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Structure and electrical properties of vacuum-
deposited antimony telluride thin films
on an amorphous substrate
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Sb,Te; thin films, 50-109 nm thick, have been prepared by vacuum evaporation on to quartz
substrates. Electrical properties of as-deposited and annealed films show that the activation
energy is thickness dependent. Optical measurements indicate that there is an indirect
transition having an energy of 1.9 eV. Transmission electron micrographs show the fine

grains of the deposit.

1. Introduction

Sb,Te; crystal ranks among the family of layer-struc-
ture semiconductors having the space group
D3,—R 3m. The use of Sb,Te; in the field of ther-
moelectrical applications calls for the preparation of
single or polycrystalline materials with well-defined
transport properties.

The bulk Bi, _,Sb, alloy system has been studied by
Tichovolsky and Mavroides [1], and Esaki and Stiles
[2] observed semiconducting behaviour in the x range
0.07 to about 0.22. Many studies [3] have also been
made on the structure and electrical properties of thin
alloy films. Dass and Lakshmi [4] observed semicon-
ducting behaviour in thin films of Sbs,Tes, alloy after
the first annealing cycle. In addition, when the film
was annealed, they observed the transition from the
amorphous to the crystalline state. So far, no work has
been performed on thin films of Sb—Te alloy. The
crystal lattice of Sb,Te; is formed by a periodic ar-
rangement of layers oriented perpendicular to the
trigonal axis, c. Each layer is composed of five atomic
planes arranged according to the following pattern:

Te!Sb Te'lSb Te! --- Te!Sb Te'lSb Tel ---

Every Te'! atom is octahedrally surrounded by six
antimony atoms. Octahedral coordination is exhib-
ited also by the antimony atoms (3Te* atoms from one
side and 3Te!! from other side) as well as Te! atoms
(3Sb atoms from one side and 3Te! atoms of the
neighbouring layer) stack from the other side [5].

2. Experimental procedure

The starting material for the growth experiments was
prepared by mixing the pure elements of antimony
and tellurium stoichometrically in a sealed silica am-
poule evacuated to a pressure of about 10~* torr
(1 torr = 133.322 Pa) to prepare Sb,Te;. The ampoule
was heated at about 973 K for 18 h.

- An X-ray diffractometer (Philips DS500), using
monochromatic CuK, radiation, was employed to
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obtain diffraction patterns from films deposited on
quartz substrates. A wide range of 2 6 (from 16 °-90°)
was scanned so that all possible diffraction peaks
could be detected. Films intended for electrical and
optical measurements were deposited on quartz sub-
strates.

3. Results and discussion

When X-rays encounter any form of matter they are
partly transmitted and partly absorbed. Experiments
shows that the fractional decrease in intensity, I, of an
X-ray beam as it passes through any homogeneous
substance is proportional to the distance traversed, x.
In differential form

—dI

i = odx 1)
where the proportionality constant, a, is called the
linear absorption coefficient and is dependent on the
substance considered, its density, and the wavelength
of the X-rays. Integration gives:

I, = Ipe™ " (2)
where I, is the intensity of the incident X-ray beam
and I, the intensity of transmitted beam after passing
through a thickness x.

A typical X-ray diffraction (XRD) pattern for thin
films of .Sb,Te; deposited in a vacuum is shown in
Fig. 1a- which indicates that only the characteristic
peak of Sb,Te; d = 3.15 and a small peak are ob-
served for as-deposited films of Sb,Te;. Annealing of
films aftef deposition has a pronounced effect on the
crystallinity and composition of the film. Annealing at
473 K .imptoves. crystallinity of -the films (Fig. 1b)
where the XRD lines-become sharper and the charac-
teristic linés-of triganol Sb,Tes become very promin-
ent.*It*can-also be seen that the grain size increases
in this=icase; asindicated by the decreasing half
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Figure I X-ray diffraction patterns of Sb,Te; at different annealing
temperatures: (a) thin-film Sb,Tes, (b) thin film annealed at 473 K,
(c) thin film annealed at 573 K.

line width of the X-ray reflections. On prolonged
annealing to higher temperature, 573 K, the film be-
gan to dissociate, as is evident from Fig. ic, and the
characteristic peak (d = 3.15) disappears. Dissociation
of the film may be attributed to the escape of tellurium
from the film [6]. These results indicate that for ob-
taining monophasic film, the annealing time must be
decreased and the annealing temperature must not
exceed 473 K.

The results for the X-ray spectrum of Sb,Te; at
different annealing temperatures are shown in Table L.

The sheet resistance of metallic thin films decreases
by several orders of magnitude as the film structure
changes from the discontinuous to the uniform con-
tinuous film structure. Similarly, there is a pro-
nounced change in the optical absorption spectrum.
The resistivity of discontinuous films is high and is
governed by quantum tunnelling. The resulting high
sheet resistance is attractive for applications in
electronic microcircuits. Electrical conduction in
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TABLE 1 X-ray diffraction lines of thin films of Sb,Te; annealed
at different temperatures :

d-spacing of as- hkl 473 K hkl 573K
deposited film

3.38 009
3.15 015 3.15° 015

2.64 018

2.34 1010 2.3435
2.13 110 2.13 110

2.0308 0015

1.9714 1013 1.97

1.765 205

1.688 0018 1.6889

*Characteristic peak (100% Sb,Te;).

a solid results from the movement of current carriers,
either electrons or ions, or possibly both, through the
material. v

In the case of a discontinuous film, the conducting
properties are a highly complicated problem. An anal-
ysis of the temperature dependence of conductivity
brings in additional difficulties, e.g. from the variation
in particle separation due to the change of dimensions
of the substrate with temperature. Thus the temper-
ature dependence of conductivity will depend on:

(a) the change in conductance of individual par-
ticles;

(b) changes in tunnelling probability due to vari-
ation in crystallite separation;

(c) Variation in conducting properties of the sub-
strate with temperature, and

(d) Annealing effects in particle or substrate.

If the separation between particles is increased, the
probability of tunnelling will decrease. For large par-
ticles separated by gaps small enough to give a high
quantum mechanical tunnelling probability, the over-
all film resistivity will be determined by the resistance
of the individual particles. This will, in turn, be gov-
erned by the particle dimensions in relation to the
electron mean-free path and the influence of defects
[71.

" Fig. 2 shows log p versus temperature plots during
heating of the films of different thicknesses. Immedi-
ately after deposition, it can be seen that there is an
abrupt fall in resistance of the films between 385 and
312 K, while there is no such sharp decrease during
cooling. This indicates that the films undergo an irre-
versible transition on heating. This behaviour has
been observed on Se—Te alloy films [4].

Our present work on the conductivity of Sb,Te;
films mainly deals with the analysis of the temperature
and thickness dependence of conductivity of both as-
deposited and exposed films. The resistivity of Sb,Tes
films was measured at room temperature and up to
473 K and this is consistent with the phase and struc-
tural changes occurring to the film as observed in the
X-ray diffraction spectrum above such a temperature.
Fig. 3 illustrates the temperature variation of resistiv-
ity, log p, against 1/ T for annealed Sb,Te; thin films
of different thicknesses ranging from 50-109 nm
stoichiometric films. It was found that the relation



between log p and 1/T for annealed films was linear
for all thicknesses [8].

These results indicate an activated conduction and
semiconducting nature of the film. The activation en-
ergy was calculated by equating the slopes of resistiv-
ity curves by AE/KT. The calculated values were
extrapolated from 0.016 eV to 0.073 eV. The thickness
has a pronounced effect on the conductivity of the
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Figure 2 Log p versus 1/T plots for as-deposited Sb,Te; thin films
of different thicknesses.
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Figure 3 A plot of log p and 1000/ T for annealed films of Sb,Te; of
different thicknesses, t: (C) 50 nm, (A) 70 nm, (®) 80 nm, ( x ) 109 nm.

film: as the thickness increases the conductivity in-
creased (i.e. resistivity decrease).

The dependence of resistivity or any other transport
parameter on the thickness of the film is referred to as
the size effect or the dimensional effect.

The activation cnergy for conduction decreases
with increasing thickness. This decrease in activation
energy in the case of thicker films may be attributed to
greater deposition which builds up a more homogene-
ous network, thus minimizing the number of defects;
these results are given in Table II.

The variation of transmission, T, of Sb,Tes films
deposited on amorphous substrate with wavelength
A is shown in Fig. 4. The transmittance decreases as
the thickness increases. It was observed that there is
a peak in the spectrum which does not vary with
changing thickness. This peak may be attributed to an
indirect transition, the energy of which is 1.9 eV.

The processes of nucleation and growth of thin films
have been of considerable interest in studies of phys-
ical properties of materials and in studies of applica-
tions of these properties to practical advantage. The
details of nucleation and growth depend on the mater-
ial being deposited and on parameters such as substra-
te material temperature, the rate of deposition and the
angle of incidence of the evaporant on to the substrate
[9]. In general, when a film is deposited on a glass-like

TABLE II Activation energy of Sb,Te; thin films of different
thickness

Film thickness Activation energy

(nm) V)
50 0.071
70 0.050
80 0.040

109 0.016
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Figure 4 Relation between wavelength and transmission, T, for
different thicknesses of Sb,Te,.
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Figure 5 Electron micrograph of Sb,Te; thin films deposited on
quartz, thickness 50 nm x 20 000.

Figure 6 Electron micrograph of Sb,Te; thin films of thickness
60 nm x 20 000.

substrate in vacuum by evaporation or sputtering, the
nucleation of the deposited film begins at many differ-
ent nucleation sites, usually at imperfections in the
substrate surfaces as a result of the loss of the high
mobility of particles arriving at such sites. These crys-
tallites are usually three-dimensional even when the
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film thickness, as calculated from the volume of evap-
orated metal, is less than a monolayer [10].

Additional particles arriving from the source ag-
glomerate about the nuclei, and an island structure is
formed. As the deposition continues, islands coalesce
decreasing the island density. The islands then grow
until contact is made with neighbours, and gradually
the voids between the agglomerates are filled, produ-
cing a filament-like network. Eventually a macro-
scopically uniform thin film is obtained.

Fig. 5 shows electron micrographs of the early
growth of Sb,Te, particles while Fig. 6 shows that the
particles grow in size and coalescence between par-
ticles takes place.

This material requires more work to be undertaken
on it because there is little information available in the
literature.
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