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Characterization of Ge-Bi-S glass by thermal,
electrical, switching and optical measurements
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A study of the synthesized Ge,,sBi;S;05 glassy system has been carried out. Differential
thermal analysis data indicate the retention in the as-quenched sample of two amorphous
phases. Thermal conductivity, \y, measurements on bulk sample reveal that the main
contribution to | is due to phonon thermal conductivity. Thermal evaporation of the
synthesized ingot gives films with Ge,;BissS7,5 as composition. The values of the activation
energy and the pre-exponential factor calculated from the direct current electrical
conductivity above 53 °C suggest that carrier conduction occurred between extended states
in these films. The |-V characteristics in the off-state and the switching phenomenon are
investigated. A memory switch with a threshold voltage decreasing with temperature is
detected for the studied films. Optical parameters such as absorption coefficient, optical gap
and refractive index are also determined. Comparison with binary Ge-S glass reveals that
the addition of Bi introduces additional absorbing states at band edges. © 7998 Kluwer

Academic Publishers

1. Introduction

Bi—Ge chalcogenide glasses have received great atten-
tion [1-5]. In contrary to other Ge chalcogenide
glasses, which are normally always p-type, even with
the addition of impurities, the ternary alloys
Bi,Ge, ,S0 5_,, With x in the vicinity of 0.07, can
switch the conduction from p- to n-type. Several
mechanisms have been given to account for conduc-
tion-type reversal. Nagel et al. [6] have carried out
extensive measurements of material characteristics.
They proposed their model of percolating Bi,B;
(B =S or Se) regions. Tohge et al. [7] assumed that
the six-fold co-ordinated Bi atoms in Bi,Ge, ,Bg 5
produce Bi~, explaining the n-type conductivity.

Elliot and Steel [8] have undertaken EXAFS
measurements on a series of samples with x > 0.06:
a mechanism involving the suppression of positively
charged structural defects and the consequent unpinn-
ing of the Fermi level is proposed to account for the
doping effect. Bahatia et al. [9, 10] studied X-ray
diffraction (XRD), differential thermal analysis (DTA)
and electrical measurements under high pressure.
They argue that carrier type reversal is due to the
effect of Bi dopants on the positive correlation energy
defect present in Ge chalcogenides. Phillips [11] used
the constraint theory to give a two-phase model with
x = 0.06 as the threshold for the transition.

Recent structural studies of Ge-Bi-S (Se) glasses by
Raman spectroscopy and XRD are performed and
many results are reported [12—-14]. The Raman spec-
trum reveals a new broad asymmetric peak at
175cm ! whose intensity increases with Bi content.
This is attributed to the Bi,S; structural unit [14].
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This paper reports some new results of a systematic
study for amorphous Ge—Bi-S chalcogen prepared as
bulk or evaporated films. XRD and DTA have been
carried out to test the structure. Thermal conductivity,
direct current (d.c.) conductivity and switching phe-
nomenon have been studied. Characterization of the
optical parameters such as optical gap, absorption
coefficient and refractive index is also given. Compari-
son with some results of the binary Ge-S glass
prepared under the same conditions has been also
considered.

2. Experimental procedure

The bulk glass Ge-Bi—S was prepared in the conven-
tial way [15] by melting a mixture of five nine-purity
elements in an evacuated silica ampoule (total batch
5gm) at 1000°C for 15h with continuous rotation.
The ampoule was then quenched in ice water. Thermal
evaporation of the studied films was carried out using
an Edwards E-300A coating unit under conditions
mentioned elsewhere [5]. The films were deposited
onto corning glass substrate for electrical conductivity
and optical measurements and onto pyrographite for
switching experiments.

Structural investigation was carried out using an
XRD equipped with nickel filtered CuK, radiation
(wavelength A = 0.154 nm). DTA of the prepared ma-
terial was performed using a Shimadzu model DT-30
with a uniform heating rate of 10 °C min~!. Chemical
analyses of both bulk and thin film material were
monitored by carrying out quantitative analysis
(energy dispersive spectroscopy, EDX) on a Joel 6400
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scanning electron microscope with a Link-eXL EDS
detector. The data were processed through a ZAF
correction program contained within the Link-eXL
package.

Thermal conductivity was measured for bulk sam-
ples (0.326 cm) in a home-made cell using the steady
state longitudinal heat flow divided bar method [16].
Electrical conductivity and thermoelectric power
measurements for films were carried out under vac-
uum (1073 Pa) in a specially designed cryostat. Gold
electrodes of 1 cm long and distant by 0.1 and 1.5cm,
respectively, for conductivity and thermoelectric
power measurements were evaporated into the film in
a coplanar configuration. For thermoelectric power
measurements two heaters immersed in the port-sub-
strate are controlled to give a temperature difference
of 2°C between the two electrodes. The induced po-
tential difference was recorded using 616-Keithley
electrometer. The switching experiments were carried
out with the sample sandwiched between two brass
electrodes. The details of the used cryostat are given
elsewhere [17]. The transmittance, T, and the reflec-
tivity, R, patterns for optical measurements were ob-
tained in the spectral range 0.35-2pum for normal
incidence on the film surface using a double beam
Perkin Elmer spectrophotometer model Lambda-9.
A virgin corning glass substrate was placed in the
reference compartment of the apparatus to obtain the
exact T and R patterns of the studied film.

3. Results and discussion

3.1. Structure and composition

The EDX analysis give the compositions
Ge,, sBi,S,;, s and Ge,, ,Big S, 5 for the as-
quenched material and the evaporated thin films, re-
spectively. These results reveal that there is a change
in the chemical composition of the starting material
during the evaporation process. A content of Bi of
approximately 7 at % was chosen as it was detected to
give very interesting properties [6-8].

As the synthesized material was only 5gm weight
and quenched in ice water, it is expected that the
incorporated Bi content is most favourable for glass
formation. The absence of crystallinity is confirmed by
the XRD pattern given in Fig. 1. Typical DTA ther-
mograms of the studied glass, in powder form, are
illustrated in Fig. 2. Well resolved double crystalliza-
tion peaks, T, and T, at 370 and 505 °C, respectively,
with two glass transitions, T, and T, , at 280 and
430°C are observed. These results reveal the presence
of two phases in the Ge,, sBi;S,, 5 glass studied.

3.2. Transport properties
3.2.1. Thermal conductivity

The thermal conductivity, {, of a semiconducting
material can be defined with respect to a steady state
flow of heat along a specimen within which there
exists a temperature gradient, AT as [16]

V= x(dT/dx)/AT (1)

where y is the thermal conductivity coefficient of the
brass rod (y = 0.16calcm™!'s 'k~ ! as determined
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Figure 1 The XRD pattern of as-quenched material (a) and evapor-
ated film (b).
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Figure 2 Typical DTA thermogram of the material in powder form.
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Figure 3 The temperature dependence of the thermal conductivity,
V, of the bulk sample (a). For comparison, a plot (7)) of binary
Ge,4S6 glass is also given (b).

experimentally) and dT7/dx is the temperature
gradient across it. The thermal conductivity of the
Ge,, sBi,S4¢.5 glass was measured as a function of
temperature up to a value well below the correspond-
ing T,. The results obtained are plotted in Fig. 3. For



comparison, the results of Ge,4S-¢ glass are also given
[18]. As observed, the thermal conductivity increases
with temperature in the considered range.

It is well known that the thermal energy is transfer-
red through the specimen at T > 300K by phonon
(lattice vibration), electrons, electron—hole pairs (bipo-
lar) and photons [19]. The contribution of these car-
riers to \y are considered to be additive. The electronic
and bipolar thermal conductivity, . and {,,, have
been calculated for the samples studied using the
Wiedman—Franz law [20]

Ve = LdysT 2)
Vop = (3/4n* ) [(AE/KT) + 417 3)

where L is the Lorenz number, AE the conduction
activation energy, T the absolute temperature, k the
Boltzmann constant and & the d.c. electrical conduct-
ivity.

The values of . and \,, measured at 25°C are,
respectively, 8.69 x 107 '* and 3.29 x 10~ ! calcm !
s 1k ! for Ge,4S7¢ and 42 x 10713 and 59 x 10~ 1!
calem ™ 's 'k ™! for the ternary Ge,, sBi-S7¢.5. Al-
though the contribution of \,, is greater than . by
about two orders of magnitude, both of them can be
neglected as compared with the measured thermal
conductivity given in Fig. 3. The photon contribution
is also excluded because it is reported to be only
effective at high temperature [21]. Thus one can argue
that the main contribution to the thermal conductivity
of the studied samples is due to phonon thermal con-
ductivity, . This can be calculated in solids by the
simple Debye expression [22]

\ljph = % vaphL (4)

where C, is the thermal capacity per unit volume,
v,y the propagation velocity and L the main free path
of the thermal waves.

L (taken to be in the order of the average distance
between ordering regions in amorphous semiconduc-
tors, i.e. approximately 1.2 nm) is assumed to control
the variation of s, as both C, and vy, of solids were
found to depend weakly on temperature [23,24]: i.c.
the variation of s with temperature given in Fig. 3 can
be attributed to the trend of L with temperature.

The plots of y(T') given in Fig. 3 also show that the
addition of Bi to the binary glass decreases the value
of \r all over the studied temperature range. The struc-
ture of Ge,S;_, glass in the S rich region was de-
scribed by Phillips [25] to be dominated by (S), chains
and Ge(S;,,)4 corner-sharing tetrahedral. As Bi is ad-
ded, this structure is detected by Raman spectroscopy
[14,26] to be composed of GeS, and Bi,S; structural
units with Sg molecules incorporated in the structural
network. These structural changes may increase lattice
crosslinking, thereby decreasing the phonon mean free
path. This may explain the decrease detected for the
thermal conductivity of the ternary glass with respect
to the binary one as displayed in Fig. 3.

3.2.2. Electrical conductivity
The plot of d.c. electrical conductivity, 5, as a
function of temperature for studied Ge,o ;Big.8S75 5
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Figure 4 D.c. electrical conductivity, 3, as a function of temperature
for the film studied.

amorphous films with a thickness of 1.852 um is given
in Fig. 4. As shown in the figure, the plot of &(1/T)
gives a straight line over the temperature region above
T =53°C. It can therefore be described by the
Arrhenius relation [27]

8 = Cexp(— AE/KT) (5)

where C is the pre-exponential factor. Values of
8,5 (the conductivity measured at 25 °C, AE and C are,
respectively, 2.2 x 1077 (Qem) ™, 0.99 eV and 3.5 x
10'° (Qcm) ™. These high values of both AE and
C suggest that electrical conduction takes place be-
tween extended states beyond the mobility edges [27].
Below T = 53 °C, the plot deviates from linearity, thus
reflecting the beginning of a second conduction mech-
anism due to the onset of hopping conduction be-
tween localized states. These states may arise from the
lack of long-range order in the amorphous network.
Bhatnager et al. [28] give AE =0.88¢V for
Ge,oBi4S+6 bulk glass, while Tichy et al. [29] reported
a value of 0.97 eV for Ge,z.1Bis.35¢5.6. A systematic
study of the variation of resistivity with composition
for Ge—Bi—S bulk glasses gives evidence that d.c. elec-
trical conductivity in these bulk glasses can be con-
trolled by percolation and, consequently, the
transition from p- to n-type conduction appears at
a percolation threshold of 7-9at%Bi [29]. Our
studied Ge,q 7Big S+, 5 films were also detected to
exhibit n-type conduction, as a negative sign of the
Seeback coefficient is detected for these films.

3.2.3. Switching

Switching consists of the transition from a state of
high resistance (OFF) to one of low resistance (ON).
The transition is generated by the application of a spe-
cific voltage called the threshold voltage, V. In
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Figure 5 The static I-V characteristic curve of the film studied (a).
Results of the amorphous Ge,,4S-¢ film (b) are also given. Symbols
(x) and (o) refer, respectively, to the data taken with increasing and
decreasing voltage.

memory switching once the current is suppressed, the
ON state remains. The switching phenomenon has
been detected for various chalcogenide glasses [30,
31]. In fact, memory switches have been widely used in
memory circuits and logic arrays [31].

Both static and dynamic I-V characteristic curves
were studied for the Ge,( ,Big gS+5.5 film of 1.852 pm
thickness. The room temperature static I-V character-
istic of this composition is given in Fig. 5. Results of
the binary Ge,4S+¢ films are also given for compari-
son. As shown in the figure, the curves have character-
istics typical of a memory switch. In this case the
amorphous film underwent structural alteration. This
does not mean full ordering to the crystalline state
occurred. Rather, under the action of a high electric
field the structural units changed position and bond-
ing status. As a result, highly conductive regions
(channels) were formed in the amorphous network.

It is assumed that the thermal effect causing the
structural alteration rose by Joule heating, caused by
leakage of the current prior to switching [31]. Lower
values of the threshold voltage are therefore expected
to occur as at which the I-V data are detected the
temperature of the film is increased. To investigate the
variation of threshold voltage with temperature,
V. was recorded for each composition at different
temperatures ranging between 22 and 100 °C (< T,).
The results show a decrease of V', with increasing
temperature. The plots of (In V,,) versus (10°/T) for the
compositions studied yield straight lines, as illustrated
in Fig. 6. The dependence of V,;, on temperature can
therefore be expressed by [32]

Vin = Voexp(E/KT) (6)

where V, is a constant and E is the threshold
voltage activation energy. The observed temperature
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Figure 6 Temperature dependence of the threshold voltage, V,, for
the film studied (a) and for binary Ge,4S+¢ film (b).
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Figure 7 Variation of absorption coefficient, o, with photon energy,
hw, for the film studied (a). Results for the amorphous Ge,4S+¢ film
are also given (b).

dependence of the threshold voltage on temperature
can be understood in terms of a thermal model for the
preswitching region. The switching process itself is
interpreted as an electronic process brought about by
thermal effects. The trend of the threshold voltage
with temperature has a small value of slope, as values
of E =0.22 and 0.19 eV were calculated, respectively,
for the binary and the ternary films studied. Values of
0.18 and 0.41 eV were determined, respectively, for
Ge,oTe,¢Se o and Se;oGe,(Sb,, glasses [33,34].

3.3. Optical properties

The absorption coefficient, o(w), is calculated for the
Ge,.7Bi6.8S7,.5 films studied according to the rela-
tion [35]

a(w) = (1/d)In[(1 — R)*/T] (7)

where d is the film thickness. Fig. 7 shows the vari-
ation of a(w) with photon energy, Aiw, for the film
studied (d = 1.852 um). The plot of (ahw)!/? versus Aw
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Figure 8 A plot of (afiw)'/? versus hw for the film studied (a) and for
the binary Ge,4S5¢ film (b).

is given in Fig. 8 for the same sample. Results for the
binary Ge,4S-¢ film are also plotted for comparison.
The intersect of the straight line with the abscissa in
Fig. 8 gives the optical gap, E,, according to the
relation [36, 37]

ahw = B(Eq — hw)’ ®)

where B! is the edge width parameter, with s = 2 and
E, = 1.8 eV for the ternary composition. Tichy et al.
[29] reported a value of 1.97 eV for E,, (the optical
gap at o = 10°cm ™ !). The additional absorption tail
shown at lower energies in Fig. 8 indicates that the
presence of Bi creates some defect and/or energy dis-
order states located at the band edges.

The refractive index, n, can be calculated in the
long-wavelength region where the material is weakly
absorbing according to the relation

4nd = M )

where M is an integer (even at the transmittance
maxima). The values 1/A at the interference maxima in
the experimental transmittance spectrum were used to
obtain the order M [38,39]. Fig. 9 gives the variation
of n with A for the Ge,q ;Big 3S7, 5 film studied. It is
clear that n varies slightly with A over the energy range
studied.

The effect of annealing on the value of n has been
also studied. Fig. 9 displays the variation of n with
A measured after annealing the same film at 120 °C for
2h. As shown in the figure, n increases from 2.38 to
2.74 at low energy ranges (hw = 0.68 eV). Since n in the
low absorbing region is related to the static dielectric
constant, g, expressed by [40]

g1 =n* =1+ 2/3(hw,/Eg)* (10)

29

x
XX x x ¢

25 o
o
° 0 056 o

| 1 1
0.8 1.2 1.6 2.0
A (pm)

Figure 9 Variation of the refractive index, n, with the wavelength, A,
for the film studied: as deposited (a) and annealed at 120 °C (b).

where w, is the plasma frequency of the valence elec-
trons, related to the material density; and Eg the Penn
gap which determines the bond strength. The increase
recorded for n may hence be attributed to the detect-
able increase in the density of the material from 4.37 to
4.66 gmcm~* with annealing at 120 °C.

4. Conclusions

We have undertaken a systematic study of synthesized
Ge,,.5Bi,S4¢.5. DTA reveals the retention of two truly
glassy phases in this system. These data clearly indi-
cate that the addition of approximately 7 at % Bi to
the Ge—S system modifies the structure of the amorph-
ous network.

The thermal conductivity, \, experiments on bulk
samples show that the main contribution to s is due
to lattice thermal conductivity and that s increases
with increasing temperature. Comparison with the
binary Ge,4S+¢ glass shows that Bi addition decreases
slightly the thermal conductivity due to greater cross-
linking of the amorphous network.

Thermal evaporation of the synthesized
Ge,, 5Bi,S5q.5 yields films with an excess of S atoms
and a corresponding deficit in those of Ge. The com-
position of the evaporated films is Ge,q. -Big.8S75 5.
The d.c. electrical conductivity measurements of the
n-type films give a value of 0.99 eV for thermal activa-
tion energy for carriers excited between extended
states. The static I-V characteristic curves of the de-
posited films give evidence for a memory switch with
a threshold voltage, V', decreasing with temperature.
Optical investigation of the films gives an optical gap
of 1.8eV and a refractive index, n (0.68), of 2.74.
Comparison with the binary Ge,4S-4 system indicates
that Bi addition introduces some defects and/or
disorder that create additional absorbing states at
band edges.
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