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ABSTRACT

The electrical transport properties such as d.c.conductivity,HallCoefficient,Hall mobility and Thermoelectric
power of polycrystalline thin films of Bi,Se;, have been studied from liquid nitrogen to 300 K.The role of excess
Bi on grain boundaries and grain boundary potential was discussed and presented with a proposed Energy
Band Model
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I. INTRODUCTION

Bismuth Selenide and its alloys have received considerable attention for their application in thermoelectric
power conversion. This material has been used to fabricate Ideal Hall effect magnetometers[1], Thermopiles,
Hyper frequency power sensors and wide band radiation detectors[2].Thin films of this materials have been
investigated by electrical properties have also been reported by many workers [3,4,5,6].In this work,
experimental results like dc. Conductivity, Hall Effect measurements and thermoelectric power for

polycrystalline thin films of Bi,Se;., have been reported in the temperature range of liquid nitrogen to 300K.
I1. EXPERIMENTAL

The polycrystalline thin films of Bismuth selenide of size 21mmx4mm were grown from stoichiometric and 1-
4% bismuth excess charge by vacuum evaporation technique under a vacuum of approximately 6,665x10™*Pa
onto glass substrate preheated to 250°C.The film deposition rate was about 1nm/sec.The thickness of each film
was monitored using a quartz crystal thickness monitor.The electrical contacts on the films were made by
evaporating indium onto the films through a tantalum mask.The standard five probe Putley technique[18] was
used to measure the Hall coefficient and d.c.conductivity. The films were put in a specially designed vacuum
cryostat and acopper constantan thermocouple was used to measure temperature. Thermoelectric power

measurements were carried out in metal cell with provision for liquid nitrogen cooling.

I11. RESULTS AND DISCUSSION

3.1 D.C.Conductivity

The observed variation of d.c. conductivity as a function of temperature (160-333 K) for the polycrystalline thin

films A,B,C,D shown in the figures 3. to 5 A,B.C and D are four Bix Sel-x films having 1%, 2%, 3% and 4% Bi

content respectively. To identify the conduction mechanism, the electrical conductivity data are plotted in three

different ways in the figures 3., 4 and 5. Fig3. representsinc Vs 1000/T, fig. 4 represents Inc Vs T-1/4 and fig. 5
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represents In o7 Vs 1000/T. Table 111, 1V, and V represent the values of these variation respectively. It is
seen from fig. 3, that for a given composition the conductivity in the low temperature region increases slowly
with the increase of temperature. Above a certain temperature Ts, the increase in conductivity with temperature
is exponential. This indicates that as the temperature is increased (above Ts) the conduction mechanism is
changing. To confirm Mott's variable range hopping conduction in low temperature region (below Ts), the
conductivity data are repotted in Fig. 4 as Inc Vs T-1/4 it is observed that in the low temperature region (below
Ts), the conduction is in accordance with Mott's variable range hopping conduction as Inc Vs T-1/4. This
suggests that conduction mechanisms are different in the low temperature region and high temperature regions.

Another important feature which emerges out from these plots (fig .3.) is that the temperature Ts decreases with

increasing Bismuthpercentage. The high temperature conductivity data has been plotted in fig 5 as In r"/"'Vs
1000/T. The high temperature conductivity data has been analyzed in terms of Seto's [28] model for thermionic
emission of carriers over the grain boundaries according to which the conductivity is given by
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Where nav is the average carrier concentration in the samples, | is the average grain size of the sample, m* is

the density of the states effective mass of carriers and ]"‘ -E P cd)*‘ =Eo d

defines the activation energy for
the grain boundary limited conductivity.

The values of conductivity activation energy for all the films A, B, C and D are shown in Table II. It is found
that the value of Ec (conductivity activation energy) is decreasing with increase of Bismuth content in the films.
The decrease in the values of Eoc with the increase of Bismuth content shows that the grain boundary barrier
potential ®B decreases with the increase of Bismuth concentration.

As mentioned earlier the conduction in the low temperature range is due to variable range hopping (VRH). The

expression for VRH conduction as given by Mott [7,8,9] is

T
6 =0, c-\l’l~t'.—l°.-)' ]

(3.2)
vpy where the preexponential factor o, is given by Lemoine and Mendolia [10,29] as
o,=3 ¢ v, e I (3.3)
Here, vy, , is the Debye frequency (=3-3% 10”1 12) (117 and
T = i
K \(l‘l! ) (3.4)

Here, N (Ef) is the density of states at the Fermi level, lambda is a dimension less constant [30], alfais the decay

constant of the wave function of the localized states near the Fermi level and K is the Boltzman's constant. The

values of T, calculated from the slopes of In al /S LS (fig 4) for different composition are presented in
Table I. The other two parameters for Mott's variable range hopping namely energy W are calculated and given

in Table I. The expressions for R and W are the following [10,11,12,13,14]

R =|mzaval (3.5)
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N 3

~ 4aR* N (E,, 36)

Simultaneous solutions of eqns [3.3-3.6] yield,

N(E;)=5.5x10"(c,)’ T," ¢eV' em™ 3.7)

At T=100 K, the expressions of a. And R can be written as

1/4
, 563

@=64303 0, T, cm ' and R = [“\\—04}
aN(E;) (3.8)

Corresponding values of N (E) are calculated from egn. (3.7) and are given in Table I.

It can be seen from this table that L is of the order of 102 - 104 K and density of states near Fermi level

= (10" =10")eV 'em ™ wt . . _ _
is which are in good agreement with results obtained by others for

polycrystalline semiconductor [15,16]. It is also evident from the table that N (Er) decreases with increase of
Bismuth contents. The values of R and W calculated at 100 K are also listed in table I. For variable range
hopping conduction Mott required oo R >> 1. The present observations are consistent with these. It is further
evident from the table I that in these samples average hopping distance ‘R’ increases and hopping energy ‘W’
decreases with the increasing Bismuth content. This means that effect of grain boundaries which is responsible

for hopping conduction in the low temperature region is decreasing with Bi contents

e S R R
Figure 1 Figure 2
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Figure 4 Figure 3
Table-1 Values of Conductivity Activation Energy

S.No. Sample Specification Eoc (mev)

1. Film A (1% excess Bi) 137

2 Film B ( 2% excess Bi) 110

3. Film C (3% excess Bi) 86

4 Film D (4% excess Bi) 31.3

Table-2 Values of Various Mott’s Parameters
Sample Ty(K) To(K) N(EF) R at 100K aR W at 100 K
evicm?® (mev)
(10° cm)

Film A 274 3.84 x10° 4.64 x107 1.76 x 10” 1.66 9.45
Film B 259 4.0x10° 5.6x10% 1.0x 10™ 1.0 3.21
FilmC 222 625 1.7 x 10" 7.3x10° 0.59 3.45
Film D 215 256 1.46 x 107 8.4x107 0.47 276

It may be mentioned that To/T represents the degree of disorder in the material [16]. It is the ratio of
characteristic disorder energy to the thermal energy. The values of To for the films with 1% excess Bismuth and
4% of excess Bismuth are found to be 3.84x104 and 2.56 respectively which shows that latter films are less
disordered. It may be mentioned that the temperature range in which variable range hopping is predominant in
polycrystalline materials depends on the relative size of the grain (2) with respect to the Debye length LD. The
Debye length is defined as

EEKT,,

= -
o =l ¢‘N

3.9)
Where the dielectric constant and N is is the doping concentration of the samples. If | is << LD practically the
entire grain is depleted and variable range hopping will be effective over a wide range of temperature. On the
other hand if | >>LD the thermionic emission process is found to be dominant even at very low temperature
[15]. Thus the important features of d.c. conductivity data in the present experiment are as follows

1. D.C. conductivity increases with the increase of Bismuth content.
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2. For a given composition d.c. conductivity increases slowly with temperature in low temperature region, but
above a certain temperature Ts the increase in conductivity is exponential.

3. The value of Ts is found to decrease with increase of Bi content.

4. TO decreases with the increase of Bi content in the films.

4.2 Hall Measurements

The variation of the Hall coefficient with temperature (log Ry Vs 10%/T) for the films A,B,C and D having 1%,
2%, 3% and 4%. Bi content is shown in figure.3. The values of Ry for different films A,B,C and D is shown
Table I. It is observed from this figure that Ry decreases with the increasing content of Bi in Biy Se;. thin films.
This signifies that there occurs an increase in the carrier concentration with the increase of Bismuth content. It is
found that in all the films A,B,C and D, there is a similarity in the behavior of Ry with temperature. In the low
temperature region, the value of Ry with temperature. In the low temperature region, the value of Ry is
independent of temperature, which is a typical characteristic of a nearly extrinsic degenerate compound
semiconductor [19]. In the high temperature region (>200K), it is observed that there is decrease in Ry with the
increase of temperature. This is due to the fact that in the high temperature, the carriers in these films are
activated from the grain boundary region to the neutral region of the grain. The observed increase of carrier
concentration with the increase of excess Bismuth content further suggests the shortening of grain boundary due
to excess Bismuth and supports the conclusions drawn from the conductivity data.

The variation of Hall mobility with temperature (log £4, Vs 10°T) for all the films A,B,C and D with different

Bismuth content are shown in fig. 4. The mobility temperature variation for the films having 1% Bi content and
2%. Bi content is characteristic of a typical polycrystalline material. The slow increase of mobility with
temperature below 200 K is observed for these films. The result is consistent with the conclusion drawn from
the conductivity data viz, the charge carriers are trapped in grain boundaries. The faster increases of mobility
temperature variation observed in the high temperature region is due thermionic emission to transfer of charge
carriers from grain boundaries to the grain.

In order to estimate the grain boundary barrier potential the high temperature mobility data has been analyzed in
terms of Seto's model [20] according to which the mobility is given by the relation.

Fig. 3 Fig. 4
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The term u, depends on the average grain size (I) according to the relation.

Where B is a numerical constant, m the effective mass of charge carriers, e is the electron charge, k the
Boltzmann constant and the grain boundary barrier potential. The values of grain boundary barrier potential for
all the films are shown in table I1. The value of grain boundary potential ®g for the film A (1% Bi) is found to
be 55 meV. The value of ®g can be compared with the conductivity activation energy of 137 meV calculated
for this film from the conductivity data. It may be mentioned that for a polycrystalline material, the conductivity

activation energy can be given by the relation [21,22]
E,=E,+ed¢
Where Eo is the conductivity activation energy, E, the carrier activation energy and e®g is the grain boundary

barrier potential. In the present case the observed values of Ec and E, are respectively

Table 1l
Values of Grain Boundary Barrier Potential (¢g )
Sample Specification Dg(meV)
Bi.01 Se.99 35
Bi.02 Se.98 50
Bi.03 SS.97 25

4.3 Thermoelectric Power

The variation of thermoelectric power (S) with temperature (T) for different compositions (A,B,C and D) of
Bi XSel_X are shown separately in fig. 3 and combined in fig. 4 respectively. It is observed that thermoelectric

power is negative throughout the temperature range, for all the samples (A,B,C and D) suggesting that all

samples are n type, n-type conductivity maybe due to incorporation of excess selenium in the films [23]. For a
given composition of Bi XSeH it is observed that thermoelectric power increases with increasing temperature,

attains a maximum value and then decreases with the increase of temperature. This phenomenon may be due to
the degenerate nature of the material. Same phenomena have been observed by several workers in bulk Bismuth

Telluride [24,25] and bulk Bismuth Selenide [26,27]. It is observed that maxima of thermoelectric power
decreases with the increase of Bi content for different Bi XSeH composition. It is also observed from the fig. 4
that maxima of thermoelectric power v/s temperature variation shifts towards the lower temperature with the
increase Bi content in Bl XSeH compositions. The interpretation of these results in that effect of excess Bi is

to short the grain boundaries thus reducing the grain boundary barrier potential. This reduction the grain
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boundary barrier potential is responsible for the decrease in thermoelectric power of Bi,Se,  films with

increasing content of Bi. These results of thermoelectric power measurement are consistent with the

conductivity and Hall mobility data.

Fig. 3 (a)

Fig3 (b)

Fig. 3 (c)

Figure 3(d)
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Figure4

V. CONCLUSION

The interpretation of the present results is that the role of excess Bi is to short the grain boundaries, thus

reducing the grain boundary barrier potential ®g. A Energy band model has been suggested and illustrated in

fig. 4 under 4.1.A few cases of shortening grain boundaries due to excess metal have been observed in thin films

[17] of other semiconductor materials. The hopping conduction mechanism in polycrystalline materials arises in

grain boundaries. When a charge carrier is transferred from a negatively charged trap centre below the Fermi

level to a neutral trap centre above the Fermi level, a process which requires thermal activation. Further the high

activation energy observed at high temperatures corresponds to the excitation of the charge carrier from grain

boundaries to the neutral region of the grain.
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