INFLUENCE OF OXYGEN ON THE ELECTRICAL CONDUCTIVITY
OF CLEAN TELLURIUM SURFACES

by S. K. Grosn, Department of Physics, Indian Institute of Technology,
Kharagpur

(Communicated by S. Gupta, F.N.I.)

(Recerved December 19, 1960)

ABSTRACT
The kinetics of the take-up of oxygen by an evaporated film of tellurium is described from
the experimental measurement of the changes in its conductance with the adsorption. The
measurements have been made at low oxygen pressure (10~ to 1072 mm of Hg). The results
could be explained on the assumption of two reactions, the one involving O~ ~ — O~ +¢ and the
other causing chemisorption of oxygen Qg+ 2¢ - 20~

INTRODUCTION

In recent years a number of workers have studied the effect of adsorption
of various gases on the clean surface of elemental semi-conductors and the
subsequent changes in its electrical conductivity. The work on tellurium is,
rather, limited. The adsorption of a gas on the surface of semi-conductor has
been found to affect the surface barrier and thus cause large changes in
its surface conductance. Such studies have also thrown fresh light on the
adsorption phenomena.

The kinetics of the adsorption process, on clean tellurium surfaces, at
nearly atmospheric pressure, obtained from the measurement of the resultant
changes in conductance has been reported in a previous paper.* The kinetics
were described by an Elovich-type equation. Law (1958) has also determined
the kinetics of oxidation process on etched silicon surface, and has described it
by an Elovich-type equation for the film thickness greater than one layer of
oxygen atoms. In the present work has been reported an investigation of
both regions of oxidation process, viz. (i) the fast chemisorption at very low
oxygen pressures, and (ii) the subsequent growth of an oxide film. Most of
the previous workers were so far interested in the later portion and in paper
I only the later part has been dealt with. The experimental measurements
have been made with the vacuum evaporated films of tellurium, with the
advantage of a clean surface and large surface area to volume ratio.

* The previous paper published by the author (Ramasastry and Ghosh 1969) will be
referred to in future as 1.
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In this paper we will describe the oxidation kinetics for pressures between
10-5 mm and 10-2 mm Hg at room temperature. An explanation, of the
observed changes in conductivity during this fast chemisorption process
and the large change in conductivity observed due to the subsequent growth of
the oxide layer, has been provided.

2. EXPERIMENTAL

The experimental arrangement used for this work is similar to the one
described in paper I. TFor studying the fast chemisorption of oxygen at
low pressure, tellurium films of about 1000 A thick were deposited on glass
substrates at room temperature and with different pressures of oxygen in
the chamber. The changes in conductance of the film was followed as the
film was aged in the fixed pressure of oxygen in which it was deposited. To
explain the results so obtained it was necessary to perform the experiment
with nitrogen. For the case of nitrogen the vacuum chamber was twice
flushed with the gas and as the film was deposited the pressure was fixed to
10-2 mm of Hg.

3. REsurTs Axp DIscUsSIONS

The results of the experiment, performed for the study of fast adsorption
at low pressures, is as shown in Fig. 1. It can be seen that the changes in
conductance observed depends on the pressure and type of gas present in the
chamber at the time of deposition. After deposition there is a rise in resistance
following an exponential law if the films were deposited in a vacuum of 10-5
mm of Hg. If deposited in a vacuum of the order of 10-4 mm of Hg, the
film while ageing also shows a rise in resistance. The results of the film
deposited in a vacuum of the order of 10-3 mm of Hg, on ageing, showed a
quick rise to a high value of resistance and then an exponential fall to almost
the initial value immediately after deposition. For another film, deposited
in a vacuum of the order of 10-2 mm of Hg, the subsequent ageing showed a
small quick rise in its resistance and then a fall to quite a low value compared
to the initial value immediately after deposition. For the case of nitrogen the
film, on subsequent ageing, shows only an exponential decrease in its resistance
with time and finally tending to a constant value. These results reveal that

the pressure and nature of the residual gas in the vacuum chamber have a
marked effect on these initial changes of resistance of the film immediately
after its deposition. It is obvious that the adsorption of the residual gas is
responsible for the changes observed. 7

An explanation of the observed results. may possibly be found if we
consider the mechanism as suggested by Morrison (1955) with some modifi-
cations. To explain his results, Morrison assumed a higher energy level on the
surface associated with the second electron of the adsorbed oxygen ion (doubly
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Fig. 1. Shows the changes of resistance of the film with time after its
deposition and on subsequent ageing in the vacuum conditions mentioned at the
end of each curve. The readings were taken on different films of the same
thickness (~ 1000 A). The rate of evaporation and temperature was kept
constant,

ionized). The electron affinity of oxygen ion for its second electron being
smaller than for the first, the trap level was assumed to be higher. He
explained the experimental results on the assumption of two reactions, the one
involving O---—>0-4¢ and the other causing chemisorption of oxygen
0,+2¢ > 20-. The former reaction is faster which loses electron to the
semiconductor causing an increase in conductance and the latter is a slower
reaction which takes electrons from the bulk and thus causes a decrease in
conductance.

The vacuum deposited films of tellurium, for the present measurement,
were found to consist of a number of p- and n-type regions, probably due to
the unequal distribution of impurity at the time of deposition. The resistance
of the film was mostly due to the barriers at the junection of these regions.
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Tellurium, as it deposits on the substrate, will chemisorp the residual oxygen
present in the chamber and on subsequent ageing establish equilibrium by
the transfer of electrons between the solid and the adsorbed gas. The chemi-
sorbed oxygen will form the stable, O~ levels in the p-regions, and both O-
levels and the unstable O-- levels in the n-type regions. To establish the
equilibrium, further chemisorption will proceed in the p-type regions, i.e. the
reaction will proceed in the direction 0y4-2¢->20- and the bands at the
surface will move up causing the p-type region more p-type. Itis to be noted
that the density of holes in the p regions being high (1018/cm?), a bending of
the bands at the surface will not cause any change in its bulk conductivity.
In the n-regions the faster reaction, i.e. O-- — O- e, seems to proceed first,
causing the n-regions more n-type and as the O-- levels have established
equilibrium the reaction will proceed in the direction O, 4 2¢ - 20- with
further chemisorption of the oxygen atoms, and finally resulting in a p-type
layer on the n-type bulk. The n-type regions having a lower density of
carriers (~ 1016/cm3) will have a change in its bulk carrier concentration due to
the bands at the surface moving up or down. In Fig. 2 the effect of these
reactions on the barrier height at the p-n junction has been shown.

From Fig. 2(b), it is clear that the O-- levels establish equilibrium by
making the n-regions more n-type and resulting in increase in the barrier height
¥,. The increased barrier height will show an increased resistance of the film.
Later O- levels establish equilibrium making n-regions less n-type and re-
sulting in a decrease in the height ¥, (Fig. 2(c)). 'The decreased barrier height
will show a final decrease in the resistance of the film. A more detailed
description has been presented later.

In high vacuum condition the number of oxygen atoms being small the
system seems to approach equilibrium with respect to O-- levels and the
influence of further chemisorption becomes important. At comparatively high
pressures of residual oxygen, the influence of further chemisorption after
immediate establishment of equilibrium with O-- levels seems to become
prominent by showing a fall in the resistance of the sample. The large in-
crease of resistance in the initial stages for low vacuum conditions may be
due to comparatively large density of O-— levels created by the large chemi-
sorption of the gas during deposition.

The curve in Fig. 1 shows an exponential decrease in resistance, for the
film deposited in the residual inert atmosphere of nitrogen. Nitrogen being
an inert gas is considered not to form the doubly ionized levels, i.e. N--.
In such a case the equilibrium will be further established by further chemi-
sorption of Ny causing the reaction to proceed in the direction Nj -t 2¢—>
2N-. This will cause the n-type regions to lose electrons, the barrier height
will decrease and the resistance of the sample will fall. _ o

The subsequent ageing of the film in nearly atmospheric pressure of ‘
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oxygen showed relatively large changes in resistance as compared to the
case of single crystals. As reported in paper I, the resistance, in some cases,
falls down to almost half the value it had immediately after deposition. The
tellurium films of about 1000 A thick and consisting of an average carrier
concentration of the order of 10'® ¢m3, showing such large decrease in resis-
tance, will mean an increase in the concentration by about 1013 per cm? of the
surface by the adsorbed gas.

Let us consider a uniformly p-type deposit of the tellurium film of carrier
concentration 1013 per unit area. The p-type film having such & high carrier
concentration at room temperature will have the Fermi-level lying only at
0-04 eV above the valency band. In such a case the adsorption of oxygen
can create a maximum change in the surface potential ¥, by 0-04 eV. From



CONDUCTIVITY OF CLEAN TELLURIUM SURFACES 481

the theoretically calculated curves of Kingston and Neustadter (1955), the
total change in the carrier density due to the shift in the electrostatic potential
from the bulk to the surface can be obtained. The calculated value of the
changed carrier density due to this bending of the bands at surface comes as
equal to 1011 per unit area of the surface. This value is much smaller than
that of 1013/cm? required to explain the large changes in resistance.

A suitable explanation of such large changes in the film resistance, by the
chemisorption of oxygen, can be had if we consider the effect of adsorbed
gas on the charge in the barrier height existing between the two regions of
different conductivity type in the deposited film of tellurium. Since the
major portion of the film resistance lies in these barriers a small change in the
barrier height may cause large changes in the resistance of the film. A further
experiment of the temperature variation of the film resistance vields a value
of the barrier height of the order of 0-21 eV. A decrease of this barrier height
by only 0-02 eV will result in a decrease in resistance by 1-5 times its value in
vacuum. The n-type regions have the Fermi-level lying much below the
conduction band and, hence, a carrier concentration of only 12 X 1011/cm2
electrons and 5 1019/cm?2 holes. Referring, once again, to the theoretically
calculated curves of Kingston and Neustadter we find a change in the surface
potential of about 0-15 eV in the n-regions, if we consider the same adsorbed
gas to make the same change in the carrier concentration, i.e. 101/em?, in the
n-type regions as in p-type regions.

A large bending of the bands at the surface of the n-type regions may
cause a lowering of the bulk Fermi-level in the n-type region for the simple
reason that the Debye length in this region may be of the order of the size of
the crystallites. This will result in a decrease in the barrier height quite
sufficient to explain the observed large change in the resistance of the film.
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