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Thin films of different thicknesses in the range 400-1600 A have been vacuum deposited on clean 
glass substrates held at room temperature by very fast evaporation of the SeIOSbIOTes, bulk alloy. 
The thermoelectric power of these films has been measured as a function of temperature during 
heating and cooling cycles by the integral method. It is found that the thermoelectric power of these 
films is slightly different during the heating and the cooling cycles which is ascribed to slight 
reorientation of microcrystallites as also evidenced by x-ray diffraction. It is further found that the 
thermoelectric power (at a constant temperature) is a function of film thickness; it varies nearly 
linearly with reciprocal thickness. From these data, the nature of carrier scattering in the films has 
been ascertained. From the energy-dispersive x-ray analysis patterns of the films the 
semiquantitative content of the constituent elements Sb, Se, and Te has been determined. 0 1995 
American Institute oj* Physics. 

INTRODUCTION 

Ternary and quarternary materials whose major constitu- 
ent is the chalcogen tellurium are found to be important for 
use in switching devices, where these materials act as a 
simple switch because of their voltage-dependent resistance 
characteristics as detailed below. 

These materials are such that when lower voltages are 
applied across these materials, they exhibit a very high resis- 
tance; however, when voltages (or current densities) above a 
particular critical value are applied, the resistance of these 
materials falls very sharply to a lower value. Thus, the ma- 
terial effectively acts as a switch of high resistance to the 
flow of current at low voltages (this constitutes the off posi- 
tion of the switch) and offers very low resistance to the flow 
of current at voltages above a particular critical value of the 
voltage (this constitutes the on position). 

Similar on/off conditions of this bistable material can 
also be obtained by other means, for example, by the inci- 
dence of light of a particular level or by the application of 
heat to effect a rise in temperature. In the former case these 
materials can be used as optical storage memory devices. 

The important feature of the on/off states of these 
bistable materials is that the process is reversible. For ex- 
ample, by the reverse application of the external agency 
causing the on/off changes, the on state in turn can be re- 
versed to the original off state. Thus, for example, by a de- 
crease in the voltage applied across the material, the material 
can be brought back from the low-resistance on state to high- 
resistance off state. 

Similarly, the same applies to the light intensity, heat, or 
temperature pulse. The study of this kind of materials and a 
search for new switching materials is of importance from the 
point of view of using these materials for switching devices 
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both in the bulk state and particularly in the thin-film state 
where the switches can be used in the microelectronic cir- 
cuits as thin-film switches. 

In the literature there is an isolated report’ about the 
nonlinear Z-V characteristic behavior and possible switching 
action in the bulk ternary material comprising 80 at. % of 
tellurium and about 10 at. % each of selenium and antimony. 
Therefore, it was thought interesting to investigate in the 
thin-film state the ternary material Se,,Sb,,Te,, to generally 
characterize this material both electrically and structurally. 
This article reports the thermoelectric behavior of this mate- 
rial in the thin-film state as a function of film thickness. 
Interpretation of this behavior has been supported by a struc- 
tural investigation by x-ray diffractography. 

In order to establish the elemental incorporation (Se, Sb, 
and Te) besides their semiquantitative content in the present 
thin-film samples, energy-dispersive x-ray analysis (EDAX) 
work has also been carried out. 

EXPERIMENT 

The bulk polycrystalline alloy of Se&b,aTesa was pre- 
pared by taking the constituents selenium, antimony, and tel- 
lurium in the atomic ratio 10:10:80 in a quartz tube of about 
12 mm diameter, and evacuating the tube to a vacuum of 
about 10-s Ton- and then sealing it and heating the sealed 
quartz tube in a muffle furnace at a slow rate, so that the 
volatile material selenium completely reacts with the other 
constituents at a lower temperature slightly above the melt- 
ing point of selenium at which temperature the sealed tube 
was kept overnight. This is to ensure that most of the sele- 
nium is no longer in the free state. 

Then the temperature was raised to the melting points of 
tellurium and antimony in steps and kept at these tempera- 
tures overnight sequentially, so that the complete reaction of 
the constituents takes place and the ternary alloy is formed. 
Then the tube was kept at a temperature slightly. below the 
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melting point of the alloy for 48 h so that the alloy is prop- 
erly homogenized. Then the tube was cooled to room tem- 
perature slowly and then broken open to extract the bulk 
ahoy. The bulk alloy was analyzed by Debye-Scherrer 
x-ray-powder photography by taking specimens at different 
positions of the bulk ingot. One of the typical powder pho- 
tographs is shown in Fig. 1. It was found by Debye-Scherrer 
x-ray-powder photography that the bulk alloy was homoge- 
neous and the d values of the alloy closely matched those of 
the binary Sez.Teeo alloy..” 

Thin films of SeIoSb,aTesO were prepared by vacuum 
deposition onto cleaned glass substrates held at room tem- 
perature in a vacuum of 3X 10m5 Torr by evaporating small 
pieces of the bulk alloy from a resistively heated basket-type 
tantalum boat at a very fast rate in a conventional vacuum 
deposition system. Thin-film lateral dimensions were 1 X7 
cm’. The substrates were kept at a distance of 25 cm verti- 
cally above the source. 

The films of different thicknesses were prepared during 
independent pumpdowns, and in each of the depositions the 
bulk material pieces taken in the boat were completely 
evaporated at a fast rate so that no residual alloy from a 
previous deposition was used for any other subsequent depo- 
sition. This is to say, each time fresh pieces of the alloy were 
used for the deposition of different thin films. This procedure 
is necessary to ensure that there is no change in the compo- 
sition of thin films as compared to the bulk composition of 
the alloy due to preferential evaporation of one of the com- 
ponents, the volatile selenium. 

The thicknesses of the films were measured by the 
multiple-beam interferometric technique using a dummy 
sharp-edged film prepared simultaneously. 

The thin films on the glass substrates were mounted for 
thermoelectric power (TEP) measurements (one at a time) in 
the experimental setup3 in the vacuum chamber, and the 
chamber was evacuated to a vacuum of 3X 10M5 Torr before 
making the measurements. The thermoelectric power was 
measured by the integral method. The films on the glass 
substrates both immediately after the deposition and after the 
measurements were also used for x-ray diffractography. 

A detailed description of the thermoelectric power mea- 
surement setup can be found elsewhere,3 but, briefly it con- 
sisted of a massive copper block in thermal contact with the 
base plate of the vacuum deposition unit {in which measure- 
ments were made) to which one end of the experimental film 
is clamped. The other end of the experimental film is 
clamped to a miniheater made of copper so that that end can 
be heated up to a temperature of about 600 K. During this 
heating of the hot end of the experimental film the tempera- 
ture of the cold end (which was clamped to the massive 

copper block) was essentially at room temperature and the 
maximum rise in temperature of the cold end was less than 1 
K. Thus, the massive copper block effectively acted as a heat 
Sitlk. 

For EDAX, film-coated glass substrates were cut to the 
proper size so that they could be mounted onto the aluminum 
stub and electrical contact was established between the stub 
and the film using silver paint. The surfaces were examined 
in the EDAX analyzer no. 711, an accessory to the scanning 
electron microscope, Philips SEM model 501. 

RESULTS AND DISCUSSION 

Figure 2 shows the thermal emf developed across the 
ends of the film as a function of difference in temperature 
between two ends of the film, for two typical thin films of 
different thicknesses. For the thermoelectric power measure- 
ments, annealed copper wires of the thermocouple quality 
were used. As the absolute TEP of copper is only 1.7 PVIK 
compared to very large TEP values of our experimental 
films, it was neglected in comparison to the TEP of our films. 

From the figure we see that the thermal emf increases 
somewhat linearly at low-temperature differences but in- 
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1;?G. 2. Thermal emf vs temperature difference plots of two typical thin 
films. 
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FIG. 3. Thermoelectric power vs temperature plots for the above films. 

creases at a fast rate at higher temperature differences of 200 
K or more. We also find that the thermal emf developed 
during cooling is slightly larger than that during heating at,all 
the temperatures. This can be attributed to the reorientation 
of microcrystallites of the films upon heating during the first 
measurement. As pointed out later, a slight reorientation of 
the microcrystallites is also verified by the change in inten- 
sities of the various peaks at one another’s expense as seen 
by x-ray diffractometry before and after heating during ther- 
moelectric measurements. 

From the terminals of the voltmeter to which the hot and 
cold ends of the thin film were connected it was found that 
the TEP of the films was negative. It can also be noted that 
the thermal emf developed for a particular difference in tem- 
perature while cooling is higher than that developed while 
heating. This is due to partial evaporation of the material 
from the films at higher temperatures and also due to some 
structural rearrangements during heating. 

Figure 3 shows the plots of thermoelectric power of two 
typical films (whose thermal emf versus temperature differ- 
ence plots are shown in Fig. 2) as a function of temperature 
both during heating and cooling. 

It is found again from the figure that for all temperatures 
and for all the films the TEP also is higher (at a particular 
temperature) while cooling than while heating. Another point 
to be noted from the figures is that at a temperature below 
about 450-500 K the TEP varies slowly with temperature 
but above about 475 K it increases at a very fast rate with 
increase in temperature. 

Figure 4 shows the TEP plots of two typical films as a 
function of reciprocal temperature. It is found that all the 
plots are curves and only at the highest temperature where 
there is a steep increase of TEP with temperature can the data 
points be considered to lie on straight lines but the slopes of 
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FIG. 4. Thermoelectric power vs reciprocal temperature plots for the above 
thin films. 

these lines are very large and close to ~0, and the data points 
at high temperatures are very few and hence no attempt is 
made to analyze these linear curves further. It can be said 
that, as expected in the case of semiconductors, the linear 
variation of TEP as a function of reciprocal temperature 
(l/T) at high temperatures indicates that the material films 
are indeed semiconducting. 

Figures 5(a) and 5(b) show the plots of TEP as a func- 
tion of thickness and reciprocal thickness, respectively, at 
different temperatures. It is seen from the figures that the 
TEP of the films is a function of thickness, and Fig. 5(b) 
shows that the TEP is a near-linear function of reciprocal 
thickness as expected from the classical size effect 
theories4-lo at all the four temperatures for which the data 
have been plotted. 

It is well known4-” that the thermoelectric power of a 
thin film is a function of film thickness and varies linearly as 
the inverse thickness. 

The equation for the TEP of thin films as mentioned in 
the Refs. 9 and 10 is 

S,/S,=l-(3/8)(1-p)(Z,lt)[U,l(l+U,)], 

where SF is the thermoelectric power of the thin film. S, is 
defined as the “grain-boundary thermoelectric power” which 
is the thermoelectric power of a bulk material (film of infi- 
nite thickness) of the same microcrystallite size as that of the 
experimental films. I, is the mean free path of the charge 
carriers in the above bulk material having the filmlike micro- 
crystallites mentioned above, and p is the specularity param- 
eter which gives the fraction of the charge carriers scattered 
specularly from the film surfaces (both internal and external). 
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FIG. 5. Thermoelectric power vs film thickness and reciprocal thickness at different temperatures. 

U, is the logarithmic derivative of the above mean free path 
1, with the carrier energy E evaluated at the Fermi energy, 
(d In 1,/d In EjECEF. 

Assuming that the scattering from the film surfaces is 
diffuse (i.e., p=O) and taking the mean-free-path value of 
bulk tellurium as the grain-boundary mean free path I, of the 
films, the rate of variation of the mean free path with energy 
of the charge carriers Ui can be evaluated at different tem- 
peratures. 

It is found that the U, values are as tabulated in Table I. 
These values give the power index n in the energy depen- 
dence of the mean-free-path equation l=l,E” where we as- 
sume the mean free path to be a power function of energy. 

Figures 6(a) and 6(b) show the x-ray diffractograms of 
the as-grown film and of the film after heating during the 
thermoelectric measurements. It is seen from the diffracto- 
grams that one of the peaks marginally increases in intensity 
at the expense of the other. This indicates that there is some 
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TABLE I. Variation of S, and U, with temperature. 

Temperature 
UQ 

320 170 0.19 

350 174 0.17 

400 187 0.15 
450 270 0.16 

reorientation of microcrystallites during heating during ther- 

moelectric measurements. Also, there can be removal of 

frozen-in defects during heating. Both these reasons explain 

the difference in the thermal emf developed for the same 

temperature difference (thus also the difference thermoelec- 

tric power values) during the heating cycle and the cooling 

cycle. 

Figure 7 shows the EDAX pattern of the thin-film 
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FIG. 6. X-ray diffractograms of (a) the as-grown film and (b) after heating during thermoelectric measurements. 
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FIG. 7. EDAX pattern of the thin-film sample. 

sample and Table II gives the atomic weight percentage com- 
position of the elements in the sample. It is quite clear from 
the pattern that the presence of Te and Se is evident from the 
peaks marked, while Sb is not observed. This can be attrib- 
uted to the fact that L, peaks for Sb and Te are very close 
(3.60 and 3.77 keV) and Sb is in a very low concentration as 
compared to Te and, hence, Sb L, is evidently superimposed 
with Te L,. Thus, an Sb peak cannot be observed; however, 
the instrument gives the composition of Sb also in the alloy 
films. The atomic weight percentages given in the table may 
be on ‘the lower-value side, as during analysis the incident 
electron beam can cause evaporation of the volatile film 
components. 

The areas (and heights) under the EDAX peaks relating 
to Te (L,) and Sb (Ld as given by the instrument agree with 
their respective contents in the bulk ternary alloy. However, 
the content of the volatile Se is as high as 20%-25% in the 
tilms of the alloy, which is ascribed to the preferential evapo- 
ration of the volatile Se during the evaporation of the bulk 
alloy. 

TABLE II. EDAX peak data. 

Element 

Sb 
Se 
Te 

Total 

ZAF 

0.979 
0.867 
1.101 

% element at. % 

8.959 8.603 
14.139 20.935 
76.902 70.462 

100.000 100.000 

Normalized 
composition 

(w.r. to Te) 

9.8 
24.0 
80.0 

, 
J 

CONCLUSIONS 

The thermoelectric power of the films is negative and it 
increases moderately slowly at low temperatures and at a 
very fast rate above about 475 K. It. is also found that the 
TEP is nearly linearly proportional to the reciprocal thick- 
ness. Using the SF versus reciprocal thickness plots, the scat- 
tering parameter Us giving the power index of the energy 
dependence of the mean free path has been evaluated at dif- 
ferent temperatures. Areas (and heights) under the EDAX 
peaks relating to TeL, and Se,& agree well with the respec- 
tive content in the bulk alloy. However, the content of vola- 
tile selenium in thin films is more than doubled. 
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