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EFFECT OF BISMUTH ON THE ELECTRICAL PROPERTIES OF a-GexSeso
GLASSES

G. Singh, J. Sharma, A. Thakur, N. Goydl, G. S. S. Saini, S. K. Tripathi’

Centre of Advanced Study in Physics, Panjab University, Chandiharh-160 014, India

The present paper reports the effect of Bi impurity (low ~ 4 at. % and high ~ 10 at. %) on the
ac conductivity (cy) Of aGexSey glass. Frequency dependent ac conductance and
capacitance of the samples over afrequency range of 100 Hz to 50 kHz has been taken in the
temperature range of 268 K to 360 K. At frequency 2 kHz and temperature 298 K, the value
of ac conductivity (c4) decreases at low concentration of Bi (4 at. %). However, the value of
G4 iNncreases @ higher concentration of Bi (10 a. %). The ac conductivity is proportiona to
o° for undoped and doped samples. The value of frequency exponent (s) decreases as the
temperature increases. The dielectric constant (k) slightly decreases at low Bi concentration
and increases at higher Bi concentration. These results have been explained on the basis of
some structural changes at low and higher concentration of Bi impurity.
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1. Introduction

Germanium Sdenium system exhibits properties, which are unusual, and possibly unique,
relative to other semiconductors. These unusua characters have obviously added much flavour to
the stimulated study. Amorphous semiconductors from Se-based system such as GeSe,«x have
attracted much attention in recent years. GeSein« IS being actively investigated as high efficiency
semiconductors for xerography, switching and memory devices and reversible phase change optical
recording [1-3]. Exposure to light or heat that excites d ectron-hole pairs produces structural changes
in nearly all chalcogenide glasses. The results change with atomic configuration and a subsequent
change in the physical properties such as structure, optical and dectrical properties of the materia
[4, 5].

The physicd properties of these glasses are influenced by the presence of inherent defects.
The doping (p or n type) of these glasses had been a serious problem in the past as most of these
glasses showed p type conduction even after incorporation of various impurities. However, it has
been reported [6, 7] that Ge,xSes «Biy alloys show a sign reversal of thermo power from p to n type
a a farly large concentration of Bi (x > 7 a. %). Two mechanisms have been proposed to
understand the n-type conduction in these Bi-doped glasses. The first one is based on the evidences
for the phase separation at microscopic leve dueto the presence of Bigatoms [8, 9]. The second one
is based on the structural studies due to the presence of positively charged Bis" or Bi,” atoms
[10,11]. Inthe first case, the n-type conduction is due to the microcrystalites of n-type conducting c-
Bi,Se; embedded in the rest of glassy matrix while on the contrary, in the second case, it is due to
the relative decrease in inherent D* defects. However, studies on the role played by defects in
bringing out n-type conduction in Bi doped glasses are very rare. These inherent defects in
chal cogenide glasses originate in the rearrangements taking place at the preva ent chain ends (D" and
D" charged dangling bonds or C;* and C; intimate valence-alternation pair, IVAP) [12,13]. These
defects giveriseto the states in the gap and affect the transport mechanism in cha cogenide glasses.
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The present paper reports the temperature and frequency dependent ac conductivity of
(GexSes)100xBix, Where x = 0, 4 and 10 a. %. Measurements indicate that how the dectrica
properties of GeySeyy change after the doping with Bi. These interesting results have been explained
on the basis of the structura changes occurring in the material due to the doping of Bi. Section 2
describes the experimental details. The results have been presented and discussed in section 3. The
last section dea s with the conclusion of this work.

2. Experimental

For the present work, the glassy materials have been prepared by taking the constituent
dements (99.999% pure) in required atomic weight percentages. The materials were then mixed
together and the mixture was seded in a quartz ampoule (length ~10cm, diameter ~1cm) under a
pressure of ~10"° Torr. These ampoul es were mounted in a furnace for hesting. In the beginning, the
temperature of the furnace was raised slowly and kept constant at melting temperature of constituent
eements (271 K for Bi, 490K for Se, and 1210 K for Ge) for about two hours each. Thetemperature
was then raised and mai ntained at about 50 K more than the highest melting point of the constituents
(1260 K) for about 24 hours. The ampoules were immediately cooled in liquid nitrogen, for the
material to go into the glassy state. The glassy materials, in the form of ingots, were obtained by
breaking the ampoules. To verify the amorphous nature of glasses, the X-ray diffraction (XRD)
study on al samples was done (Philips X-ray generator, modd PW1729 along with a PW1710
diffractometer). No peaks have been observed for the materials prepared by above-mentioned
technique, thereby confirming that the prepared materials are amorphous in nature.

Compressed pellets are prepared by grinding the bulk-ingots into fine powder and
compressing the powder in a die under a hydraulic press (pressure 10° Kg/n). While making
compressed pdlets, one must ensure that the powder is compressed to maximum compacti on so that
there are no voids in the sample. A three termina sample holder has been fabricated for the
measurement of ac conductivity of the pdlet shgped samples. Provision has been made for
measuring the vacuum inside the sample holder. Besides that, a thermocouple has been inserted
inside the sample holder and is kept d ose to the sample for the measurement of correct temperature.
A built in micrometer has been provided for the measurement of samplethickness. Cylindrical brass
jacke has been used as outer cover to provide excdlent eectromagnetic shidding. A low
temperature bath (Julabo F-70 VC/K) has been used for controlling the temperature of the samples.
Vacuum pumping system (model VS-65D, H.H.V India) has been used to achieve a vacuum, up to
10 to 10”° Torr inside the sampl e holder. A general Radio Bridge (Modd 1615-A) was used for the
measurements of frequency dependent ac conductivity and didectric constant of the materias
having large resistivity. The bridge consists of an audio oscillator (modd 1311), a tuned amplifier
(modd 1232-A) and a null detector, which permits balance to a resolution of one part in a million.
This bridgeis designed for the precise measurements of capacitance and conductance. Its direct read-
out system minimizes the reading errors and permits rapid operation.

3. Results and discussion

Figs. 1-3 show the frequency dependence of measured conductivity for the undoped
GexpSep and doped (GexpSen)ssBis and (GexpSes)woBiin samples respectively at  different
temperatures. From these figures, it is clear that 0. = Aw®, where sis frequency exponent and A isa
constant. The decrease in slope with increasing temperature indicates that the value of s decreases
with increasing temperature.

Fig. 4 shows the temperature dependence of the frequency exponent s for dl the samples. It
is clear from the figure that the value of s decreases with the increasing temperature and with the
increase in doping concentration. This decrease is more in case of higher Bi (10 at. %) doping
concentration as compared to the lower Bi (4 at. %) concentration. At low temperatures, this value of
s approaches the same in case of low Bi concentration with the undoped one.
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The decreasein sis more at higher temperatures in both Bi concentrations. However, at high
concentration of Bi (10 at. %), this value of s is always less as compared to the undoped one at dl
temperatures. Fig.s 5-8 show the frequency dependence of k at the four different temperatures for
Gex0S830, (GE20SEs0)96Bia AN (GE20Ses0)90Bi10 SAMPI €S.
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These figures indicate that the value of k decreases in case of low concentration of Bi as
compared to the doped sample However, areversal in thetrend occurs at higher concentration of Bi.
The vadue of k increases in case of high Bi concentration (10 at. %).
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Figs. 9-11 show the temperature dependence of ac conductivity of GexSeso, (Ge0S€s0)9sBi4
and (GexSeso)9oBig samples at 2 kHz, 10 kHz and 20 kHz respectively. From the figures, it is clear
that the value of conductivity increases with temperature more in case of pure and low doped
samples. However, in case of higher doping concentration of Bi, theincrease in conductivity is small
with temperature. The conductivity of GexSes slightly decreases in case of low Bi concentration,
particularly a higher temperatures. However, a large increase in conductivity has been observed at
higher Bi concentration at all temperatures. Figs. 12 and 13 show the temperature dependence of k at
two different frequencies 2 kHz and 20 kHz. These figures indicate that the value of k is dlightly less
than the undoped sample in case of Bi (4 at. %) concentration at all temperatures. However, this

valueincreases drasticaly in case of high Bi concentration (10 at. %) at all temperatures.
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Using a modified Correlated Barrier Hopping Mode (CBH) [14,15], the above results can
be easily explained. According to this modd:

o, = 2—2 72NN, 'R, ° )

where nisthe number of polarons involved in the hopping process, R, is the hopping distance for
the condition wr=1 and is given by [14]:

4ne’

R =
Y E{w+KTIn(wr)}
The value of frequency exponent sis calculated from equations (2) and (3), and is equal to:
_d(no,) _. 6kT

S= 1 €)
d(Inw) W — KT In[1/ ar,]

)

NNp isgiven by:
NN, = NT2 (For bipolaron hopping) (4

where Nt isthe number of density of states.
NN, = N, exp(-U /2KT) (For single polaron hopping) (5)

The total conductivity is the combined mechanism of these processes. These processes are
bipolaron hopping between D* and D™ centers, single polaron hopping between D° and D™ centers
and D° and D* centers. Here, W is equal to Wy, which is dightly less than the band gap for
bipolaron hopping. However, it is equal to W, and W, for the two types of single polaron hopping,
which are substantially less than Wy, for bipolaron hopping. The smaller vaues of W, and W, for
single polaron hopping means that the value of R,, is much greater for single polaron hopping as
compared to bipolaron hopping Eg. (2).

Earlier, experimental studies have shown that addition of Bi in GexSesxBix brings down
the optical gap from 2.0 eV at x = 0to nearly 1.2 eV for n-type conducting samples [7]. Tohge et al.
[16] have also observed an increase in the photoconductivity drastically after the Bi addition. Bhat et
al. [17] have shown the role of defects in carrier type reversal in Bi doped Ge-Se glasses by
photol uminescence spectroscopy. They have shown the compositions at lower Bi content exhibit
luminescence with fine features associated, while the compositions that show n-type conduction do
not exhibit luminescence The identification of the associated fine features, carried out by
deconvoluting the experimental spectra, reveals that Bi addition brings out ardative diminishing in
D" defects as compared to D™ ones. This is possible, if Bi atoms added enter the glassy matrix as
positive defects. For Bi to go as positive defedt, it has to have a coordination number of less than its
vdence i.e 5. Earlier structura studies like EXAFS, Raman and IR showed that the coordination
number of Bi is three with positive charge on it. Takahashi [18] has shown areduction in hole drift
mobility as compared to dectron drift mobiliy with the addition of Bi. This can be understood as the
D" and D" defects act as € ectron and hol e traps respectively.

So, Bi having coordination number three appears more convincing as it can be made
consistent even with the phase separation evidences [9]. This Bi atom, which exists as positively
charged defects with three nearest Se neighbours in Ge-Se glassy matrix, brings out an imbaance in
D" - D defect pairs. An additiona consequence of Bi atoms entering as Bis" defects in the glassy
matrix is the avail ability of extra ectrons in the conduction band extended states [19]. These two
changes combined with the setting in of microscopic inhomogeneties in the form of aBi,Se; can
lead to a condition where in the Fermi leve (Er) can no longer be pinned [9]. A shift in Er towards
the conduction band brings out n-type conduction a higher Bi content in Ge,xSey glass.

So, it is clear from the above discussions that the addition of Bi changes the carrier type
reversal (p-n transition) in GexSesp glass. As the doping concentration increases, the bipolaron
hopping contributi on decreases due to the decrease in the density of defect states. But single polaron
hopping contribution is going to increase because of the shift of the Fermi levd towards the
conduction as discussed earlier. Due to the shift of Er towards conduction band, W, will decrease
and it seems that single polaron hopping starts to dominate over bipolaron hopping a higher Bi
doping concentration (i.e 10 at. %).
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4. Conclusions

Electrica conductivity measurements have been done in undoped GeSesy and doped with
Bi low and high concentrations. Frequency dependent ac conductivity measurement at different
temperatures show that the value of conductivity slightly decreases at low concentration (4 a. %) of
Bi and increases drastically at higher concentration of Bi (10 at. %). Die ectric constant also follows
the same pattern at low and high Bi concentrations. The value of s decreases at both concentrations
at high temperature. It is observed that the addition of Bi brings out a reduction in the rdative
concentration of D" as compared to D™ defects. This imbalance accompanied by the contribution of
extra e ectrons brings out n-type conduction in Bi doped glasses. Due to the shift of the Fermi levd,
single polaron hopping starts dominating over bipolaron hopping at higher concentration of Bi.
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