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Thin films of different thicknesses have been vacuum deposited onto clean glass plates held at room
temperature using the flash evaporation technique in a vacuum of 231025 Torr. The structural
characterization of the bulk and the thin films was carried out using x-ray diffraction, transmission
electron microscopy, and selected area electron diffraction techniques. Electrical resistance and
thermoelectric power of the films were measured in the same vacuum of 231025 Torr in the
temperature range 300–450 K. The conduction activation energy of the films was calculated using
the electrical resistivity and thermoelectric power data of the films. The thickness dependence of the
activation energy observed is attributed to the polycrystalline nature of the films. Grain growth and
reorientation of the grains take place during the annealing process. The thickness dependence of
electrical resistivity and thermoelectric power of the films are explained by the effective mean free
path model @C. R. Tellier, Thin Solid Films 51, 311 ~1978!#. The important physical parameters like
mean free path, Fermi energy, power index of the energy dependant expression for the mean free
path, the hypothetical bulk resistivity and the thermoelectric power have been calculated by the
combined analysis of electrical resistivity and thermoelectric power. The electron-phonon scattering
mechanism is found to be dominant in the material. © 1999 American Institute of Physics.

@S0021-8979~99!05214-7#

I. INTRODUCTION

Semiconducting thermoelements find applications in
thermoelectric devices like power generators, refrigerators,
IR devices, etc. Currently, Bi2Te3 , PbTe and Si–Ge alloys
are found to be the most important thermoelectric materials.
Bi2Te3 semiconductors exhibit a higher thermoelectric figure
of merit than the other two semiconductors. Solid solutions
of Bi2Te3 and Bi2Se3 are found to enhance the thermoelec-
tric figure of merit further above that of the Bi2Te3 material
due to the reduced thermal conductivity.1 There have been a
number of works on thermoelectric power, electrical resistiv-
ity, Hall coefficient, etc. of Bi2Te3 –Bi2Se3 semiconductors
in the bulk state.2–14 However, there is not much work in the
thin film state on these materials. In this article, we report the
size effect analysis of thermoelectric power and electrical
resistivity of Bi2Te3 –Bi2Se3 ternary alloy thin films of a
particular composition x50.9 among Bi2(Te12xSex)3 solid
solutions. Thickness and grain size are related nearly linearly
with each other. Hence, the dependence of various properties
on the thickness and the grain size are similar.

II. EXPERIMENT

A bulk alloy of Bi2(Te0.1Se0.9)3 semiconductor was pre-
pared by melting the required amounts of elements in an
evacuated (231025 Torr! quartz ampoule by heating it in a
muffle furnace. The system was kept at the melting points of
each of the elements for one day. Then, the temperature was

increased to just above the melting point of the alloy system
and was maintained at that temperature for two days. The
quartz ampoule was shaken frequently during this period to
ensure thorough mixing. After this, the temperature was re-
duced to just below the melting point of the alloy system and
the alloy system was annealed at this temperature for four
days. Finally, the temperature was gradually decreased to
room temperature.

The bulk alloy thus obtained was powdered into tiny
particles and was used as charge for preparing the thin films,
using the flash evaporation technique. The powdered par-
ticles were taken in a basket, attached to which there was a
hollow cylindrical tube. Just below the bottom end of this
tube was a rectangular tantalum boat which was connected to
two electrodes for heating it. The basket was vibrated using a
relay switch due to which the particles ~charge!, guided
through the hollow cylindrical tube, would fall onto the hot
boat which was maintained at a temperature much above the
boiling point of the alloy. This led to an instantaneous evapo-
ration of the alloy particles. The vibration of the basket was
controlled by adjusting the voltage supplied to the relay
switch, and hence, the deposition rate was also controlled to
the same value ~15 Å/s! for all films. Films were grown at
room temperature onto ultrasonically cleaned glass plates.
Thickness and deposition rate were monitored using the
quartz crystal monitor.

Thin films were structurally characterized using x-ray
diffraction ~XRD!, transmission electron microscopy ~TEM!
and selected area electron diffraction ~SAD! techniques.
Electrical resistance was measured in vacuum as a function
of temperature in the temperature range 300–450 K. Thermala!Electronic mail: vddas@acer.iitm.ernet.in
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emf across the thin films was also measured in the tempera-
ture range of 300–450 K in vacuum using the integral tech-
nique using copper as the other material of the thermocouple.
Large area copper pad pressure contacts were used for the
measurement of electrical resistance and thermal emf of the
films. Copper–Constantan thermocouples were used for the
temperature measurement. Electrical resistance value of the
films for our studies are found to be of the order of a few
kiloohms ~above 2 kV), whereas the cotact resistance value
is found to be tens of milli ohms, which is too small com-
pared to the electrical resistance of the films. Electrical re-
sistance was also measured using tin contacts ~precoated be-
fore deposition of the films!. It was found that the film
resistance measured using the tin contacts agreed well with
that measured using copper pad contacts. We have used large

area (.1 cm2) copper pad contacts to ensure that there is a
perfect very low resistance, ohmic electrical contact. The
contact resistance is of the order of few tens of a milliohms.

III. RESULTS AND DISCUSSION

XRD patterns shown in Figs. 1 and 2 for the bulk alloy
and the thin film, respectively, reveal their polycrystalline
nature. The larger number of sharp peaks observed for the
annealed film compared to the unannealed film indicates that
grain growth and grain reorientation take place during the
annealing program. Electron micrograph ~TEM! and electron
diffraction ~SAD! patterns shown in Fig. 3 also confirm the
XRD observation. The d values obtained using all these tech-
niques agree with the American Standard for Testing and
Materials ~ASTM! d values of Bi2Te3 and Bi2Se3 com-
pounds. This confirms the alloy formation in both the bulk
and thin film states. Grain size, calculated for annealed films
using the XRD patterns, indicates that it increases as the film
thickness increases ~Table I!. It is seen from Fig. 2 that the
unannealed film shows a weak and broad ~015! peak. This
indicates that the crystallite size is small. However, the an-
nealed film shows a sharp ~015! peak due to grain growth
during annealing. Since, we observe weak peaks for the
unannealed film, grain size calculation is less accurate for
these compared to that for the annealed films. However, we
have given the approximate grain size values for unannealed
films in Table I. We have used annealed films for our elec-
trical investigations.

IV. TEMPERATURE DEPENDENCE OF ELECTRICAL
RESISTIVITY AND THERMOELECTRIC POWER

A. Electrical resistivity

Resistivity of the films was calculated from the mea-
sured resistance values using the dimensions of the films.

FIG. 1. XRD pattern of the bulk alloy. Radiation used; Mo Ka1 , l

50.709 Å.

FIG. 2. XRD patterns of typical annealed and unannealed thin film of thick-
ness 1800 Å. Radiation used: CuKa1 ; l51.541 Å.

FIG. 3. Transmission electron micrograph ~TEM! and selected area electron
diffraction ~SAD! pattern of a thin film.

TABLE I. Variation of grain size with thickness.

Thickness
~Å!

Grain size ~Å!

As-grown Annealed

1000 150 180
1400 160 200
1800 180 230

1519J. Appl. Phys., Vol. 86, No. 3, 1 August 1999 V. Das and S. Selvaraj
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Conduction activation energy values (DE) of the films cal-
culated from the Arrhenius plots of resistivity ~Fig. 4! indi-
cate that the activation energy for conduction decreases as
the film thickness increases. This is attributed to the poly-
crystalline nature of the films in which the grain boundary
potential decreases as the grain size increases.15–17

B. Thermoelectric power

Thermoelectric power measurement in the temperature
range 300–450 K indicated the n-type nature of the films.
The temperature dependence of the thermoelectric power of
semiconductors is given by the expression,18

S52

k

e
FE~0 !

kT
2

g

k
1AG , ~1!

where E(0) is the activation energy, k and e the usual physi-
cal constants, g the temperature coefficient of activation en-
ergy for conduction and A is a constant which depends on
the nature of scattering. Normally, A is a constant between 2
and 4. Activation energy values E(0) were obtained from the
slopes of the plots of thermoelectric power versus reciprocal
temperature ~Fig. 5!. The g values have been obtained from
the linear plots of the Peltier coefficient P ~5ST! as a func-
tion of temperature19 and A values have been obtained from

the above expression. The results are given in Table II. Ac-
tivation energy values DE and E(0), obtained respectively
from the Arrhenius plots of resistivity and the plots of ther-
moelectric power versus reciprocal temperature, closely
agree with each other. This indicates that electrical conduc-
tion takes place mainly in the conduction band ~above EC)
and there is no hopping conduction in the films.18 Activation
energy value decreases as the film thickness increases, which
is as is expected. Value of A close to 3 is attributed to lattice
scattering in a material.1 We have also found the A values to
be around 3, and hence, predominant scattering in this mate-
rial film is lattice scattering. However, there is a slight de-
viation of our A values from 3 which could be due to small
scattering contributions from other scattering processes and
the experimental inaccuracies.

V. THICKNESS DEPENDENCE OF ELECTRICAL
RESISTIVITY AND THERMOELECTRIC POWER

A. Electrical resistivity

When the thickness of a material is comparable to a
length characteristic of the given phenomenon, classical or
quantum size effect occurs. Classical size effect occurs when
at least one of the charge carrier motion parameters having
the dimension of length becomes of the order of the film
thickness. Thus, when the mean free path of the charge car-
rier is comparable to the thickness of a material, the impor-
tant transport properties such as electrical resistivity and
thermoelectric power are affected. Size effect on electrical
resistivity has been analyzed over many years by various
workers. Fuchs–Sondheimer20 model accounted well the size
effect on electrical resistivity of single crystalline thin films.
However, their model was not suitable to explain electrical
resistivity of polycrystalline thin films. So, Mayadas, and
Shatzkes21 developed a new model to account for the grain
boundary scattering in polycrystalline thin films. But, this
model was too complicated and it was difficult for analysis.
Tellier22 developed a simple effective mean free path model
for polycrystalline thin films. According to this model, resis-
tivity (r f) of a polycrystalline thin film is given by

r f5rgF11

3

8t
~12p !lgG , ~2!

where rg is the ‘‘grain boundary’’ resistivity, i.e., resistivity
of the hypothetical bulk which has the same microstructure
as that of the film, p the specularity parameter, lg the effec-
tive mean free path in the above hypothetical bulk and t the
thickness of the film.

FIG. 4. Plot of ln(r) vs 1000/ T for thin films of different thicknesses.

FIG. 5. Thermoelectric power variation as a function of reciprocal tempera-
ture for films of different thicknesses.

TABLE II. Activation energy values DE and E(0), g and A .

Thickness
~Å!

Activation energy ~meV!
gE

~eV K21) ADE E~0!

700 40 40 3.031024 3.7
1000 30 35 2.731024 3.4
1400 35 30 2.631024 3.2
1800 30 30 2.631024 3.2
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According to this equation, a plot of resistivity versus
reciprocal thickness is a straight line. The slope gives the
value of (3/8)(12p)lg and the intercept gives the value of
rg . rg is called the hypothetical bulk resistivity because, it is
the resistivity of a film, having the same microstructure as
that of the films prepared, whose thickness is infinity ~i.e.,
1/t50). Figure 6 shows the plots of resistivity values as a
function of reciprocal thickness at different temperatures.
From the slopes of the linear plots, we have calculated the
mean free path values lg at different temperatures assuming
p50 for our polycrystalline films. Values of lg and rg are
given in Table III. The mean free path value decrease as the
temperature increases due to increased lattice vibrations.

B. Thermoelectric power

Pichard et al.23 extended the effective mean free path
model of Tellier, developed for electrical resistivity, to cal-
culate the thermoelectric power of thin films. Thermoelectric
power of thin films in the effective mean free path model is
given by

S f5SgF12

3

8t
~12p !lg

Ug

11Ug
G , ~3!

where

Sg5

p2k2T

3eEF

~11Ug! and Ug5S ] ln lg

]E
D

EF

.

Sg is known as the thermoelectric power of the infinitely
thick film or the bulk having the same microstructure as that
of the films.

From this equation, we can obtain the slope as (3/8)
3@Ug /(11Ug)#lgSg assuming p50, from the plots of S f vs
1/t at different temperatures. Sg values can be obtained from
the y intercepts of these plots. Figure 7 shows the plots of
thermoelectric power of thin films as a function of reciprocal
thickness. Ug values are determined using the lg values ob-
tained from the size effect analysis of electrical resistivity of
the films. The negative values of Ug indicate that the mean
free path decreases with the increase in energy of the elec-
trons. Mean free path variation with energy depends on the
scattering mechanism. For the electron–phonon scattering
interaction, mean free path decreases with the increase in
energy, whereas, for ionic and ionized impurities types of
scattering interaction, mean free path increases with the in-
crease in energy.1 This alloy system is a ternary compound
semiconductor in which all types of scattering mechanisms
can be operating simultaneously. But, the negative value of
Ug indicates that the electron - phonon scattering interaction
is the dominant one in this material.

Fermi energy E(F) values were calculated from the Sg

values determined from the intercept of the plot of S f versus
reciprocal thickness. Using the calculated Fermi energy val-
ues, electron concentration n was evaluated using the for-
mula,

n5

4p

Ap
~2pm*kT/h2!3/2F1/2 ~4!

where m* is effective mass of the electrons, k the Boltzmann
constant, T the temperature and F1/2 the Fermi integral. Re-
ported effective mass value of m*/m50.3 ~Ref. 24! for the
composition of Bi2(Te0.1Se0.9)3 has been used for this calcu-
lation. Since the Fermi energy value only weakly depends on
the temperature, we have used this value of effective mass
for all temperatures. It is found that the electron concentra-
tion increases with the increases of temperature.

Figure 8 shows the variation of thermoelectric power
factor (S2s) of thin films with temperature. Thermoelectric
power factor values are found to be small compared to those
of the bulk alloy of this composition. This is due to the usual
high value of resistivity in the films because of very small
grains ~due to internal surface scattering effects! in the films

FIG. 6. Electrical resistivity as a function of reciprocal thickness at different
temperatures.

TABLE III. Physical parameters obtained using size effect analysis.

Temperature
~K!

rg31023

~V cm!

Sg

~mV/K!

lg

~Å! Ug

EF

~eV!

n31019

(cm23)

310 5.7 75.0 3800 20.070 0.094 7.4
350 5.3 83.7 3600 20.083 0.094 7.5
400 4.8 88.7 3300 20.131 0.096 8.0
425 4.5 91.3 3200 20.143 0.097 8.2

FIG. 7. Thermoelectric power as a function of reciprocal thickness at dif-
ferent temperatures.
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compared to the bulk value of resistivity, which is much less
because of very large size grains ~of several micrometers! in
the bulk state.

VI. CONCLUSIONS

The bulk and thin films of Bi2(Te0.1Se0.9)3 exhibit a
polycrystalline nature. The thickness dependence of the acti-
vation energy value is attributed to the grain boundary po-
tential variation with the grain size of the films. The activa-
tion energy obtained through resistivity and thermoelectric
power data ~which agree! indicates that electrical conduction
in the films takes place in the conduction band. The sign of
thermoelectric power indicates n-type conductivity of the
films. The thickness dependence of thermoelectric power and
electrical resistivity are explained using the classical size ef-
fect theory based on the Tellier’s model. Various physical
parameters have been calculated using this model. Mean free
path decreases with the increase of temperature, as expected.
The negative value of the parameter Ug indicates that the
electron-phonon interaction is the main scattering mecha-
nism in the material. The Fermi energy value varies slightly
with temperature.
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