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PHYSICS
I. A. Abroyan and V. A. Zborovskii

EXCITATION OF ELECTRONS IN GERMA-
NIUM BY POTASSIUM IONS

(Presented by Academician B. P. Konstantinov on 12 January 1962)

Fast heavy particles, moving in a substance, lose their energy in elastic collisions
with lattice atoms and in the excitation of bound electrons into the conduction
band. It is usually assumed that, when the velocity of the primary particle is
less than the velocity of the electron in the hydrogen atom, v, = 2.2-108 cm/sec,
the probability of ionization rapidly decreases as the particle slows down and
at v ~ /500, becomes practically equal to zero ). On this basis it is often
supposed that ions (or atoms) with velocities v < vy, in passing through a sub-
stance, lose their energy only in elastic collisions with lattice atoms, as a result
of which the latter are displaced from their equilibrium positions into interstitial
sites. Such an assumption is made, in particular, in the theoretical treatment
of ion implantation and cathode sputtering in works (>4, At the same time, a
study of the kinetic ejection of electrons by ions shows that for potassium ions,
for example (9 appreciable emission of excited secondary electrons begins for
refractory metals at £ = 1.5 = 1.7 keV, and for germanium already at £ =~ 0.5
keV, i.e., at v ~ 1/5ov, and v ~ 1/,,v,, respectively. It is obvious that appre-
ciable excitation of electrons into the conduction band can be observed at still
lower ion velocities, and the lower, the narrower the forbidden-energy interval
AE, equal for germanium to 0.75 eV. A study of the additional conductivity
excited in a solid by fast ions will, it seems to us, help to investigate in more
detail the mechanisms of slowing down particles with velocities v < v,.

We investigated the change in the conductivity of a germanium single crys-
tal under bombardment by potassium ions with energies from 400 to 10,000 eV
(Vpmax ~ 0.1vg), caused by excitation of electrons of the valence band. As targets
we used plates measuring 19 x 13 x 0.3+0.8 mm, cut from an n-type germanium
single crystal (p = 35 ohm + cm; L = 2.5 mm). Before being mounted in the ap-
paratus, the targets were etched first in CP-4, then in 30% H,0,, and washed in
boiling distilled water. To create nonrectifying contacts, aquadag was applied to
the end surfaces of the specimens, after which the targets were fastened in special
tantalum clamps that made it possible to pass currents through the specimen
up to 50 A. Owing to this it was possible to heat the targets to temperatures
close to the melting point of germanium. After such high-temperature treat-
ment, the conductivity of the germanium became hole-type, and the aquadag-
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Fig. 1 and Fig. 2 graphs

Figure 1: Fig. 1 and Fig. 2 graphs

germanium contacts nonrectifying. Probe measurements established that the
resistance of the contacts did not exceed 1 + 2% of the total resistance of the
specimen. The change in the type of conductivity could evidently be caused
both by the removal from, or introduction into, the specimen of new impurity
atoms, and by the formation of thermoacceptors during rapid cooling. In our
experiments the cooling time of the targets to room temperature was usually
chosen to be 1+ 1.5 h.

The investigation of the conductivity excited by potassium ions was carried out
as follows. In the germanium plate, connected in series with the input resistance
of a wide-band amplifier, there was created

a constant electric field from an external voltage source. After this, a beam
of potassium ions, modulated by rectangular pulses of duration from 10 to 50
usec, was directed onto the germanium surface. The nonequilibrium carriers
produced by the potassium ions, moving in the electric field of the sample,
create an additional current through the input resistance of the amplifier. After
amplification the signal is fed to an S1-8 oscilloscope. In this way it is possible
not only to record the total change in the conduction current through the sample,
but also to determine

Fig. 1. I = 0.5 pa; € =1.39 V/cm;
722 18 psec;  Rgymple = 800 2

Fig. 2. I]' =0.15 pa; ¢ = 3.32 V/cm.
1 —7>~45 usec, R =420 €
2 —7 >~ 16 psec, R = 800 £;

3 —dependence vy

sample

sample

the law of its variation with time. The repetition frequency of the pulses was
usually chosen within the range 250 sec™!, and the intensity of the ion current
was ~ 0.1+50 pa. All measurements were carried out at a residual-gas pressure
in the apparatus of 1-107% mm Hg.

We first performed preliminary experiments to study the conductivity excited
in germanium by electrons with energies from 400 to 10,000 eV. As was to be
expected, directing an electron beam onto the germanium surface is accompa-
nied by an increase in the electric current through the sample, and the rise and
decay fronts of the induced-conductivity current are exponentials. It turned out
that the time constants 7 of the rise and decay of the pulses for samples not
subjected to preliminary heat treatment are 3 - 5 usec. Heating the targets in
vacuum to a temperature of 800° increases 7 to 10 = 20 usec. The slower the
cooling of the samples, the larger are the values of 7, which evidently may be
identified with the mean lifetime of nonequilibrium carriers in the semiconduc-
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Fig. 3

Figure 2: Fig. 3

tor. All the results given below were obtained by us for preheated targets that
were at room temperature at the time of measurement.

Figure 1 shows the dependence of the ratio of the steady-state current of excited
conductivity Al to the primary-electron current I7 as a function of their energy.
The curve in Fig. 1 is well extrapolated to the origin (this becomes clear if one
takes into account that only 3.7 eV on average is expended in the formation of
an electron-hole pair (7)).

When germanium was bombarded with potassium ions, an increase in the con-
ductivity of the samples was likewise observed, and it turned out that the time
constants 7 are approximately the same for both kinds of primary particles.
Typical dependences of Al,/I on the ion energy are presented in Fig. 2.

Curve 1 was obtained for a target which, after a 5-minute anneal at ¢ = 800°,
was cooled within several minutes to room temperature. The specimen was
then heated again and slowly cooled by gradually reducing the filament current
from 17 A to zero over 1.5 h. The results obtained after this are shown by
curve 2. The smaller values of Al/I] for ¢ can be explained by the fact that,
under rapid cooling, the concentration of thermoacceptors proves to be larger,
which leads to a decrease in the mobility and lifetime of nonequilibrium carriers.
Figure 2 also shows the dependence of the ion-electron emission coeflicients
on the energy of potassium ions (curve 3), obtained simultaneously with data
2.

The dependence Al,/I; = f(E) in Fig. 1 was measured for this same target
after all the data presented in Fig. 2 had been obtained. The magnitude of
the induced-conductivity current under bombardment both by electrons and
by ions depends linearly on the electric-field strength € in the specimen (see
Fig. 3). Therefore, in order to compare the excitation of electrons into the
conduction band under the action of K ions and electrons, one should compare
the quantities AI,/I;e. From the graphs presented it is easy to establish that

ALY (A
Ie ) Lie),’

where 8 = f(F) and is, in particular, equal to 0.135, 0.114, 0.071, and 0.032 for
energies of 8, 3, 1, and 0.5 keV, respectively. It should be noted that prolonged
exposure of the targets in the forevacuum did not significantly affect the values
of Al,/I;, and therefore, apparently, one may assume that the data of Figs. 1
and 2, 2 refer to one and the same state of the specimen.

Fig. 3. I =0.15 uA; E=5keV; 7 =10 us; R =250 Q

sample
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Fig. 4

Figure 3: Fig. 4

Figure 4 shows the dependence of Al,/I; and v on the number of potassium
ions N incident on the target surface. As N increases, a noticeable decrease in
AILy/I{ occurs (with 7 simultaneously decreasing from 10 us at N = 10! to
5 us at N = 4-10'2). When N reaches ~ 103 (the cross-sectional area of the
ion beam is ~ 0.6 cm?), Al,/I; becomes close to zero, while the values of v
begin to increase, reaching at N ~ 5-10'% a new stationary value.

Fig. 4. I =03 uA; E=5keV; R

sample

It should be noted that the results presented in Figs. 2 and 3 were obtained
for targets that had not been subjected to preliminary irradiation. The number
of particles incident on the specimen during the measurements did not exceed
1011

It may be hoped that a detailed study of the conductivity excited by relatively
slow atomic particles in semiconductors and dielectrics will make it possible to
clarify more precisely the question of the relation between the ionization cross
section and the cross section for elastic collisions with lattice atoms in the range
of velocities below vy. On the other hand, comparison of the values of v and
of the total number of electrons excited into the conduction band will make it
possible to judge the probability of secondary particles escaping into vacuum.

The authors express their deep gratitude to Prof. M. A. Eremeev for his constant
attention to the work and for valuable advice.
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