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Thermoelectric power and electrical resistivity measurements have been carried out as a function
of temperature in the range 300-470 K on well-annealed thin films of Bi,Te; of various thicknesses
in the range 400-1900 A. The films of a given thickness for both the measurements have been
prepared simultaneously in a single evaporation so that the results of the thermoelectric power and
the electrical resistivity measurements can be combined to evaluate useful material parameters. An-
nealed Bi,Te; thin films of all thicknesses exhibit semiconducting behavior, viz., an exponential de-
crease of resistivity with increasing temperature and a mildly temperature-dependent thermoelectric
power, the latter’s magnitude increasing with increasing temperature. (The thermoelectric power of
all the Bi,Te; thin films is negative, indicating that the majority of carriers are electrons.) The
effective-mean-free-path model and least-squares fitting by local (spline) functions have been used to
analyze the thickness dependence of thermoelectric power and electrical resistivity of Bi,Te; thin
films. Both are found to be linear functions of inverse thickness. By combining the results of analy-
ses of electrical resistivity data and thermoelectric power data, material parameters like mean free
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path, carrier concentration, their effective mass, and Fermi energy have been evaluated.

INTRODUCTION

Bismuth telluride is a compound semiconductor of nar-
row band gap of 0.2 eV. Its promise as a good material
for thermoelectric applications has stimulated interest in
its basic properties. It is an amphoteric semiconductor.
Though tellurium deficiency leads to p-type conduction
and an excess gives rise to n-type materials, chemical and
x-ray analyses show no difference in composition between
p-type and n-type bismuth telluride.

Bismuth telluride belongs to the crystal class R 3m and
therefore possesses the associated anisotropy of transport
parameters. The atoms in bismuth telluride structure are
arranged in layers which are stacked in the rhombohedral
(111) direction. The high ratio of the electrical conduc-
tivity to the thermal conductivity makes bismuth tellu-
ride a good thermoelectric material. Properties such as
the resistivity, the Hall constant, etc., vary appreciably
with the composition, defects, and texture. Changes in
the semiconducting properties of the Bi-Te system with
nonstoichiometry are most pronounced in the compound
having a stoichiometric composition Bi,Te;. Stoichio-
metric Bi,Te; dissolves about 1% tellurium and does not
dissolve bismuth at all.

Even though a significant amount of work has been
done on Bi,Te; in the bulk state,!~7 a very limited
amount of work has been carried out on it in the thin-film
state.>~!! In the present study, thermoelectric and elec-
trical conductivity studies have been carried out on thin
films of various thicknesses; films of each thickness for
both the studies were prepared simultaneously.

EXPERIMENT
A stoichiometric mixture of pure bismuth and telluri-
um (2:3 atomic ratio) was melted in an evacuated quartz
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ampoule to prepare a high-purity bismuth telluride bulk
alloy. The alloy formation and its homogeneity were
confirmed by x-ray powder photography.

To prepare bismuth telluride films, the Bi,Te; alloy
was evaporated at a pressure of about 3 107> torr in a
conventional vacuum system. The films with thicknesses
varying from 400 to 1900 A, were deposited onto well-
cleaned glass substrates held at ~300 K during deposi-
tion and kept at a distance 30 cm away from the source
of evaporation, vertically above it. The glass substrates
were cleaned with warm fresh chromic acid, distilled wa-
ter, and isopropyl alcohol, in that order, before using
them for thin-film deposition. The films were deposited
at a constant rate of 10 A/sec. The thicknesses of the
films were monitored using a quartz-crystal thickness
monitor. The film dimensions were 31Xt cm for the
resistance measurements and 6.5X0.5X¢ cm for the See-
beck coefficient measurements, where ¢ is the thickness of
the film. Tin contact films were used for conductivity
measurements since silver and copper films were found to
react with the bismuth telluride films at the areas of con-
tact. The films of a given thickness for the Seebeck
coefficient and resistivity measurements were prepared in
a single evaporation using suitable masks. In each
evaporation, a given quantity of the bulk alloy was taken
in the boat and was completely evaporated at a fast rate
(10 A/sec) to avoid fractionation and to maintain the
same average composition in the thin films as that of the
bulk alloy.

All the measurements were made on well-annealed
films because the preliminary measurements made on as-
grown thin films both during heating and cooling cycles
showed that the variations of thermoelectric power and
electrical resistivity with temperature were different dur-
ing heating and cooling. During the second cycle of heat-
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ing and cooling the temperature dependence in the first
cycle-cooling curve was nearly reproduced. Films for
these preliminary measurements were prepared simul-
taneously with the final experimental films which were
subsequently annealed at about 470 K for one hour in
high vacuum to eliminate most of the irreproducible be-
havior. To anneal the films, they were slowly heated to
above 470 K at a pressure of 2X 107> torr and kept at
that temperature for about an hour. After annealing, the
films were allowed to cool down to room temperature in
vacuum.

The integral method was used to determine the See-
beck coefficient. As the temperature of the hot end
varied from 300 to 500 K, the temperature of the cold
end was maintained at a constant temperature of 300 K
(room temperature). The Seebeck coefficient, i.e., the
derivative of the thermal emf with respect to temperature
was calculated at different temperatures. Potentiometers
and sensitive null detectors (10~° A/div) were used to
measure the temperature and the thermal emf. The
thermal emf was measured to an accuracy of a microvolt.
A Wheatstone network was used to measure the resis-
tance to an accuracy of 1 ). Both the thermal emf and
electrical resistance measurements were made in the tem-
perature range between 300 and 470 K at intervals of 2 K
in a vacuum of 2 1073 torr.

RESULTS

Figures 1 and 2 illustrate that the temperature behav-
iors of the thermoelectric power and the electrical resis-
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FIG. 1. The variation of Seebeck coefficient as a function of
temperature for unannealed film of thickness 690 A during heat-
ing and cooling cycles.
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FIG. 2. The variation of resistivity as a function of tempera-
ture of unannealed film of thickness 690 A during heating and
cooling cycles.
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FIG. 3. The variation of Seebeck coefficient as a function of
temperature for films of different thicknesses.
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FIG. 4. The thickness dependence of Seebeck coefficient at different temperatures (300, 350, and 400 K).

tivity of as-grown (unannealed) thin films are different
during heating and cooling cycles. Therefore, to analyze
the temperature and size-effect behavior of thermoelec-
tric power and electrical resistivity, only the data of the
well-annealed Bi,Te; films were used. We emphasize that
during the second cycle of heating and cooling, the varia-
tions follow nearly the variation in the first-cycle cooling.

Figure 3 shows the temperature dependence of the
thermoelectric power with temperature of well-annealed
(at 470 K for 1 h) Bi,Te; thin films of different
thicknesses. It is seen from the figure that the magnitude
of thermoelectric power is high for all the thicknesses
and increases slowly and nearly linearly with increase in
temperature in all cases; this is similar to the behavior
during the cooling cycle of the unannealed films (after
heating) (cf. Fig. 1). However, it should also be pointed
out that the magnitude of the thermoelectric power value
of well-annealed films (Fig. 3) is slightly higher than that
of unannealed films during the cooling cycle (i.e., after
heating to about 470 K) [e.g., compare the thermoelectric
powers of the 690-A film in Fig. 1 during cooling with
that of the same thickness (but a different) film in Fig. 3].
This difference can be attributed to two facts. Firstly, the
heat cycled film (in Fig. 1) was at a temperature of 470 K
for a maximum of 5 min only while the well-annealed
films (in Fig. 3) were at the temperature of 470 K for 1 h.
Secondly, the film of Fig. 1 was only heated at one end
(the hot end) for the thermoelectric power measurement
during heating, and hence the temperature of only a part
of the film reached 470 K while the temperature of the
other parts varied between 470 K and room temperature
(~300 K). As the thermoelectric power increases (in
magnitude) on heating, this additional increase in the
magnitude of thermoelectric power of well-annealed films
is understandable and is due to the two reasons given
above.

To analyze the thickness dependence of thermoelectric
power, plots of thermoelectric power against the recipro-
cal of thickness at different temperatures were drawn.
The plots at all the three temperatures (300, 350, and 400
K) were linear. Figure 4 shows the least-squares-fitted
straight-line plots of thermoelectric power against re-
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FIG. 5. The variation of resistivity as a function of tempera-
ture for films of different thicknesses.
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FIG. 6. The thickness dependence of resistivity at different temperatures (300, 350, and 400 K).

ciprocal thickness at different temperatures. Also shown
in the figure are experimental points at 300 K.

The resistivity has been plotted as a function of tem-
perature in Fig. 5 for annealed films of different
thicknesses. Figure 6 gives the least-squares-fitted plots
of the resistivity of annealed bismuth telluride films at
three different temperatures (300, 350, and 400 K) as a
function of the reciprocal of thickness. Experimental
points at 300 K are also shown in the figure. The resis-
tivity also shows a linear dependence on inverse thickness
at all three temperatures.

DISCUSSION

In spite of detailed studies on the bulk compound, very
few systematic studies have been carried out on thin films
as mentioned earlier. The present study is an attempt to
understand the electrical properties of bismuth telluride
in the thin-film state.

It is seen from Figs. 1 and 2 that thermoelectric power
and resistivity of the as-grown (unannealed) films behave
radically differently from those after heating. During the
subsequent heating and cooling cycles, temperature
dependence of the thermoelectric power and resistivity
were similar to the temperature dependence during the
first cooling. Thus, the behavior of the unannealed films
changes irreversibly during the heating.

A. Temperature dependence of Seebeck
coefficient and resistivity

As seen from Figs. 3-6, Seebeck coefficient and electri-
cal resistivity of the annealed films are temperature and
thickness dependent. The temperature dependence of the
Seebeck coefficient of bismuth telluride films shown in

Fig. 3 can be explained as follows. Bismuth telluride is
an n-type semiconductor. The Seebeck coefficient of an
n-type semiconductor is given by'?

EC_EF

Sr= kT

o |*

5
S+ —

where E_ is the bottom of the conduction band, E; the
Fermi energy, and T the absolute temperature. e is the
electronic charge and k the Boltzmann constant. p is the
exponent of the power function in the energy-dependent
relaxation time expression. E.— Er is nearly constant as
T varies. The Seebeck coefficient is weakly temperature
dependent, the magnitude increasing with temperature.
Goldsmid'® observed that the Seebeck coefficient is tem-
perature dependent in the range 77 to 300 K. Goswami
and Koli® measured the Seebeck coefficient of thin films
above 300 K and observed a weak temperature depen-
dence, similar to our present observations. Mansfield and
William'* found that the temperature dependence of the
Seebeck coefficient depended on the carrier concentration
and degeneracy.

Drabble et al.'> measured the resistivity of bismuth
telluride in the interval 77 to 300 K. They found that the
carriers were strongly degenerate, and hence the resistivi-
ty increased with rising temperature. However,
Goldsmid'® observed the semiconducting behavior of
resistivity, which decreased with increasing temperature.
He also found that if bismuth telluride was properly
doped with halogens, the carrier concentration could be
varied from degenerate to nondegenerate. In the case of
one specimen, he was able to determine the band gap of
the material as 0.16 eV. Mansfield and William'* mea-
sured the resistivity as a function of temperature. They
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found that initially the resistance increased with tempera-
ture at low temperatures, but then decreased with a fur-
ther increase in temperature. They discussed their re-
sults, considering that extrinsic and intrinsic conductions
were comparable. In the present studies, all the films ex-
hibit semiconducting behavior in the range of tempera-
tures studied as seen from Fig. 5.

To examine the temperature dependence of the resis-
tivity in more detail, Inp versus 1/T plots were drawn as
shown in Fig. 7. It is clear from Fig. 7 that the plots are
linear for all the films. Thus, Bi,Te; thin films studied in
the present work exhibit the normal semiconducting be-
havior of exponential decrease of resistivity with temper-
ature. The activation energies calculated from the above
plots for the films of different thicknesses are tabulated in
Table I. They are in the range 12 to 35 meV but do not
depend on thickness systematically. However, it is seen
from Fig. 7 and the table that there is a tendency for the
activation energy to increase as the thickness decreases.
Goswami and Koli® measured the resistivity of films as a
function of temperature and found that the resistivity de-
creased with increasing temperature. Goswami and Koli
observed that Inp versus 1/T plots showed two slopes.
We find, however, that we get a good linear fit in the en-
tire region studied.

The discrepancies between the temperature depen-
dence of the thermoelectric power and resistivity (espe-
cially the latter) observed by earlier workers is most prob-
ably due to their measurements being made on the unan-
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FIG. 7. The variation of logarithmic resistivity as a function
of the reciprocal of temperature for films of different
thicknesses.
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TABLE I. The activation energies calculated from Inp, vs
1/T plots of films of different thicknesses.

Serial Thickness Activation energy
number (A) (meV)
1 400 29.3
2 560 17.2
3 690 35.3
4 940 26.0
5 1130 12.1
6 1880 12.7

nealed films and to their preparation under different con-
ditions, leading to thin films of different compositions
(stoichiometries) and different irreversible changes upon
heating. Our work shows that reproducible behavior of
Bi,Te; thin films can be obtained only after careful an-
nealing of the films to remove irreversible changes on
heating.

B. Thickness dependence of Seebeck coefficient
and electrical resistivity

In thin films, the surface and grain-boundary scatter-
ings should be taken into account along with the defect
scattering and phonon scattering, when its transport
properties are discussed. Sondheimer!” in his discussion
on the thickness dependence of resistivity, considered
surface scattering with the other normal bulk scattering.
He obtained the expression,

pr=po |1— 3(1—p) f]

L
2K, 5

1
x3 X

I —exp(—Kyx) !
X 1—p exp(—Kx) 1

where p, and p, are the film resistivity and bulk resistivi-
ty, Ko=t/l, where t is the thickness of the film and [/ is
the bulk mean free path. p is called the specularity pa-
rameter which gives the fraction of carriers which are
specularly scattered from the surfaces. x is the integra-
tion variable related to the angle of incidence of the
charge carriers at the surface 6, and is given by
x =1/cosf. The specularly scattered carriers do not con-
tribute to size effects in resistivity (and thermoelectric
power) of thin films as they are scattered without loss of
motion parallel to the surfaces. In the present study, we
assume p =0 so that all the carriers are diffusely scat-
tered from the surfaces and hence contribute to size
effects. Thus, a maximum amount of size effect is taken
to be present (and effective).

The analysis of the experimental observations using
this expression leads to the evaluation of bulk resistivity
and mean free path of the carriers. But the estimated pa-
rameters will be erroneous. This is because, in films, the
average size of the crystallites is proportional to film
thickness (a few hundred A) and hence grain-boundary
scattering becomes important in determining transport
properties.

Mayadas and Shatzkes,'® taking into account the



37 SIZE AND TEMPERATURE EFFECTS ON THE . . .

grain-boundary  scattering, modified the Fuch-
Sondheimer theory, but the expression in their theory is
complicated; therefore, a few attemptsw'21 have been
made to simplify the expression.

Tellier?! succeeded in deriving a simplified analytical
expression for the electrical resistivity of films as a func-
tion of thickness. In her analysis, she postulated a hy-
pothetical bulk having the same film texture and micro-
structure. This hypothetical bulk is nothing but the film
of infinite thickness. Because this bulk has the same mi-
crostructure (grain size and grain boundaries) as that of
the (polycrystalline) films, the mean free path of carriers
in the (ideal) bulk, /,;, will be different from that of the
infinite thick film (hypothetical bulk), Ig. The infinite film
resistivity p, will be higher than the bulk resistivity p;.
According to the effective-mean-free-path model, the
analytical expression for the film resistivity is

_ _ 1
Pr=pPg %5

1 —exp(—K,x)

1—p exp(—K,x)

In this equation also, the symbols p, p, and x have the
same meaning as before. The ratio K,=t//, is replaced
by the ratio K, =t /I, where [, is the mean free path in
the infinite thick film (or the hypothetical bulk); p, is its
resistivity. The above expression is identical to that of
Fuch-Sondheimer’s theory with the replacement of p, for
po and [, for [,.

The asymptotic expression when K,>1 is
pr=pol1++(1—p)/K,]. This equation is found to ex-
plain satisfactorily the variation of resistivity with thick-
ness of films of thicknesses greater than 0.1/,. Thus, the
experimental data on resistivity should exhibit a recipro-
cal thickness dependence as K,=t/l,, where ¢ is the
thickness. It is evident from Fig. 6 that indeed resistivity
of Bi,Te; thin films varies linearly with the reciprocal of
thickness not only at room temperature (300 K) but also
at 350 and 400 K.

At 300, 350, and 400 K, the resistivities of the infinite
thick film are 0.98, 1.0, 1.0 mQcm. Ainsworth* found
that the ingots prepared by him had a resistivity about 2
mQ cm. Drabble et al.'’ measured the resistivity of sin-
gle crystals as 1.2 mQ cm. Goldsmid!® prepared bulk ma-
terials of resistivity varying from 0.2 to 1 mQcm. The
mean free paths determined by us at 300, 350, and 400 K
are 5540, 4360, and 3680 A. These values are less than
the values obtained by Goswami and Koli, 2 viz., 5960
and 5540 A at 300 and 350 K.

Mayer®® was the first to analyze the thickness depen-
dence of the Seebeck coefficient of thin films. He took
into account only the surface scattering, in addition to
bulk scattering. A few more theories?*~2¢ have analyzed
the thickness dependence of the Seebeck coefficient, but
the effective-mean-free-path model developed by Pichard
et al.,?® taking into account the grain-boundary scatter-
ing, is the simplest basis for discussion.

According to this model, the Seebeck coefficient of a
thin film S is given by
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s,=s, |1- %Ll_ﬁg_ _U_

t 1+U
where S, is the Seebeck coefficient and /, is the mean free
path of carriers in the infinite thick film. U is the ex-
ponent of the energy term in the energy-dependent mean
free path, ¢ the film thickness, and p the specularity pa-
rameter. It is clear from the above expression that the
thermoelectric power should also depend linearly on the
reciprocal thickness of the thin films. It is evident from
the plots of Fig. 4 that the thin-film thermoelectric power
is linearly dependent on the inverse thickness of the films
at all three constant temperatures (300, 350, and 400 K).

If the microstructure of the films used for thermoelec-
tric power measurements and electrical resistivity mea-
surements is the same, the mean free path for conduction
will be the same in the two sets of films. Then, it is possi-
ble to combine the results obtained from the analysis of
both the resistivity data and thermoelectric power data
and obtain useful material parameters like Fermi energy,
electron concentration, and electron effective mass. As in
the present study, films for both thermoelectric power
and electrical resistivity measurements were prepared
simultaneously in a single evaporation, and each evapora-
tion was similar to the other; we can safely assume that
the microstructure of the films used for the two measure-
ments is the same. Hence, the results from the analyses
of thermoelectric power and resistivity measurements can
be combined.

From the plot of S, against 1/, the intercept on the y
axis gives S, and the slope can be used to estimate U, the
exponent in the energy-dependent mean-free-path expres-
sion, using the mean-free-path value evaluated from the
conductivity data. The estimated Seebeck coefficient
values of the infinite thick film S, at 300, 350, and 400 K
are —130, —132, and —133 yVK“. Using the mean
free path calculated from the thickness-dependent resis-
tivity data, the exponent U estimated has values 0.04,
0.05, and 0.07 at these temperatures. The values are very
small, and hence the mean free path of the carriers is al-
most independent of energy.

Mayadas and Shatzkes'® have shown that 1/p,/,
=1/pyly. From the free-electron theory, therefore,

1/3
n?/3

1/polo= “—‘ﬁ——=1/p31g )

1
3

where n is the carrier concentration. Using the values of
pg and [, the carrier concentration has been calculated at
300, 350, and 400 K. The values are found to be
1.10x10'7, 1.40x 10", and 1.80 10'7 carriers per cm>.

The Fermi energy Er has been evaluated from the See-
beck coefficient data using the expression for the Seebeck
coefficient of the infinite thick film,

—7%k*T
Sg= 3eE; (1+0).

Using the calculated carrier concentration and Fermi en-
ergy, the effective mass m* of the carriers has been deter-
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TABLE II. Comparison of the evaluated parameters with the published results.
Serial Temperature
No. Parameter (K) Present work Published results
1 Electron 300 1.1x 10" 9x 10" (at ~300 K)*
concentration (cm~?) 350 1.4 10" 2x 10"
400 1.8x 10" 48X 10" (at 77 K bulk)®
2 Electron mean 300 5540 5960°
free path, I, (A) 350 4360 5540°¢
400 3680
3 Fermi energy (meV) 300 60 40°
350 60
400 60
4 Effective mass (m,) 300 0.014 1.00
0.32¢
0.105¢
0.101*
350 0.017
400 0.020
5 (Hypothetical) Bulk 300 0.98 1.2 (ideal bulk)®
resistivity (p,) 2.0 (ideal bulk)f
(mQ cm) 350 1.00 0.2-1.0 (ideal bulk)®
400 1.00 (at ~300 K)
6 (Hypothetical) Bulk 300 130
thermoelectric power, S, (uV/K) 350 132
400 133
7 Exponent U (see text) 300 0.04
350 0.05
400 0.07

#Reference 27.
YReference 15.
‘Reference 8.

dReference 28.

mined using the expression

2
% (37*n)*/3 .

*

EF= 2

The various estimated parameters are tabulated in Table
IT and compared with those found in literature.

Since the carriers are partly degenerate, the effective
mass of the carriers is much less than the values quoted
in the literature. As the effective mass has been calculat-
ed in the present work using the above expression, its
value depends directly on the carrier concentration n (as
an?’®) and inversely on the Fermi energy Er. From
Table IT we find that our effective-mass values are of the
same order as that reported earlier. However, our carrier
concentration values are lower by a factor of 5 to 10 or
more. Hence, the effective-mass values arrived at by us
are also lower by a factor greater than 10. However, it is
also evident that the carrier concentration values ob-
tained by other earlier workers also differ by an order or
more. Similarly, the effective-mass values obtained by
other earlier workers also differ by an order (0.1 to 1.0).
Apparently, the effective mass of the carriers depends on
their concentration and degeneracy or otherwise. How-
ever, this is very speculative and much more work in that

“Reference 29.
fReference 22.
8Reference 13.

direction is needed before anything further can be said
about the discrepancy.

CONCLUSIONS

The Seebeck coefficient and resistivity of Bi,Te; thin
films have been measured in the temperature range
300-470 K. The unannealed films show anomalous
characteristics and irreversible behavior on heating.
Therefore, the thermoelectric power and electrical con-
ductivity data obtained only after annealing the films (at
about 470 K for 1 h) have been used for the study of the
size and temperature effects in Bi,Te; thin films. The
Seebeck coefficient and the resistivity of the annealed
films have been found to be thickness and temperature
dependent. The resistivity variation with temperature for
annealed films shows good semiconducting behavior and
Inp versus 1/T plots show a simple linear fit in the tem-
perature range studied. The effective-mean-free-path
model has been used to analyze the size effect of both the
resistivity and the thermoelectric power of bismuth tellu-
ride thin films. The parameters such as the carrier con-
centration, the mean free path, and the effective mass
have been determined. The estimated values have been
compared with the quoted values in the literature.
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