[31,32] that the

Fig. 7. Tg vs. lnα for different glass compositions.
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Fig. 8. ln (α/T 2
g ) vs. 1/Tg for different glass compositions.

dependence ofTg onα is given by:

ln

(
α

T 2
g

)
= −Et

RTg
+ const (3)

whereRis the universal gas constant. Plots of ln (α/T 2
g ) versus

1000/Tg for these glasses indicated linearity for all the heating
rates range 10–35 K/min (seeFig. 8). Et is found to have a
value of 3.97 eV.

3.3.2. Activation energy of crystallization
The values ofTp for two phases of the various composi-

tions are listed inTable 2for the six heating rates studied.
Fig. 9(a) and (b) show, respectively the composition depen-
dence ofTp for the two phases (Fig. 9) of the investigated
glasses at various heating rates. For the first phase, the value
ofTp shows nonlinear (Fig. 9(a)) small decrease as the Fe2O3
content is increased from 5 to 20 mol% while for the second
phase (Fig. 9(b)) the dependence ofTp on the Fe2O3 content
is linear.

For the evaluation of the activation energy for crystalliza-
tion (Ec) from the variation ofTp with α, the Kissinger’s

Table 2
D

G

1

2

3

4

Fig. 9. Variation ofTp with composition forxFe2O3–(25− x)Bi2O3–75
Na2B4O7 glasses withx= 5, 10, 15 and 20 mol% at different heating rates
for (a) the first peak and (b) the second peak, respectively.

equation can be used as follows:

ln

(
α

T 2
p

)
= −Ec

RTp
+ const (4)

Fig. 10shows the ln (α/T 2
p ) versus 1000/Tp data for one of

the compositions. Values ofEc for the two phases obtained
from similar plots for the investigated glasses are listed in
Table 3

The activation energies to be considered in a crystalliza-
tion process are the activation energy for nucleation (EN),

Table 3
Data ofEc for various compositions

Glass no. Ec (eV)

1st phase 2nd phase

1 3.71 3.90
2 3.45 3.58
3 3.07 3.23
4 1.83 2.49
ata ofTp andEt for various compositions

lass no. Et (eV) Tp (K) at various heating ratesα (K/min)

10 15 20 25 30 35

3.76 823.4 830.0 834.8 836.7 840.1 842.8 Tp1

910.8 913.9 916.6 921.6 928.6 933.4 Tp2

3.81 808.2 811.4 818.9 822.4 823.1 824.6 Tp1

900.1 903.6 906.4 910.8 918.3 924.2 Tp2

3.71 796.7 803.9 810.1 814.3 816.0 817.8 Tp1

891.2 899.2 904.2 907.7 911.5 918.6 Tp2

3.74 769.1 780.5 786.2 794.6 799.1 802.3 Tp1

881.1 895.0 898.5 903.1 908.8 911.28 Tp2
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Fig. 10. Kissinger’s plot of ln (α/T 2
p ) vs. 1/Tp for 20Fe2O3–5Bi2O3–

75Na2B4O7 glass for first and second peaks.

activation energy for crystal growth (EG) and that for the
whole process of crystallization, called the activation energy
for crystallization denoted byEc [33]. The thermal analysis
methods enable the determination ofEc [34,35]. It has been
pointed out[36] that in non-isothermal measurements, gen-
erally due to a rapid temperature rise and big differences
in the latent heats of nucleation and growth, the crystal-
lization exotherm characterises the growth of the crystalline
phase from the amorphous matrix; nucleation is more or
less calorimetrically unobservable at temperatures below the
crystallization exotherm, or it takes place very rapidly and im-
mediately after overheating of the material in the initial stages
of the crystallization exotherm, which results in the deformed
beginning of the measured exotherm. Therefore, the analysis
gives the value of the activation energy for crystal growth,
EG. Based on this, the value ofEc (listed inTable 3) can be
taken to represent the activation energy for growth,EG, of
these glasses.

4. Conclusions

Semiconducting xFe2O3–(25− x)Bi2O3–75Na2B4O7
glasses withx= 5, 10, 15 and 20 mol% were prepared by
the press-quenching technique from the melts and the dc
c The
i
3 for
t n
( hile
a
i ction

process. The crystallization exotherms of these glasses have
been analyzed under non-isothermal conditions. Using the
Kissinger method, different activation energies are obtained
and the composition dependence ofEc is also discussed. It is
assumed that the Kissinger activation energy comes mainly
from the growth activation energy.
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